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Abstract

Forster resonance energy transfer (FRET) is a rising tool to determine structure and dynamics by structural
heterogeneities and underlying kinetics at single molecule (sm) and ensemble level. It is one of few methods
that can resolve distances at the nm scale both in vitro and in vivo. The method employs donor (D) and
acceptor (A) fluorophores tethered to the macromolecule of interest and measures the radiationless energy
transfer from the excited D to A. FRET has a very broad spectrum of applications, as it can cover a wide
range of spatial and temporal resolution. It is suitable to study protein folding'*, recover conformational
changes of polypeptides* up to ribosomal subunits °. Also FRET measurements are useful for formulating
kinetic schemes % and in combination of different approaches can even reveal dynamics across five orders

of magnitude in time (Chapter 4).

Yet, it has been challenging to verify and compare experimental results from different labs, as a common
protocol for measurements and analysis was missing. Another obstacle is the wide usage of the home-build
microscopes and in-house software, implemented individually in many labs. To resolve this issue, my group
together with 20 groups from all over the world participated in the blind study to measure FRET distances on
the common samples, compare the results and issue the guideline with methodological recommendation
(Chapter 2). We demonstrated that FRET Efficiency could be obtained with st.dev. up to £0.02 with the
suggested method. In addition to that I provide the explicit characterization of the dyes properties that are

essential for fluorescence spectroscopy with nucleic acids.

In my dissertation I combined experimental data obtained from sm-FRET studies with computer simulations

to resolve spatial structures: (/) RNA three-way junctions (RNA 3WJs) and (ii) a 12-mer chromatin array.
(i) RNA three-way junctions

Chapter 3 involved three RNA 3WJ with different sequence at the junction in order to study the effect of
this parameter on the structural conformation. To resolve RNA 3WJ 3D structures with high accuracy and
precision 42-45 sm-FRET measurements are performed for each structure. The analysis include the studies
of the sequence dependent conformations, different way of alignment and formulating a common
representative structure for all RNA 3W/J. I found a unique solution for each studied RNA 3W/J. The findings
also revealed that all obtained structural models of the RNA 3WJ are close to be planar but exhibit distinct
coaxial stacking. Helix a with G-C pair at the junction never participates in the stacking interaction,
indicating a specific spatial orientation of the helices that is coded by their sequence at the intersection. Also
representing common structure appears to be not symmetrical and with inequivalent helical positions.

Thorough analysis of experimental and modeling errors allowed us to determine the precision of ~2 A.



(ii) 12-mer chromatin array

In Chapter 4 two sm-FRET approaches are utilized: (i) confocal microscopy with Multiparameter
Fluorescence Detection (MFD) of freely diffusing molecules and (i7) Total Internal Reflection Fluorescence
(TIRF) microscope of the surface-immobilized molecules. Two major conformers of 12-mer chromatin array
with a distinct stacking regime are resolved and dynamic-register model with at least eight states is
formulated. Moreover, insights on register exchange dynamics are provided, reporting interchange between
registers in millisecond time regime and local interaction between neighboring tetranucleosomes on
microsecond time scale. This work also demonstrates that the chromatin effector heterochromatin protein la
(HP1a) affects conformational changes of the chromatin fiber inducing its compactization. The binding
mechanism of HP1a and chromatin fibers is formulated and suggests rapid exchange dynamics on hundreds

of millisecond to second timescale.

Lastly, resolved structural models for RNA 3WJ and 12-mer chromatin array together with their detailed

documentation are ready for deposition to PDB-Dev archive.
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Chapter 1 General Introduction

1.1 Hierarchy of the nucleic acid structures

Nucleic acids are very important biomolecules and essential to all living forms, from complex organisms
with eukaryotic cells to more primitive prokaryotes. Eukaryotic cells locate their DNA in the nucleus,
mitochondria and chloroplasts, while RNA can be found in the nucleus and cytoplasm. However,
prokaryotes do not have a nucleus, and thus contain their DNA and RNA in the cytoplasm. DNA and RNA
perform different functions in cells. DNA encodes genetic information and stores it as genes, while RNA

converts the code into new proteins that catalyzes chemical reactions in living organisms.

Structurally, DNA and RNA consist of only 4 building blocks called nucleotides. DNA and RNA share
adenine (A), cytosine (C) and guanine (G), while thymine (T) occurs only in DNA and uracil (U) only in
RNA. Sequence of nucleotides are linked by phosphodiester bonds into very diverse nucleotide strings and
present the lowest level in nucleic acid complexity, the so called primary structure (Figure 1.1). Next step of
organization is the secondary structure. It features DNA or RNA strands associated through their nucleotides
specifically via hydrogen bonds. Complementary bases are connected in a specific manner, forming so called
Watson-Crick base pairs, namely C-G in DNA and RNA, A-T in DNA and A-U in RNA. Complementary
strands run in opposite directions and generate a helical shape that is fundamental component of the
secondary and tertiary structure. Helices of different lengths are present in diverse and complex
biomolecules, linked together in various junctions, connected via single strands, bulges, or decomposed into
loops’ '3, And finally, in eukaryotic cells DNA can be bound to eight proteins called histones to form

14 15

nucleosomes that consequently pack into higher-order chromatin fiber , forming DNA quaternary

structures.

Such gradation allows addressing the problem at different levels of nucleic acid complexity, aimed at
resolving 3D structure of macromolecule, taking into account the steric constrains, geometrical
parametrization of the molecular subunits and their tertiary contacts and interaction with the environment.
Also it is crucial to recognize structural heterogeneities and determine their stability. Macromolecule can be
functional in some predominant state or during interstate transition '*!°. So revealing the kinetic scheme of
the conformational changes will throw light on the underlying mechanism of binding with diverse partners

or local interaction that resolves in folding.
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Figure 1.1. Schematic representation of the structural levels of nucleic acids. Primary level is presented with DNA
sequence; Secondary level is presented with double helix and helical three —way junction; Tertiary level: A- form RNA
(PDB: ADNA), B-form DNA (PDB: 1BNA) and RNA 3WIJ J(acd) studied in this work; Quaternary level: nucleosome (PDB:
1EQZ)

1.2 Methods in structural biology

Over the past few decades a lot of effort was invested in methodologies in order to resolve biomolecular
structures and link them with their functionality. Fluorescence based techniques, cryogenic electron
microscopy (cryo-EM), double electron-electron resonance (DEER) techniques were revolutionized to
become complementary tools to the well-established x-ray crystallography, electron microscopy, and NMR
spectroscopy. Each of these techniques has its own advantages and limitations, so in order to address a
biological question correctly, an appropriate method or combination of methods have to be employed.
Important factors to consider are the size of molecule, its primary or secondary structure, expected timescale
of conformational transition, resolution and in vitro or in vivo application. One of the most recognized
methods, X-ray crystallography, is a powerful tool to obtain sub-A resolution in structure'”'®, however it
reports only the average conformation, struggling to disassemble states of dynamic molecules. Another
established tool, NMR, has an advantage to study molecules in solution and to recover structural ensembles
and conformational flexibility of different regions of the studied object'**’. However, the method is limited

to proteins smaller than 35 kDa and requires a large amount of the sample. Electron microscopy and cryo-



EM are used for large structural assemblies, but provides only nm resolution. In light of these facts, Forster
Resonance Energy Transfer (FRET) is an optimal method that does not require molecules of particular size
and can be employed both in vitro and in vivo. The macromolecule is required to be labeled with two
fluorescence dyes, a donor-acceptor pair, where non-radiative energy transfers occurs from excited donor to
acceptor. This approach allows detecting of structural heterogeneities as well as conformational changes or

interaction between molecules with spatial resolution of 2 A?!.
1.3 Outline of the thesis

In this thesis, I present a study on the nucleic acid systems with increasing complexity, starting with probing
single-molecule FRET method and working towards establishing a worldwide recognized protocol with
robust double stranded DNA (dsDNA) (Chapter 2). Systems like these are well studied and described 2 23-2¢
and widely used in method probing?’, DNA nanotechnology ?® or as molecular diagnostic agent ?°. In case of
this work dsDNA was used to demonstrate the comparability of the FRET measurements among the
scientists worldwide. To diversify the experiment and to probe whether the fluorescence properties of the
dyes can affect the distance calculation, four different dye pairs were selected as labels. Next challenge that
was addressed was how to compare acquired FRET distances from different labs as different data acquisition
and analysis require home-built microscopes and in-house written software. Until this study, there was no
common language and many terms were introduced in the groups individually, requiring deep understanding
of the terminology of the particular community. Thus, unified nomenclature was suggested. Also detailed
methodological description of measurements and data analysis were absent, to guide through the major
problems of the method and enable the researches to validate and compare their results within the
community. In the main text we focus on the most common, used in the community, intensity based method,
where signals in the green (“donor”) and red (“acceptor”) channels are recorded and used to calculate
interdye distance. Careful estimation of the distance uncertainties is a prerequisite for reporting the distances
with high accuracy and precision. Furthermore, there are many other fluorescence methods that are widely

used 30-33

and can be advantageous if temporal resolution is of interest. Thus, complementary to the intensity-
based method, we report results from ensemble lifetime, single molecule lifetime and phasor approach

methods. My measurement and analysis for this paper are presented in Chapter 2.5.

Chapter 3 deals with the nucleic acid systems of higher complexity. In this section I present how single
molecule high precision FRET measurements can accurately define 3D structures of RNA three-way
junction systems and present the structural variation due to the change in sequence. Helical junctions are
among many structural motifs that are responsible for RNA tertiary arrangements. Conformational behavior
can be strongly affected by helical stacking interactions, helical rotation and their relative orientation, or

interaction with the solvent that increases the rate of binding sites for ions.
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Recovering the fully structural information will link the 3D structures to understand their fundamental

38 39 40 9,41,42

functions in the cells ***". Despite the great effort in understanding junctional motifs , accurate

structural definition of the junctions without bulges remain poorly understood.

In this work I determine the structures of the three different RNA 3WJ by performing more than 40 single-
molecule FRET experiments on each of the construct. Recovered distance set is used to reconstruct structural
model. To summarize I report the experimental and modeling uncertainties, accounting for daily calibration

procedure, reference sample and dye behavior.

Finally, Chapter 3.3.1 is dedicated to the fluorescence properties of dyes. Quality of the reported interdye
distance and its uncertainties is strongly dependent on the proper account of the photophysical properties of
the dyes. For example, fluorescence quantum yield of the acceptor strongly contributes to the observed
apparent FRET efficiency distribution broadening®* and should not be confused with conformational
exchanges. Also careful analysis of the donor and acceptor residual anisotropies is needed to rationalize dye
motion and account for the relative orientation of the transition dipole of the dyes*. Therefore I present the
systematic ensemble analysis of the fluorescent quantum yield and anisotropy of the donor Alexa488 and
acceptor Cy5 dyes and demonstrate that these characteristics strongly depend on the microenvironment of

the dye and are position dependent.

Chapter 4 provides insights into organization of nucleosome units into higher-order chromatin fiber,

determines heterogeneities and reveals its dynamics on a timescale from microsecond to second.

Efficient packaging DNA into chromatin allows fitting and storing DNA sequence into the nucleus.
Unraveling how mononucleosomes rearrange into chromatin fiber is key to understanding how it prevents

DNA damage, regulates DNA replication and gene expression.

45 46

Early works employing electron microscopy suggested chromatin folding in zig-zag ribbon that

minimizes contacts between the nucleosomes or solenoid-type arrangement, depending on liner DNA length.
Other techniques that address structural analysis like x-ray crystallography and neutron scattering!'#+74%

support this models as well.

Unfortunately, these methods cannot provide any insights on the dynamical nature of the chromatin fibers or
their subunits, although there is sufficient evidence in the literature on the existence dynamic

rearrangements®#-52,

Also we investigated whether chromatin fiber can be modulated by protein factors. For this study we chose
heterochromatin la (HP1a) that is known to bind histone H3K9Me3 in multivalent fashion. Being highly

dynamic itself ****, chromatin effector HP1a involved in chromatin compaction and enables gene silencing>"



53, However, there is no evidence on structural information of chromatin-effector complex and how HPla

controls chromatin motion. Also information about dynamics of such association remains unclear.

In this section I present the study on 12-mer nucleosome array, labeled with two different FRET pairs with
diverse Forster radii. This enables us to register wide range of interdye distances and probe distinct contacts
and motions. To recover structural states and dynamic on timescale from microseconds to seconds, we
combine two smFRET methods: confocal microscopy of freely diffusing molecules in solution and total
internal reflection fluorescence (TIRF). Together with computational structural modeling method FPS?! we
were able to present chromatin fiber as two distinct stacking registers and reveal their multiscale dynamics

on micro- to millisecond timescale.
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2.1 Introduction

Forster Resonance Energy Transfer (FRET), also sometimes termed Fluorescence Resonance Energy
Transfer, has become a well-established method for studying biomolecular conformations and dynamics
at both the ensemble’”™ and the single-molecule (sm) level**'%% In such experiments, the energy
transfer between a donor and an acceptor fluorophore pair is quantified with respect to their proximity>°.
The fluorophores are usually attached via flexible linkers to defined positions of the system under
investigation. Amongst other factors, the transfer efficiency depends on the inter-dye distance, which is
well described by Férster’s theory for distances > 30 A%, Accordingly, FRET has been termed a
‘spectroscopic ruler’ on the molecular scale®’. Such a ruler is an important tool to determine distances in
vitro, and even in cells®®, with potentially Angstrdm accuracy and precision. In its single-molecule
implementation, FRET largely overcomes ensemble- and time-averaging and can uncover individual

species within heterogeneous and dynamic biomolecular complexes, as well as transient intermediates®.

The two most popular snFRET approaches to determine distances are confocal microscopy on freely
diffusing molecules, and total internal reflection fluorescence (TIRF) microscopy on surface-attached
molecules. Here, we focus on intensity-based measurements, in which the FRET efficiency, E, is
determined from donor and acceptor photon counts, and then subsequently used to calculate the inter-

fluorophore distance according to Forster’s theory.

The vast majority of intensity-based smFRET studies to date rely on characterizing relative changes in
FRET efficiency. This ratiometric approach is often sufficient to distinguish different conformations of a
biomolecule (e.g. an open conformation with low FRET efficiency vs. a closed conformation with high
FRET efficiency), and to determine their interconversion kinetics. Yet, determining distances provides
additional information that can be used, for example, to compare with known structures, or assign
conformations to different structural states. In combination with prior structural knowledge and computer
simulations, FRET-derived distances are increasingly being used to generate novel biomolecular

structural models using hybrid structural tools?!:61:62:67-70,

However, comparing and validating distance measurements from different labs are difficult, especially
given the lack of detailed methodological descriptions in many publications. In addition, different
methods for data acquisition and analysis, often using home-built microscopes with in-house software,
can have very different uncertainties and specific pitfalls. To overcome these issues, we have developed
general methodological recommendations and well-characterized FRET-standard samples to enable the
validation of results and the estimation of distance accuracy and precision. This approach should allow

the scientific community to confirm consistency of smFRET-derived distances and structural models. To



facilitate data validation across the field, we recommend the reporting of specific FRET-related

parameters with a unified nomenclature.

Various fluorescence intensity- and lifetime-based procedures have been proposed with the aim of
determining FRET efficiencies®>’!"7®. Here, we present a general methodological guide based on some of
these procedures that allows us to obtain quantitative and reliable smFRET data. The step-by-step
procedure results in a consistent determination of FRET efficiencies that corrects for dye and setup
characteristics and is independent of the software used. It includes deconvolution of the underlying
uncertainties involved in the determination of the necessary correction factors, enabling scientists to
specify the overall uncertainty of the determined FRET efficiency. These steps are tested in a worldwide,
comparative, blind study by 20 participating labs. For standardized FRET samples, we show that FRET

efficiencies can be determined with a standard deviation £< £0.05.

In order to convert the measured smFRET efficiency to a distance, the Forster equation is used (Table 2.1,
eq. (IIT)), which critically depends on the dye-pair-specific Forster radius, Ry). We discuss the
measurements required to determine Ry and the associated uncertainties. Another uncertainty arises from
the fact that many positions are being sampled by the dye relative to the biomolecule to which it is
attached. Therefore, specific models are used to describe the dynamic movement of the dye molecule,
during the recording of each FRET-efficiency measurement®®%’. In summary, the investigation of the
underlying error sources enables us to specify uncertainties for individual FRET-derived distances. We
anticipate that the investigated samples and the presented procedure will help unify the research field,
serving as a standard for future publications and benchmarking the use of smFRET as an accurate

spectroscopic ruler.



2.2 Results

We have chosen double-stranded DNA as a FRET standard for the following reasons: any DNA sequence
can be synthesized; FRET dyes can be specifically tethered at desired positions; the structure of B-form
DNA is well characterized; and the samples are stable at room temperature for a time window that is large
enough for shipping to labs around the world. The donor and acceptor dyes are attached via C2- or C6-
amino-linkers to thymidines of opposite strands (see Figure 2.6). These thymidines were separated either
by 15 or by 23 base pairs (Figure 2.1 and Online Methods section 1). The attachment positions were
known only to the reference lab that designed the samples. Based on the resulting high-efficiency and
low-efficiency samples we were able to determine all correction parameters and to perform a self-

consistency test (see below).
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Figure 2.1 Schematic of the FRET standard molecules. Double-stranded DNA is labeled with a FRET pair at 15 or 23
base-pair separation (for sequences see Online Methods). One DNA strand labeled with an acceptor dye (red) and
the complementary strand labeled with a donor dye (blue) at one of two positions were annealed to generate the
FRET standards. The accessible volumes (AVs) of the dyes are illustrated as semi-transparent surfaces and were
calculated using freely available software?!. The mean dye positions are indicated by darker spheres (assuming
homogenously distributed dye positions, see Supplementary Note 2). The distance between the mean dye
positions is defined as Rypmoge. Calculated values for Rypmoder together with error bars obtained by varying
parameters of the AV model are displayed (see Supplementary Note 2). The B-DNA model was generated using the
Nucleic Acid Builder version 04/17/2017 for Amber”’.

A wide variety of dyes are used in smFRET studies. Here we used Alexa and Atto dyes (Figure 2.6) due
to their high quantum yields and well-studied characteristics. Eight hybridized double-stranded FRET
samples were shipped to all participating labs. In the main text, we focus on four FRET samples that were

measured by most labs in our study (see Online Methods section 1 for details):

1-lo: Atto550/Atto647N, 23 bp-separation.
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1-hi: Atto550/Atto647N, 15 bp-separation.
2-lo: Atto550/Alexa647, 23 bp-separation.
2-hi: Atto550/Alexa647, 15 bp-separation.

In this nomenclature, the number refers to the dye pair and the last two letters indicate either the low-
efficiency (lo) or high-efficiency (hi) configurations. The results with other FRET pairs
(Alexa488/Alexa594 and Alexa488/Atto647N) at these positions are reported in Figure 2.7 and
Supplementary Note 1. As a first test for the suitability of the labels, we checked the fluorescence
lifetimes and time-resolved anisotropies (Table 2.6) of all donor-only and acceptor-only samples. The
results indicate that there is no significant quenching and that all dyes are sufficiently mobile at these

positions (see Supplementary Note I).

There are two main routes to measuring accurate distances by FRET: fluorescence intensity-based and
fluorescence lifetime-based measurements. In this study, we focus on the intensity-based methods,
because they are easier to implement and were performed by more labs in our blind study. Specifically,
we discuss solution-based measurements collected using a confocal microscope, and surface-based
measurements collected using a TIRF microscope. In the framework of this study, other measurements
were also performed using different fluorophores (samples 3 and 4) and different FRET methods
(ensemble lifetime®, single-molecule lifetime’®, and a phasor approach®; for these results, see Figure 2.7

and Supplementary Note I and 5).

Most intensity-based FRET measurements are performed on custom-built setups for single-molecule
detection featuring at least two separate spectral detection channels for donor and acceptor emission
(Figure 2.8 and Figure 2.9). Here, the main challenge is the measurement of absolute corrected
fluorescence intensities. The ideal solution is a ratiometric approach which for intensity-based confocal
FRET measurements was pioneered by Weiss and coworkers using alternating two color laser excitation
(ALEX) with microsecond pulses 7*7%. In this approach the total fluorescence signal (donor and acceptor
emission) after donor excitation is normalized to the acceptor fluorescence after acceptor excitation, to
correct for dye and instrumental properties’*. The ALEX approach was also adapted for TIRF
measurements '°. To increase time resolution and to enable time-resolved spectroscopy, Lamb and

coworkers introduced pulsed interleaved excitation (PIE) with picosecond pulses 7.

In both confocal and TIRF microscopy, the corrected FRET efficiency histogram is determined first, from
which the expectation value of the FRET efficiency (£) is computed. Subsequently, the distance is
calculated, assuming a suitable model for the inter-dye distance distribution and dynamics **"**. Below,

we describe a concise and robust procedure that is suitable for both confocal and TIRF-based
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measurements. The results of our blind study underline the robustness and precision of this method.
Further, we derive self-consistency arguments and comparisons to structural models and thereby confirm

the accuracy of this method.
2.2.1 Procedure to determine the experimental FRET efficiency (E)

Our general procedure is largely based on the Lee et al. approach 7, with modifications to establish a
robust workflow and standardize the nomenclature. Intensity-based determination of FRET efficiencies
requires the consideration of certain correction factors (see Table 2.1): Background signal correction (BG)
from donor and acceptor channels; factor for spectral crosstalk («), arising from donor fluorescence
leakage in the acceptor channel; factor for direct excitation (&) of the acceptor with the donor laser;
detection correction factor (y). The optimal way to determine these factors is by alternating the excitation
between two colors, which allows for the determination of the FRET efficiency (£) and the relative
stoichiometry (S) of donor and acceptor dyes, for each single-molecule event. This introduces the
additional excitation correction factor (f) to normalize to equal excitation rates (see Online Methods

section 2.6).

The following step-by-step guide for intensity-based FRET data analysis is subdivided for the type of
FRET experiment (confocal and TIRF); notably, the order of the steps is crucial for the correct

application of this procedure.
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Figure 2.2 Stepwise correction of confocal (a) or TIRF (b) data, shown for the combination of sample 1-lo and 1-hi.
The general terms stoichiometry S and FRET efficiency E are used here in place of the corresponding specific terms
for each correction step (see Online Methods — section 2). (i) 'Sapp VS 'Eapp, (i) "Sapp VS "Eapp, (iil) "Sapp VS "Eapp, (iV) S vs
E. (a) Workflow for correcting the confocal data for background (i->ii), leakage (factor a) and direct excitation (8)
(ii->iii), excitation and detection factors ($,7y) (iii ->iv). (b) Workflow for correcting the TIRF data for background
and photo-bleaching by selection of the pre-bleached range (i->ii), leakage and direct excitation (ii->iii), detection
and excitation factors (iii->iv). The efficiency histograms below show a projection of the data with a stoichiometry
between 0.3 and 0.7. Note the significant shift of the FRET efficiency peak positions, especially for the low FRET
efficiency peak (E~0.25 uncorrected to £~ 0.15 fully corrected). Donor only (D-only), FRET and acceptor only (A-
only) populations are specified.

Diffusing molecules: Confocal Microscopy

In confocal-based smFRET experiments with alternating excitation, photon bursts from individual
molecules freely diffusing through the laser focus of a confocal microscope are collected and analyzed.
From the data, first a 2D histogram of the uncorrected FRET efficiency (‘E,,) versus uncorrected
stoichiometry (iS,,) is calculated (Figure 2.2a(i)). See Online Methods (section 2.0) for the detailed

procedure. Then, the average number of background photons is subtracted for each channel separately

(Figure 2.2a(ii)). Next, to obtain the FRET sensitized acceptor signal (F4p), donor leakage (a iy Dem|Dex)
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and direct excitation (6 *I Aem|aex) Must be subtracted from the acceptor signal after donor excitation. As
samples never contain 100% photoactive donor and acceptor dyes, the donor- and acceptor-only
populations are selected from the measurement and used to determine the leakage and direct excitation
(Figure 2.2a(iii)). After this correction step, the donor-only population should have an average FRET

efficiency of 0 and the acceptor-only population should have an average stoichiometry of 0.

The last step deals with the detection correction factor y and the excitation correction factor 5. If at least
two species (two different samples or two populations within a sample) with different inter-dye distances
are present, they can be used to obtain the “global y-correction”. If one species with significant distance
fluctuations, e.g. through intrinsic conformational changes, is present a “single-species y-correction” may
be possible. Both correction schemes assume that the fluorescence quantum yields and extinction
coefficients of the dyes are independent of the attachment point (see Online Methods section 2.6). The
correction factors obtained by the reference lab are compiled in Table 2.2. The final corrected FRET
efficiency histograms are shown in Figure 2.2a(iv). The expected efficiencies (£) are obtained as the

mean of a Gaussian fit to the respective efficiency distributions (see Online Methods section 2.7).

Surface-attached molecules: TIRF Microscopy

The correction procedure for TIRF-based smFRET experiments is similar to the procedure for confocal-
based experiments. In the procedure used for ALEX data’®, a 2D histogram of the uncorrected FRET
efficiency (E,y) versus uncorrected stoichiometry (iS,,) is first generated (Figure 2.2b(i)). The
background subtraction is critical in TIRF microscopy as it can contribute significantly to the measured
signal. Different approaches can be used to accurately determine the background signal (see Online
Methods section 2.3), such as measuring the background in the vicinity of the selected particle or
measuring the intensity after photobleaching (Figure 2.2b(ii)). After background correction, the leakage

and direct excitation can be calculated from the ALEX data as for confocal microscopy (Figure 2.2b(iii)).

Again, determination of the correction factors § and y are critical’>. As in confocal microscopy, one can
use the stoichiometry information available from ALEX when multiple populations are present to
determine an average detection correction factor (global y-correction). In TIRF microscopy, the detection
correction factor can also be determined on a molecule-by-molecule basis, provided the acceptor
photobleaches before the donor (individual y-correction). In this case, the increase in the fluorescence of
the donor can be directly compared to the intensity of the acceptor before photobleaching. A 2D
histogram of the corrected FRET efficiency versus the corrected stoichiometry is shown in Figure

2.2b(iv).
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In the absence of alternating excitation, the following problems were occasionally encountered during this
study: (i) the low-FRET efficiency values were shifted systematically to higher efficiencies, because
FRET efficiency values at the lower edge are overlooked due to noise; (ii) the direct excitation was
difficult to detect and correct for, due to its small signal to noise ratio; (iii) the acceptor bleaching was
difficult to detect for low FRET efficiencies. Therefore, implementation of ALEX is strongly

recommended for obtaining accurate FRET data.

Nine of the twenty participating labs determined FRET efficiencies by confocal methods for sample 1 and
2 (Figure 2.3a). Seven of the twenty participating labs determined FRET efficiencies by TIRF-based
methods and these are summarized in Figure 2.3b. The combined data from all labs measuring samples 1
and 2 agree very well, with a standard deviation for the complete data set of AE<+0.05. This is a
remarkable result, considering that different setup types were used (confocal- and TIRF-based setups) and

different correction procedures were applied (e.g. individual, global or single species y-correction).
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Figure 2.3 Summary of the results of the intensity-based methods. (a) Confocal measurements. (b) TIRF
measurements. Note that some laboratories performed measurement with both methods. In the top panel of each
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plot, the mean and standard deviations are depicted. Dashed lines indicate the means, their values are
summarized in Table 2.4. Example correction factors are given in Table 2.2.

2.2.2 Distance determination

The reported intensity-based FRET efficiencies are consistent throughout the labs, despite using different
setup types and procedures. However, the ultimate goal is to derive distances from the FRET efficiencies.
The efficiency-distance conversion requires both the knowledge of the Forster radius, Ry, for the specific
FRET pair used, and a specific dye model, describing the behavior of the dye attached to the
macromolecule. In the following, we describe (i) how Ry can be determined and (ii) how to use a specific
dye model to calculate the R((E)) referred to as Rz and the Ryp. R is the apparent donor-acceptor
distance, which is directly related to the experimental FRET efficiency (£) (eq. V), but it is not a physical
distance. Rup is the distance between the mean positions of the dyes, which is not directly measured in the
experiment, but is a real distance. Ruyp is important, for example, for mapping the physical distances

required for rigid body structural modeling.

For computing Ry, the following parameters need to be determined or estimated (eq. VII): the index of
refraction of the medium between the two fluorophores (n), the spectral overlap integral (J), the
fluorescence quantum yield of the donor (@ p), and the relative dipole orientation factor («°) (see Online
Methods for an estimate of their uncertainties). The overlap integral, the donor fluorescence quantum
yield and the time-resolved fluorescence anisotropies of the donor-only and acceptor-only samples were
measured by some of the participating labs (see Table 2.3 and Table 2.6). The dyes are attached via
flexible linkers to the DNA, enabling rotation and translation within the accessible volume. The steady
state anisotropies 73 and residual anisotropies 7,, indicate that all used dyes are sufficiently mobile for
dynamic averaging of the orientation factor, so that the average orientation factor (x’) =2/3 can be
assumed (the uncertainty in the exact average in x° and the propagation of this error are further discussed
in the Online Methods Equation 21-22). In short, this assumption is valid as long as the FRET rate (krzrer)
is much slower than the rotational relaxation rate (k. of the dye. Our model assumptions also include
that the dye with the translational diffusion rate (k) samples the overall accessible volume within the
experimental integration time (1/kin), 1.e. kro>>krrer>>kayp>>kin: . The validity of these assumptions is

justified by experimental observables discussed in the Online Methods, Section 3.4.

The determined Forster radii for sample 1 and sample 2 are given in Table 2.4. Literature values differ
mainly because the refractive index of water is often assumed, while we used 7;, = 1.40 here (see Online
Methods, Section 3.1). Note that our careful error analysis led to an error estimate of 7% for the
determined Ry, which is relatively large (mainly due to the uncertainty in x°). Thus, a rigorous error

analysis for Ry should be performed whenever distance information is needed (see the Online Methods).
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Next, we used the measured smFRET efficiencies and the calculated Forster radii to compute the apparent
distance R from each lab’s data (eq. V) under the assumption ko >>krrer>>kaig>>kin. Figure 2.4a+b
shows the calculated values for these apparent distances for sample 1 and 2 for every data point in Figure
2.3. The average values for all labs are given in Table 2.4. Note that these errors only include the
statistical variations of the FRET efficiencies, but do not include the error in the Forster radii, thus these
errors represent the precision of the measurement, but not the accuracy. Including the knowledge of the
dye attachment positions, a static structure of the DNA and this particular dye model, we computed also
model values as described in Supplementary Note 2, which are also given in Table 2.4. Considering the
error ranges, the experimental and model values agree very well with each other (the deviations range

between 0 and 8 %).

The real distance between the center points (mean position) of the accessible volumes Ryp deviates from
the experimentally observed R, because of the different averaging in distance and efficiency space.
R gy corresponds to the real distance Ryp only in the hypothetical case in which both dyes are unpolarized
point sources, where the AVs have zero volume. In all other cases, Rup is the only physical distance. It
can be calculated by one of the following two strategies: (i) If the dye model and the local environment of
the dye is known (see Figure 2.1), simulation tools such as the FPS?! can be used to compute the Ryp from
Rry for a given pair of AVs. (ii) If the structure of the investigated molecule is unknown a priori, a sphere
is a useful assumption for the AV. A lookup table with polynomial conversion functions can then be
calculated for defined AVs and Forster radii in order to relate Rz to Rup (Supplementary Note 3). The
results, given as distances determined using the latter approach, are shown in Figure 2.4c+d and Table 2.4.
The respective model values are based on the center points of the AVs depicted in Figure 2.1 and given in

Table 2.4 (see Supplementary Note 2 for details).
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Figure 2.4 Mean inter-dye distances determined from the nineteen (E) values measured in sixteen different labs.
(a) Ry for sample 1; (b) Ry for sample 2; (c) Ry, for sample 1; (d) Ry for sample 2. The black dots (exp. mean)
indicate the means and the error bars the statistical error (standard deviation) assuming Ro=62.6 A and R,=68.0A
for sample 1 and 2, respectively). The black bars indicate the model values and their error (determined by variation
of model parameters), see main text for details and Table 2.4 for values.

2.2.3 Distance uncertainties

To understand the precision and accuracy of distance determination by smFRET, we estimated all
uncertainty sources and propagated them into distance uncertainties. First, we discuss the error in
determining the distance between two freely rotating but spatially fixed dipoles, Rp4, with the Forster
equation (eq. III). Figure 2.5a shows how uncertainties in each of the correction factors (a,y, ) and the
background signals (BGp, BG,) translate into the uncertainty of Rp4 (see Supplementary Note 4 for all
equations). The solid gray line shows the sum of these efficiency-dependent uncertainties, which are

mainly setup-specific quantities. For the extremes of the distances the largest contribution to the
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uncertainty in Rp4 arises from background photons in the donor and acceptor channels. In the presented
example with Ry = 62.6 A the total uncertainty ARp4 based on the setup-specific uncertainties is less than
4 A for 35 A < Rps <90 A. Notably, in confocal measurements, larger intensity thresholds can decrease
this uncertainty. The uncertainty in Rpy4 arising from errors in Ry (blue line in Figure 2.5b) is added to the
efficiency-related uncertainty in Rp4 (bold grey line) to estimate the total experimental uncertainty in Rp4
(ARpa i, black line). The underlying uncertainties for determining R, are dominated by the dipole
orientation factor x° and the refractive index ., and are further discussed in the Online Methods, Section
3.0. Including the uncertainty in Ry, the error ARp4 0w for a single smFRET-based distance between two
freely rotating point dipoles is less than 6 A for 35 A < Rps < 80 A. It is worth mentioning that this
uncertainty might be considerably reduced when multiple distances are calculated within a structure as the
self-consistency in such a network enforces more precise localization ®2. In addition to the background
issues, an Rp,4 shorter than 30 A may be prone to larger errors due to: (i) potential dye-dye interactions

and (i1) the dynamic averaging of the dipole orientations being reduced due to an increased FRET rate.
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Figure 2.5 Error propagation of experimental uncertainties. (a) Rpa uncertainty contributions from the
experimental correction factors: AR, (gamma factor), ARyzp and ARy4a (background), AR, (leakage), ARy (direct
excitation), total uncertainty with known Ry; crosses indicate uncertainty of experimental values of R across the
labs. See Supplementary Note 4 for details on the error propagation. (b) Uncertainty in Rp, (black line) based on
the efficiency-related uncertainty (bold grey line) and the uncertainty for determining R, (blue line). See main text
for details. Here we use the following uncertainties, which were determined for the confocal based measurements
on sample 1: ARy/Ro=7%, Ay/y=10%, AlI®%)/1=2%, Aa=0.01 and A6=0.01. For absolute values see Table 2.2.

It is important to verify the model assumption of a freely rotating and diffusing dye. Even though time-
resolved fluorescence anisotropy can monitor whether dye rotation is fast, the possibility of dyes
interacting with the DNA cannot be fully excluded. Thus, it is not clear if the dye molecule is completely
free to sample the computed AV (free diffusion), or whether there are sites of attraction (preferred

regions) or sites of repulsion (disallowed regions). In order to validate the dye model, we developed a
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self-consistency argument that bypasses several experimental uncertainties. The samples 1 and 2 were

designed such that the ratio, R,.;, of their respective R, values is (quasi) independent of Ro:

R = R(E),lo _ RO,lo 6[1/E;, — 1 _ 6 Klzo(pD,la]lon;ti 6|1/E,, —1
ret 1/Ep —1 Khi@ppinittly 1/Eni—1

Riyni Ropi
(1)

The pre-factor, f, should be approximately the same for all measured dye combinations, for several
reasons. First, the donor positions are identical for all lo- and hi-samples, respectively. Therefore, the
following assumptions can be made: (i) the ratio of the donor quantum yields are identical; (ii) the ratio of
the spectral overlaps J for the lo- and hi- sample of one and the same dye pair should be the same; (iii) for
the given geometry (see Figure 2.1) the refractive indices n;, of the medium between the dyes should also
be very similar; (iv) the ratio of the orientation factors x? should be nearly equal as the measured donor
anisotropies are low for the lo- and hi- positions. Second, the acceptor extinction coefficients eliminate
each other as the acceptor is at the same position for the lo- and hi-samples. Thus, the different dye pairs
and the model used in this study should all give similar values for R.;. Table 2.4 indeed shows that the
relative R(gy ratios are very similar and the deviations from the corresponding model values are less than
5% for sample 1 and 2, which is well within the experimental error. This further demonstrates the validity

of the assumptions for the dye model and averaging regime used here.

While the analysis in this paper used a static model for the DNA structure, DNA is known not to be
completely rigid®®. We tested our DNA model by performing MD simulations of the DNA molecule
(without attached dye molecules, see Supplementary Note 6) and found that the averaged expected FRET
efficiency using the computed dynamically-varying DNA structure leads to comparable but slightly
longer distances than for the static model. The deviations between the models and data are reduced (Table

2.4) for those cases where larger deviations were observed using static models.
2.3 Discussion

The aim of this blind study was to assess the consistency of FRET measurements from different labs
around the world using various DNA FRET standards, without prior knowledge of the distance between
the FRET pairs. The reported FRET efficiencies for the intensity-based measurements were consistent,
with an overall standard deviation 4E < #0.05 for each sample. This remarkable consistency was

achieved by applying the same step-by-step procedure to perform the experiment and analyze the data.
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We also showed that the factors required for correcting the FRET efficiency can be determined with high
precision, independent of the different setup types and acquisition software used. Together the
measurement errors in the correction factors cause an uncertainty in Rpy of less than 5 %, which agrees
well with the variations observed between the reported results from the different labs. Ultimately, we are
interested in the absolute distances derived from these FRET measurements. Figure 2.5b shows good
precision in the range from 0.6 Ry to 1.6 Ry, which corresponds to an uncertainty of less than £6 A in the
distance range from 35 to 80 A for sample 1. This estimation is valid if the dyes are sufficiently mobile
which has been supported by time-resolved anisotropy measurements and further confirmed by a self-
consistency argument. For sample 2 the standard deviation is slightly larger than for sample 1 (see Figure
2.5a), which could be explained by dye specific photophysical properties. Interestingly for this case, the
local gamma correction in the TIRF experiments yields data with a comparatively small standard
deviation, while the global gamma correction data shows a comparatively large standard deviation (Figure
2.3b). The values for samples 3 and 4 (Table 2.4) show similar precision, considering the smaller number

of measurements (N).

In addition to the achievable precision, we also tested the accuracy of the experimentally derived
distances by comparing them with model distances. We found an excellent agreement within 2 A for
sample 1 and within 7 A for sample 2. Both results are within the estimated theoretical distance
uncertainty. For sample 2, which had the cyanine based dye Alexa647 instead of the carbopyronine based
dye Atto647N as an acceptor, the lower accuracy could be explained by an imperfect sampling of the full
AV or dye specific photophysical properties. Previously it has been shown that cyanine dyes are sensitive

t81

to their local environmen and therefore require especially careful characterization for each new

labelled biomolecule.

The mean values of sample 3 and 4 are also within the error of the model values (for details see Table 2.4
and Supplementary Note 5). This suggests that none of the four FRET pairs explored in this study exhibit
significant dye artefacts. For future work, it will be very powerful to complement intensity-based high-
precision SmFRET studies with sm-lifetime studies because the picosecond time resolution can provide

additional information on calibration and fast dynamic averaging.

The results from different labs and the successful self-consistency test clearly show the great potential of
absolute smFRET-based distances for investigating biomolecular conformations and dynamics, as well as
for integrative structural modeling. While Ry, can be used to explore the real distance space in
biomolecules, Rgy can be used to directly compare the observables in FRET experiments with structural
models. The ability to accurately determine distances on the molecular scale with smFRET experiments

and to estimate the uncertainty of the measurements, provides the groundwork for smFRET-based
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structural and hybrid approaches. Together with the automated selection of the most informative pairwise

labeling positions®, and fast analysis procedures 2!:4%63

we anticipate SmFRET-based structural methods
to become an important tool for de novo structural determination and structure validation, especially for

large and flexible structures where other structural biology methods are difficult to apply.

2.4 Online Methods

Table 2.1 Nomenclature. Since the nomenclature for FRET-based experiments is not consistent, we propose and
use the following terms in this manuscript.

Central Definitions:
5 Faip FRET efficiency 1)
Fpip + Fapp
Fpp + Fapp Stoichiometry (1
Fpip + Fap + Faja
E= 1 FRET efficiency for a single donor acceptor distance I1D)
" 1+R§,/RS Roa
n m Mean FRET efficiency for a discrete distribution of av)
(E) = 1 1 donor acceptor distances with the position vectors
T nm 6/ 6 Ry and Ry (s
MM A1+ [Rag) — Rogy| /RS p@ T TA0)
B 1 . .
Ry = RUE)) = Ry(E)"1 = 1) /6 The apparent donor acceptor .dlstance is c'omputed V)
from the average FRET efficiency for a distance
distribution. It is a FRET averaged quantity which
was also referred to as FRET-averaged distance
(RpA)E (ref ).
Ryp = |( Rpi)) — (R A(j)>| Distance between the mean dye positions with the (VD

position vectors (Rp;)) and (Ry4(j))

n m
1 1
= ;E RD(i)—;§ L)
i=1 j=1

Subscripts:
Dor A Concerning donor or acceptor
AD Acceptor fluorescence given donor excitation,
D|D,A|A accordingly
Intensity in the acceptor channel given donor
Aem|Dex excitatitc})]n, Dem\DeijAem|Aex, a(%cordingly
app apparent, i.e. including systematic, experimental
offsets
Superscripts:
BG Background
DO/ AO Donor-only species/ Acceptor-only species
DA FRET species
Indicates (i) the uncorrected intensity; (ii) intensity
i -iii after BG correction; (iii) intensity after BG, alpha and

delta corrections
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Correction Factors:

g (i E(D0)>
q=2RID _ f’ppDO Leakage of D fluorescence into A channel

gop 1—{ l‘EaEpp))

OAR Lpex Normalization of excitation intensities, /, and cross-

- opiG Ipex sections, g, of A and D
gr|A D 4 Normalization of fluorescence quantum yields, @,
i CD— and detection efficiencies, g, of A and D

9cp Prp

ot | ( iig (A0)> Direct acceptor excitation by the donor excitation
5 = AlG ID ex — ﬁpIEAO) laser (lower wavelength)

122
OAIR laex 1—¢ Sapp )
Primary Quantities:
1 Experimentally observed intensity
F Corrected fluorescence intensity
r Fluorescence lifetime [ns]
®p 4 0r Ppp Fluorescence quantum yield of A and D, respectively
r Fluorescence anisotropy
R Inter-dye distance [A]
R, o[ @y pic? ] Forster radius [A], for a given J in units below (VID)
— = 0.2108 - I T—
A nt M~tcm™'nm
m
K2 = (cos 64p — 3 cos By cos QA)Z Dipole orientation factor
[ee]

j= fo Fo () 4 ()A*dA

FpM) with " Fp(A) dA = 1

ea(d)

nlm

Spectral overlap integral [cm'M-'nm*] (see Figure
2.11)

Normalized spectral radiant intensity of the excited
donor [nm'], defined as the derivative of the emission
intensity F with respect to the wavelength.

Extinction coefficient of A [M™' cm™]

Refractive index of the medium in-between the dyes

Further Quantities

Detection efficiency of the red detector (R) if only

ZR|A OF 2G|D acceptor was excited or green detector (G) if donor
was excited. Analogous for others.
Excitation cross-section for acceptor when excited
OAfG with green laser. Analogous for the others.
Abbreviations:
dsDNA oligo with Atto550 and Atto647N
1-lo .
23 basepairs apart
. dsDNA oligo with Atto550 and Atto647N
1-hi .
23 basepairs apart
dsDNA oligo with Atto550 and Atto647N
2-lo .
15 basepairs apart
2 hi dsDNA oligo with Atto550 and Alexa647

15 basepairs apart

23




Table 2.2 Typical correction factors for sample 1 (Atto550-Atto647N) at given setups (reference lab). For the
instrumental details of the setups see Figure 2.8 and Figure 2.9.

Factor Experiment type
confocal TIRF
a 0.11 0.07
B 1.80 0.85
Y 1.20 1.14
) 0.11 0.065

Table 2.3 Typical parameters for sample 1 and sample 2 that define R, (Seidel lab). For their determination see
Online Methods section 3.0.

dyepairs | & | ®rp | &aMem] [ J[em M Inm] [ R [A]
Atto550- s
Atto647N 2/3 1.40 0.765 150000 5.180-10 62.6
Atto550- .
Alexa647 2/3 1.40 0.765 270000 8.502-10 68.0

Table 2.4 Summary of resulting mean efficiencies (E), apparent distance R, mean position distance Ry, and
corresponding model distances Rgfm%” (Supplementary Note 2) and dynamic model distances R @namic model)
(Supplementary Note 6) and the experimental ratio R, = Re/”/Re/" and the model R, (m%)= R modelio) s
R fmodebhi) for all intensity based measurements. The errors (standard deviations) report on the precision of the
measurements and not their accuracy.

Ry (dR(E)‘ (model)
namic mode
Sample | N (E) Ryo[A] | Rgy[A] | (mode) r:mlel) Rret | Rre Rglp RMPA
[A] A (model) [ ] [ ]
[A]
1-lo 19 0.15+0.02 62.6:44.0 83.4+2.5 | 83.5+2.3 83.9 138 L4 85.4+2.7 84.3+2.1
.6x4. . .
1-hi 19 | 0.56+0.03 60.3+£1.3 | 58.7£1.3 60.3 57.9+1.7 55.9+£2.3
2-lo 19 | 0.21+0.04 85.4+3.4 | 83.9+2.2 84.2 1.34 86.8+3.7 84.3+£2.1
68.0+£5.0 ’ 1.41
2-hi 19 | 0.60+0.05 63.7£2.3 | 59.6+1.3 61.0 61.0+£2.9 55.9+£2.3
3-lo 7 0.04+0.02 49.3(a] 89.5+£12.3 | 82.44+2.6 83.1 149 |46 85.7+£5.3 86.1+£2.3
Jla . .
3-hi 7 0.24+0.04 60.1+2.3 | 56.4%+1.9 58.4 61.1£2.9 57.1+£2.3
4-lo 4 0.13+£0.06 57.0[a] 79.6£6.2 | 82.6+2.5 83.5 131 L 82.9+6.8 86.3+£2.3
.Ula . .
4-hi 4 0.41+0.04 60.7£1.7 | 57.6+1.5 59.5 60.4+£2.3 58.7+£2.3

[a] The R, for these samples have been taken from the literature and converted from a refractive index of n;, = 1.33

to nim = 1.40:

Sample 3: Ry=49.3 A from ref. 8
Sample 4: Ry=57.0 A from ref.”
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2.4.1 Samples

Altogether, 8 different FRET-samples were designed with the acceptor dyes positioned 15 or 23 base
pairs away from the donor dyes (see Table 2.5 and Supplementary Note 5). IBA GmbH (Goéttingen)
synthesized and labeled the single DNA strands followed by HPLC purification. Here the dyes were
attached to a thymidine (dT), which is known to cause the least fluorescence quenching of all

nucleotides?.

Most labs measured the following four DNA samples listed in Table 2.5. Therefore, we focus on these
four samples in the main text of this manuscript. The additional samples and the corresponding
measurements can be found in Supplementary Note 5 and Figure 2.7and Table 2.4. The following buffer
was requested for all measurements: 20 mM MgCl,, 5 mM NaCl, 5 mM Tris, at pH 7.5, degassing just

before the measurement at room temperature.

The linker lengths were chosen in a way that all dyes had about the same number of flexible bonds
between the dipole axis and the DNA. The Atto550, Alexa647 and Atto647N already have an intrinsic
flexible part before the C-linker starts (Figure 2.6). In addition, the DNAs were designed such that the
distance ratio between the high FRET efficiency and low FRET efficiency sample should be the same for
all samples, largely independent of R.

Table 2.5 The main focus in the manuscript are the 1-lo, 1-hi, 2-lo, 2-hi samples. The so called donor strand (D-

strand) is labeled with donor dye and acceptor strand (A-strand) with acceptor dye. The labeling sites of the donor
and acceptor are shown in green and in red on the sequence respectively

Base
osition Dyes
Name P . Sequence
(Linker), | (Donor/Acceptor) q
strand
T 31(C2), , ,
D-strand Atto550 NHS Ester/ 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3
1-lo 3/~ CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC - 5’ —
T 31(C2), Atto647N NHS biotin
A-strand
T 23(C2), 5/ - GAG CTG AAA GTIG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3’
D-strand - -
1-hi AttoSSONHS Ester/ | 5, oro gac ppr cAC AGC TCA AAC AAA CTC ACA AAC AGA CC - 57/ —
T 31(C2), Atto647N NHS biotin
A-strand
T31(C2), ) )
2102 D-strand Atto550 NHS Ester/ 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3
3/~ CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC - 5’ -
T 31(C2), Alexa647 NHS Ester biotin
A-strand
T 23(C2), , )
2-hi: D-strand Atto550 NHS Ester/ 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3
3/~ CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC - 5’ —
T31(C2), Alexa647 NHS Ester | piotin
A-strand
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2.4.2 General correction procedure

Efficiency E and Stoichiometry S are defined in Table 2.1. Determination of the corrected FRET £ and S
is largely based on the Lee et al. approach 7* and consists of the following steps: (1) data acquisition; (2)
generation of uncorrected £ vs S 2D histograms; (3) background subtraction; (4) correction for the
position-specific excitation in TIRF experiment; (5) correction for leakage and direct acceptor excitation;
(6) correction for excitation intensities and absorption cross-sections, quantum yields and detection

efficiencies.
2.4.3 Data acquisition

The sample with both dyes is measured and the three intensity time traces are extracted: acceptor

emission upon donor excitation (I4em|pex), donor-emission upon donor excitation (Ipem|pex), and

acceptor-emission upon acceptor excitation (Igem|sex)-

For the confocal setups a straight forward burst identification is performed by binning the trace into 1 ms
bins. Usually a minimum threshold (e.g. 50 photons) is applied to the sum of the donor and acceptor
signals upon donor excitation for each bin. This threshold is used again in every step, such that the
number of utilized bursts may change from step to step (if the y correction factor is not equal to one).
Some labs use sophisticated burst-search algorithms. For example, the dual channel burst search®>34
recognizes the potential bleaching of each dye within bursts. Note that the choice of the burst-search
algorithm can have an influence on the y correction factor. For standard applications, the simple binning
method is often sufficient, especially for well-characterized dyes and low laser powers. This study shows
that the results do not significantly depend on these conditions (if applied properly), as every lab used its

own setup and procedure at this stage.

For the TIRF setups, traces with one acceptor and one donor are selected, defined by a bleaching step. In
addition, only the relevant range of each trajectory — i.e. prior to photo-bleaching of either dye - is

included in all further steps.

2D histogram: A 2D histogram (Figure 2.2a,b) of the apparent stoichiometry, s

app»> VS- apparent FRET

efficiency, 'E,

app» defined by Equations 2 and 3 is generated, where

lSapp = (IAemlDex + IDemlDex)/(IAem|Dex + IDem|Dex + IAem|Aex) @)

iEapp = IAem|Dex/(IAem|Dex + IDem|Dex) ®)

) is removed from each uncorrected intensity I separately,

iiE

Background correction: Background / (BG

leading to the background corrected intensities iy, ug

appr  Lapp-
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ii _ i (BG) 4
IDemlDex - IDemlDex - IDem|Dex @)
iy — i — B9
Aem|Aex — ‘Aem|Aex Aem|Aex
i = i _ I(BG)
Aem|Dex — Aem|Dex Aem|Dex

For confocal measurements, the background is determined by averaging the photon count rate for all time
bins that are below a threshold, which is e.g. defined by the maximum in the frequency vs intensity plot
(density of bursts should not be too high). Note, that a previous measurement of the buffer only, can
uncover potential fluorescent contaminants, but it can differ significantly from the background of the
actual measurement. The background intensity is then subtracted from the intensity of each burst in each

channel (Eq. 4). Typical background values are 0.5-1 photon / ms (Figure 2.1a).

For TIRF measurements, various trace-wise or global background corrections can be applied. The most
common method defines background as the individual offset (time average) after photo-bleaching of both
dyes in each trace. Another possibility is to select the darkest spots in the illuminated area and to subtract
an average background time trace from the data or to use a local background, e.g. with a mask around the
particle. The latter two have the advantage that possible (exponential) background bleaching is also
corrected for. We have not investigated the influence of the kind of background correction during this
study, but a recent study has shown that not all background estimators are suitable for samples with a high

molecule surface coverage %.
Overall, a correction of the background is very important, but can be done very well in different ways.

The position specific excitation correction (optional for TIRF): The concurrent excitation profiles of
both lasers are key for accurate measurements (see Figure 2.11). Experimental variations across the field

of view are accounted for using a position-specific normalization:

ID (X’, y’) (5)

rofitey aemlaex = “Laem|aex —
rorile eml|Aex emj|aex
P [a(x,y)

where I, (x',y") and I,(x,y) denote the excitation intensities at corresponding positions in the donor or
acceptor image, respectively. Individual excitation profiles are determined as the mean image of a stack

of images recorded while moving across a sample chamber with dense dye coverage.

Leakage (o) and direct excitation (& ): After the background correction, the leakage fraction of the
donor emission into the acceptor detection channel and the fraction of the direct excitation of the acceptor
by the donor-excitation laser are determined. The correction factor for leakage (o) is determined by

Equation 6 using the FRET efficiency of the donor-only population (D-only in Figure 2.2a,b(ii)). The
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correction factor for direct excitation (8) is determined by Equation 7 from the stoichiometry of the
acceptor-only population (A-only in Figure 2.2a,b(ii)).

ii -(DO)
("ES) (6)

ii 7
(“sia0) ™)

ii
1—( S

iiE(DO) and iiS(AO)

. .- ii
app app are calculated from the background-corrected intensities “I of the

where
corresponding population, i.e. donor-only or acceptor-only, respectively. This correction together with the
previous background correction results in the donor-only population being located at (E) = 0,(S) =1
and acceptor-only population at (S) = 0, (E) = 0... 1. The corrected acceptor fluorescence after donor
excitation Fyp is given by Equation 8, which yields the updated expressions for the FRET efficiency and

stoichiometry, Equations 9 and 10, respectively.

FA|D = iiIAem|Dex —a iiIDem|Dex -4 iiIAem|Aex ®)
g = Fup/( Fap + U ) )
app A|D A|D Dem|Dex
iiiSapp = ( FAlD + iiIDem|Dex)/( FA|D + iiIDemlDex + iiIAemlAex) (10)

In principle, the leaked donor signal could be added back to the donor emission channel 3’. However, this
requires precise knowledge about spectral detection efficiencies, which is not otherwise required, and has
no effect on the final accuracy of the measurement. As the determination of & and ¢ influences the y and 8
correction in the next step, both correction steps can be repeated in an iterative manner if required (e.g. if

the y and S factors deviate largely from one).

y and g correction factors: Differences in the excitation intensities and cross-section, as well as,
quantum yields and detection efficiencies are accounted for by using the correction factors y and £,

respectively. If the fluorescence quantum yields do not depend on efficiencies or such dependence is

negligible (homogenous approximation), mean values of efficiencies ('E (DA)) and of stoichiometries

app

(iii S(DA)

app ) are related by equation 11:
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-1
iii (DA iii (DA (1)
(sip)) = (147 B+ Q=B (HED))
So, in the homogeneous approximation, y and f correction factors can be determined by fitting FRET

iiiS(DA) s, iiiE(DA)

populations to the ™Sg,, app

histogram with the line defined by Equation 11. As this method

iiiS(DA) iiiE(DA)

relies on the analysis of ™'Sg,,", " Egp,

values obtained from multiple species, we term this method,

global y-correction. Such a fit can be performed for all FRET populations together, for any of their

subsets, and in principle, for each single-species population separately (see below). Alternatively, a linear

) vs. (iiiE(DA)

. iii c(DA)
fit of inverse (*"'S app

) with y-intercept a and slope b can be performed.
app

Inthiscase,f =a+b—1 and y=(a—-1)/(a+b-1).

Error propagation, however, is more straightforward if Equation 11 is used. If there is a complex
dependence between properties of dyes and efficiencies, the homogeneous approximation is no longer

iii S(DA) iii E(DA)

applicable. In this case, the relationship between ™S, ", app

for different populations (or even
subpopulations for the same single-species) cannot be described by Equation 11 with a single y correction
factor. Here, § and ¥ can be determined for a single species. We call this “single-species y-correction”.
This works only if the efficiency broadening is dominated by distance fluctuations. The reason for this
assumption is the dependency of these corrections factors on both the stoichiometry and the distance-
dependent efficiency. In our study, global and local y-correction yielded similar results. Therefore, the

homogenous approximation and distance fluctuations as the main cause for efficiency broadening can be

assumed for sample 1 and 2. Systematic variation of the y-correction factor yields an error of about 10%.

Alternatively, determination of y, g factors can be done trace-wise, e.g. as in msALEX experiments®
where the y factor is determined as the ratio of the decrease in acceptor signal and the increase in donor
signal upon acceptor bleaching. We call such an alternative correction, individual y-correction. The

analysis of local distributions can provide valuable insights about properties of the studied system.

After vy and S correction, the corrected donor (acceptor) fluorescence after donor (acceptor) excitation

Fp|p (Fa4) amounts to:

FD|D =Y iiIDem|Dex (12)

(13)

—__u
FA|A - E IAem|Aex
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Fully corrected values: Application of all corrections leads to the estimates of real FRET efficiencies, E,
and stoichiometries, S, from the background corrected intensities, ] The explicit expressions of fully

corrected FRET efficiency and stoichiometry are:

E= [”IAemlDex —a ”IDem|Dex -6 uIAem|Dex] (14)
V[ ”IDem|Dex ] + [”IAem|Dex —a ”IDem|Dex -4 ”IAem|Dex ]
)/[ uIDemlDex ] + [uIAem|Dex -—a uIDemlDex -6 ulAemlDex ] (15)

- V[ iiIDemIDex ] + [iiIAemIDex -—a iiIDemIDex -4 iiIAem|Dex ] + 1/,3 [iiIAemlAex]

Plots of the E vs. S histogram are shown in Figure 2.2a(iv) and Figure 2.2b(iv). Now, the FRET
population should be symmetric to the S = 0.5 line. The donor-only population should still be located at
E = 0 and the acceptor-only population at S = 0. Finally, the corrected FRET efficiency histogram is
generated using events with a stoichiometry of 0.3 < .§ < 0.7 (see Figure 2.2a,b bottom). The expected
value of the corrected FRET efficiencies (E) is deduced as the center of a Gaussian fit to the efficiency
histogram. This is a good approximation for FRET efficiencies in the range between about 0.1 and 0.9. In
theory, the shot-noise limited efficiencies follow a binomial distribution if the photon number per burst is
constant. For extreme efficiencies or data with a small average number of photons per burst, the
efficiency distribution can no longer be approximated with a Gaussian. In this case and also in the case of

efficiency broadening due to distance fluctuations, a detailed analysis of the photon statistics can be

useful 838789,
2.4.4 Uncertainty in distance due to Ry:

According to Forster theory™, the FRET efficiency, E, and the distance, R, are related by equation III in
Table 2.1. In this study, we focused on comparing £ in a blind study across different labs. The Seidel lab
determined an Ry for this system to convert efficiencies to distances. There are many excellent reviews on
how to determine the Forster radius Ry ">°*°! and a complete discussion would be beyond the scope of
this experimental comparison study. In the following, we estimate and discuss the different sources of
uncertainty in Ry, by utilizing standard error propagation (see also Supplementary Note 4). Ry is given by
equation VII, Table 2.1.

The 6th power of the Forster radius is proportional to the relative dipole orientation factor k2, the donor

4

quantum yield @ p, the overlap integral J, as well as n™*, where n is the refractive index of the

medium:
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R06 ~ KZ - (pF,D - ] : n_4 (16)

For Table 2.5b, we use a total Forster radius related distance uncertainty of 7 %, which is justified by the
following estimate. Please note that the error in the dipole orientation factor is always very specific for the
investigated system, while the errors in the donor quantum yield, overlap integral and refractive index are

more general, but their mean values do also depend on the environment.

The refractive index. Different values for the refractive index in FRET systems have been used
historically, but ideally the refractive index of the donor-acceptor intervening medium #;, should be used,
though some experimental studies suggest that the use of the refractive index of the solvent may be

appropriate, but this is still open for discussion (see e. g. discussion in®?).
R06(n)~ni_7;:R06 ~ KZ - (pF,D - _] - Tl_4 (17)

In the worst case, this value n;, might be anywhere in-between the refractive index of the solvent (nwater =
1.33) and a refractive index for the dissolved molecule (n < n,7=1.52) 3, i.€. Nuater < Nim < Noir . This would
result in a maximum uncertainty of An;, < 0.085. As recommend by Clegg, we used n; = 1.40 to
minimize this uncertainty® (see Table 2.3). The distance uncertainty propagated from the uncertainty of
the refractive indices can then be assumed to be:

4  An; 18
ARO(n)zgRo%< 0.04 - R, (18)

The donor quantum yield @rp is position dependent, therefore we measured the fluoresence lifetimes

and quantum yields of the free dye Atto550 and the 1-hi and 1-lo(Atto550) (see Table 2.6).

In agreement with Sindbert et al.*, the uncertainty of the quantum yield is estimated at A®rp, = 5 %
arising from the uncertainties of the @rp values reference dyes and the precision of the absorption and

fluorescence measurements. Thus, the distance uncertainty owing to the quantum yield is estimated at:

- RoyA®pp 19)

The overlap integral J was measured for the unbound dyes in solution (Atto550 and Atto647N), as well
as for samples 1-lo and 1-hi. This resulted in a deviation of about 10 % for J using the literature values for
the extinction coefficients. All single stranded labeled DNA samples used in this study were purified with
HPLC columns providing a labelling efficiency of at least 95 %. The label efficiencies of the single
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stranded singly-labeled DNA and of the double stranded singly-labeled DNA samples were determined
by the ratio of the absorption maxima of the dye and the DNA and were all above 97 %. This indicates an
error of the assumed exctinction coefficient of less than 3 %. Thus, the distance uncertainty due to the
overlap spectra and a correct absolute acceptor extinction coefficient can be estimated by Equation 20.
However, the uncertainty in the acceptor extinction coefficient might be larger for other environments,
such as when bound to a protein.

Ry A 20
AR, () zZOle 0.025 - R, (20)

In addition to the above uncertainty estimation, the J-related uncertainty can also be obtained by verifiing
the self-concistency of a -factor network 2. Finally, we found little uncertainty by using the well tested
dye Atto647N. Fluorescence spectra were measured on a Fluoromax4 spectrafluorimeter (Horiba,
Germany). Absorbance spectra were recorded on a Cary5000 UV/VIS spectrometer (Agilent, USA). See
Figure 2.11.

The r?factor and model assumptions: The uncertainty in the distance depends on the dye model used
68 Several factors need to be considered, given the model assumptions of unrestricted dye rotation, equal

sampling of the entire accessible volume, and the following rate inequality kvo>>krrer>>kai>>kin: -

First, the use of (k?) = 2/3 is justified if k..>>krrer, because then there is rotational averaging of the
dipole orientation during energy transfer. k., is determined from the rotational correlation time p;< 1 ns
and krrer 1s determined from the fluorescence lifetimes 1 ns < 77 < 5 ns. Hence the condition ko >>krrer 1s
not strictly fulfilled. We estimate the error this introduces into & from the time-resolved anisotropies of
donor and acceptor dyes. If the transfer rate is smaller than the fast component of the anisotropy decay
(rotational correlation time) of donor and acceptor. Then, the combined anisotropy, 7, is given by the

residual donor and acceptor anisotropies (7 o and 7 o, respectively):

Tc = \/Ta,0+/TD,00 2D

In theory, the donor and the acceptor anisotropy should be determined at the time of energy transfer. If the
transfer rate is much slower than the fast component of the anisotropy decay of donor and acceptor, the
residual anisotropy can be used (Figure 2.13)®2. Also, the steady state anisotropy values can give an
indication of the rotational freedom of the dyes on the relevant time scales, if the inherent effect by the

fluorescence lifetimes is taken into account (see Perrin equation, Table 2.6 and Figure 2.12).
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If the steady-state anisotropy and 7 are low (< 0.2), one can assume (but not prove) sufficient isotropic

coupling (rotational averaging), i.e. (k2) = 2/3, with an uncertainty of about 5 %%
ARy (k? 1 < 0.2) = 0.05-R, (22)

Spatial sampling. In addition, it is assumed that both dyes remain in a fixed location for the duration of
the donor lifetime, i.e. krrer >> kay: where kqy is defined as the inverse of the diffusion time through the
complete AV. Recently the diffusion coefficient for a tethered Alexa488 dye was determined to be D=10
A%ns (ref. 3). Therefore, kuy is smaller than the kezer. For short distances (< 5 A) the rates become
comparable, but the effect on the inter dye distance distribution within the donor lifetime is small, as has
been observed in time resolved experiments. We also assumed that, in the experiment, the efficiencies are
averaged for all possible inter-dye positions. This is the case when kgisr >> kin, Which is a very good
assumption for TIRF experiment with ki, > 100 ms and also for confocal experiments with ki around 1

ms.

Overall uncertainty in Ry. Time-resolved anisotropy measurements of samples 1 and 2 resulted in

combined anisotropies below 0.1. Therefore we assumed isotropic coupling to obtain Ryp. The Ry match
the model distances very well, further supporting these assumptions. Finally, an experimental study on x°

distributions also obtained typical errors of 5 %*.

The overall uncertainty for the Forster radius would then result in:

23
BRo (™, By, ], 162 ) = JARo(n>2 T ARy(Ppp)? + ARo()? + ARy (kD)2 )

< 0.07 - RyARy (k2 1o < 0.2) ~ 0.05 - R,

The absolute values determined for this study are summarized in Table 2.3. Please note that the
photophysical properties of dyes vary in different buffers and when attached to different biomolecules.
Therefore, all four quantities contributing to the uncertainty in Ry should be measured for the system
under investigation. When supplier values or values from other studies are applied, the uncertainty can be

much larger. The values specified here could be further evaluated and tested in another blind study.
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2.5 Supplementary Material:
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Figure 2.6 Structural formula of the dyes used in this study.
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Based on dyes from Molecular Probes / Thermo Fisher Scientific (Waltham, USA) and Atto-tec (Siegen,
D).

+lo x hi
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Figure 2.7 FRET efficiencies of all labs for all measured samples as indicated. Sample 1 to 4 (see Table 2.5 and
Supplementary Note 5) are color coded (red, blue, green, yellow) for all data points from intensity-based
techniques. For a table of Ry and Ry, see Table 2.4 (main text). Ensemble lifetime, single molecule lifetime and
phasor approach derived data is shown in black. The FRET efficiencies (means and s.d.) for these measurements
(depicted in black) are: E;,=0.21+0.05; E;,=0.51+0.08; E,,=0.25+0.06; E,,=0.59+0.07; E3,=0.10+0.04; E3,=0.26+0.03;
E4,=0.1210.10; E4,=0.42+0.02.
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Figure 2.8 Schematics of a typical confocal setup with alternating laser excitation / pulsed interleaved excitation
and color-sensitive detection. The most important elements are specified: Objective (O), dichroic mirror (DM),
pinhole (P), spectral filter (F), avalanche photo diode (APD) and electronic micro- or picosecond synchronization of
laser pulses and single photon counting (Sync).

Elements used for the correction factors in Table 2.2 (main text) were: F34-641 Laser clean-up filter z
640/10 (right after Laser 640 nm); DM;: F43-537 laser beam splitter z 532 RDC ; DM,: F53-534 Dual
Line beam splitter z 532/633; DM3: F33-647 laser beam splitter 640 DCXR; Fg: F37-582 Brightline HC
582/75; Fr: F47-700 ET Bandpass 700/75; Objective: Cfi plan apo VC 60xWI, NA1.2; Detectors: MPD
Picoquant (green), tau-SPAD, Picoquant (red); Pinholes: 100 pm; Laser power at sample: = 100 pW;
Beam diameter =~ 2mm; Diffusion time of Atto550 and Atto647N around 0.42 ms and 0.50 ms,
respectively.



Figure 2.9 Schematic designs of an objective-type (a) and a prism-type TIRF setup (b). Green and red lasers are
used to excite donor and acceptor dyes, respectively. M, mirror. L, lens. DM, dichroic mirror. Obj, objective. AD,
achromatic doublet lens. SI, tunable slit. F, filters. Det, detector (e.g. electron multiplying charge-coupled device
camera, EMCCD). The inset shows a side view of the objective with the out-of-plane (45°) mirror below. SC, sample
chamber. Ir, iris. St, translation stage, Pr, prism. The dashed black line in (a) indicates the on-axis path to the
objective, in contrast to the displayed off-axis path for TIR illumination. Elements used for the correction factors in
Table 2.2 (main text) were: Dichroic before objective: F53-534 (AHF), Dichroics in detection: F33-726 and F33-644
(AHF). Band pass filters in detection: BP F39-572 and BP F37-677 (AHF). SI: SP40 (Owis), Objective: CFl Apo TIRF
100x, NA 1.49 (Nikon). Camera: EMCCD, iXonUltra, Andor. Lasers: 532nm, Compass 215M (Coherent) and 635nm,
Lasiris (Stoker Yale).
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Figure 2.10 Accounting for the differences in the excitation intensity profiles of the green and red laser across the
field of view. The individual excitation profiles are determined as the mean image of a stack of images recorded
while moving across a dense layer of dyes. In contrast to the uncorrected case (“before”), a position specific
normalization creates narrower and more symmetric SE-populations (“after”). The standard corrections described
in the main text are performed subsequently.
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Figure 2.11 Computation of the spectral overlap integral J for the FRET pair Atto550-Atto647N in sample 1.
Normalized donor fluorescence and acceptor absorption spectra normalized to the maximum (left scale). Spectral

overlap density j(1) (right scale) to compute the spectral overlap integral J [cm™*M*nm?] with | = foooj(/l) dA and
Jj(A) = Fp(A)ea(A)A%. The extinction coefficient €, of Atto647N was assumed to be 150000 Mcm™ at the

maximum as provided by the manufacturer.
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Figure 2.12 Visualizations of different averages for efficiencies according to different fluorophore dynamics. (a)
Dynamic average, which applies in the case of the fluorophore movements being faster than the rate of energy
transfer. There the rate of energy transfer has to be calculated taking into account the average over all possible
distances and orientations. (b) Intermediate case, called the isotropic average, where the orientational variation of
the fluorophores is faster than the rate of energy transfer while the positional variation is slower (c) Static case,
where the fluorophore movements are much slower than the rate of energy transfer. In this case each distance
and respective fluorophore orientation has to be taken into account with its individual transfer efficiency. These
efficiencies then are averaged by the measurement process. (Figure from ref. 7).
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Figure 2.13 Time-resolved anisotropies and FRET. The time-resolved anisotropies of dyes bound to a larger object
(e.g. DNA or protein) normally consist of a fast decay from rotational relaxation of the dipole (left) and of a slow

decay from translational relaxation (right). zer =1/keer: time of energy transfer; ry ..: residual anisotropy of dye A.
(Figure from ref. %2)
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Table 2.6 Spectroscopic parameters of the dyes in samples 1 and 2. Residual anisotropy r.., combined anisotropy
re, fluorescence quantum yields of donor and acceptor @¢p and @ ,, respectively (determined according to the
procedure detailed in the online methods), and species average fluorescence lifetimes (z), for the samples 1
(Atto550 /Atto647N) and the samples 2 (Atto550 /Alexa647). All measurements were done in 20mM MgCl,,5mM
NaCl,5mM TRIS at pH 7.5 measurement buffer.

Sample 1 1-lo(Atto550) 1-lo (Atto647N) | 1-hi (Atto550) 1-hi (Atto647N)
Base position (Linker), T31, (C2), T31(C2), T 23(C2), T31(C2),
strand D-strand A-strand D-strand A-strand
Residual anisotropy ra « 0.08 0.07 011 0.07
or rp,. [a]
Combined anisotropy r. 0.07 0.09
Steady state anisotropy rs 0.11 0.09 0.13 0.09
Lifetime (7)x/ ns
3.76 3.62 3.81 3.62
(SD: 2%) [b]
F'“;;elzczjr:;e:r“;::“m 0.77+0.015[c] 0.65 [d] 0.77+0.015[c] 0.65 [d]
Ro [A] [e] 62.6
(Drp) [e] 0.765
€4 [Mtecm™] 150000
Jem?tnm* M7 5.180-10%
Nim 1.40
K2 2/3
Sample 2 2-lo(Atto550) 2-lo (Alexa647) | 2-hi (Atto550) 2-hi (Alexa647)
Base position (Linker), T 31, (C2), T31(C2), T 23(C2), T31(C2),
strand D-strand A-strand D-strand A-strand
Residual anisotropy ra 0.08 0.05 011 0.05
or rp,, [a]
Combined anisotropy r. 0.06 0.07
Steady state anisotropy rs 0.11 0.15 0.14 0.14
Lifetime (7)x/ns
3.76 1.19 3.81 1.19
(SD: 2%) [b]
Fluorescence quantum | ) .5 515q] 035 0.77+0.015[c] 035
yieId Q)F,D or Q)F,A [C] R T
Ro [A] [e] 68.0
<@F,D> [e] 0.765
&4 [Miem?) 270000
Jlemtnm* MY 8.502-10%
Nim 1.40
K2 2/3

[a] The depolarization time of all species are given together with their amplitudes in Table 2.8
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[b] The fluorescence lifetimes of all species are given together with their species fractions in Table 2.7
[c] Measured relative to Rhodamine 6G in air-saturated Ethanol with @ z465=0.95. In the same measurement we
obtained for the free dye @ aros550 = 0.8+0.014 and 7za550= 3.60 ns £2 % , which corresponds to the values given by
the manufacturer.
[d] The following reference values for the free dyes in solution were used from the manufacturers to scale the
fluorescence quantum via the fluorescence lifetime of the free dye:
Dr nttosarn = 0.65; Dratexasar = 0.33; Tattosarn= 3.5 NS; Tajexasar= 1.0 NS,
A fluorescence lifetime analysis to relate the quantum yield @'-and lifetime 1’ specified by the manufacturer to the
measured lifetime t and quantum yield @:

G =0 -1/T
Here, we assume that the manufacturer @'; is correct, that the radiative constant is unchanged and that the
lifetime decay is monoexponential. For many dyes in distinct environments, this might not be the case.
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Supplementary Note 1: Time-resolved experiments

Global fit of the time-resolved polarized and magic angle fluorescence ensemble data

All polarization resolved fluorescence decay curves (£},(¢),F;,(¢)) with the Polarizer / Analyzer

settings (Vertical, V' /Horizontal, H) of singly labeled molecules were studied in ensemble experiments in
the Seidel lab by high-precision time correlated single-photon counting and were fitted jointly with
corresponding magic angle (M) fluorescence decay fyu(t) =(f(¢)). To reduce the number of parameters in
the fits we used the so called homogenous approximation **. We assumed that de-excitation and
depolarization of dyes are independent, i.e. in each donor de-excitation state dyes are characterized by the
same set of depolarization times. For this case we can write model functions for the decay of the excited

state population f{¢) and the fluorescence anisotropy r(2):

frv(@®) = f(O[1 + 2r(t)] (24)
fou(@®) = f(O[1 -7 ()] (25)
with f(£) = 3; x; e t/% and r(t) = % pPVe-t/pj

Here, 7 is the fluorescence lifetime and p is the depolarization times. x; is (with );; x® = 1) the species
fraction of molecules having the lifetime 7; and the factor b; is fraction of molecules having the

depolarization time p; where the fundamental anisotropy ry is given by X; b = 1o and the residual
anisotropy is given by b =7,. A maximum of three species for i and j were necessary to obtain

satisfactory fits judged by y°,.

To fit real experimental decays IRF, background and amplitudes of the V'V, VH signals are accounted as:

Fyy(t) = Fo - IRFyy (t) ®fyy (t) + Byy (26)

Fyu(t) = gyvvuFo - IRFyu(6) &fyy(t) + Byy (27)
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Where gyyym is a correction factor for a polarization dependent detection efficiency, F - amplitude

scaling factor, IRFyy (t), IRF,y,(t) - instrument response functions and By, Byy - background values.

The “ g” sign designates circular convolution.

The fit results for fluorescent signal in parallel and perpendicular polarization planes with respect to the
vertically polarized excitation light with their rotation correlation times and amplitudes for D-only and A-
only labeled DNA are presented in Table 2.7 and Table 2.8. The measured data and fitted curves with
their weighted residuals are presented in the first column of the Figure 2.14. Typical magic angle

fluorescence decays are shown in the right column of the Figure 2.14.

As expected 4, the amplitude b; for the fast depolarization motion with p; is approximately a factor 2
larger for dyes where the transition dipole moment is more perpendicular to the linker (disc case: Alexa
488 and Alexa594) than for dyes with a more parallel the transition dipole moment (cone case: Atto550,
Atto647N and Alexa647) (compare Figure 2.6 and Table 2.8). Note that some dyes (e.g. Alexa488 and
Alexa594) depolarize especially fast, because they have a large fraction of the fastest depolarization time
such that k.r >> krrer might be satisfied for even higher FRET efficiencies. The depolarization of these

dyes is best described by a disc model 2.
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Table 2.7 Fluorescence lifetimes t; and their amplitudes x;for all studied Donor-only (DO) and Acceptor-only
samples (AO). The quality of the fits was judged by;gi[a,b]

Base
kery, | 29O | e | e | @&
strand
DU aosso | 24 ((DD%))' (8:;:) (gg) 4.44(038) | 376 1.03
12802 posso | 2N ((%%))' (ggg) (gzzg) 459(034) | 381 1.02
;iﬁgié Attobd7N 13-_((AA%))' (8:(2)3) (g:gg) 4.19 (0.44) 3.62 1.03
13;:;:3 Alexa647 2-(A0) (gzgg) ((1):;3) 1.90 (0.05) 1.19 1.00
TDﬁSﬁL Alexad88 |  3-lo (DO) (8:32) ((2):3;) 4.11(0.92) | 3.91 1.03
TDZS‘Q;S% Alexad88 |  3-hi(DO) (gﬁéi) (é:gg) 4.13 (0.92) 3.92 1.08
TA351tr(§n6(; Alexa594 4-(A0) (8:3;) (3:22) 4.55(0.33) 3.91 0.99

[a] in 20mM MgCl,, 5mM NaCl, 5mM TRIS at pH 7.5 measurement buffer.

[b] typical errors: average lifetime: t: £ 0.02 ns. Three lifetime: shortest lifetime t; = 20% (with x;~ 15%), T, + 10%
(with x, ~ 25%), T3 £ 3% (with x3 ~ 15%).

[c] Spectral settings:

Atto550 (fluor. max 574 nm): excitation wavelength 552 nm, emission wavelength 580 nm (bandpass 5.4 nm).
Atto647N (fluor. max 664 nm): excitation wavelength 635 nm, emission wavelength 665 nm (bandpass 9.2 nm).
Alexa647 (fluor. max 665 nm): excitation wavelength 635 nm, emission wavelength 665 nm (bandpass 8.1 nm).
Alexad88 (fluor. max 525 nm): excitation wavelength 485 nm, emission wavelength 520 nm (bandpass 9.2 nm).
Alexa594 (fluor. max 617 nm): excitation wavelength 590 nm, emission wavelength 617 nm (bandpass 8.1 nm).
Note that the fluorescence lifetime analysis exhibited signatures of solvent relaxation. Therefore we use wide
bandpasses.
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Table 2.8 Rotation correlation times p; with correspondent amplitudes b; for Donor-only (DO) (r, = 0.38) and
Acceptor-only (AO) (rp, = 0.38) samples. The 1o confidence range for the longest correlation time is indicated in
square brackets. The fit model is described by Egs. 26-27 with the model functions Egs. 26-27. The quality of the fits

was judged by 7

B‘ase position dye Sample p1 [ns] pz[ns] | pslns](1loconf.) p.
(Linker),strand (DO or AO) (b1) (b2) (b3 = res) [b] r
T3UC, Dstand | Aoss0 | SUNOY | 0l | e | oos | %
T2, Datand | Awoss0 | SRor | oh | s | ooy | MO
T 31(C2), A-strand Atto647N 2'_((/2(8))' (8:‘111) (g:cl);) 46( ([)3.5;?2] 1.01
T31(C2), A-strand | Alexa647 [a] 2 -(AO) (gzg;) (éég) 1e5( (;10265)"’0] 0.99
T 31(C6), D-strand Alexa488 3-lo (DO) (gzgi) (é:i;) 31(([)2_3:;2] 1.03
T 23(C6), D-strand Alexa488 3-hi (DO) (ggg) (éﬁ) 37(([)3.;;36] 1.04
T 31 (C6), D-strand Alexa594 4-(A0O) (832) ((1)(8)2) 7 ([8.80_71)21] 1.02

[a] Only VV, VH depolarization curves used for fitting in this case.
[b] Due to fluctuations in the G-factor determinations we have small systematic errors; i.e. p3 > 20 ns and not the

fitted value
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Figure 2.14 Left pannels: Typical fluorescent signal in parallel and perpendicular polarization channels (magenta
and orange) with the corresponding fits (black) for 1-lo (DO), 2-lo (DO), 1-(AO) samples with weighted residuals on
the top. Right panels: the corresponding magic angle fluorescence decay curves with weighted residuals on the
top. The fit results are displayed in Table 2.7 and Table 2.8 using fit procedure described by Eqs.24-25 with the
model functions eqs 1.3-1.4. The quality of the fits was judged by ;gf

Species average lifetime determination

Magic angle fluorescence decays were described with three fluorescence lifetimes z; and the species

fractions x; and thus species averaged lifetime (7), was calculated as:

<T>x =X177 + Xo Ty + X313 (28)
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Experimental deviations obtained during lifetime-based experiments

The lifetime-based measurements had a significantly lower precision and accuracy than intensity-based

measurements. The following factors might be responsible for the observed deviations in the fluorescence

lifetime-based FRET experiments:

1.

The precision propagates differently for intensity based and time-resolved techniques. In
intensity-based FRET measurements the relative error of a normalized donor-acceptor distance
changes less with increasing distance. The precision of time-resolved FRET measurements is
highest for small DA distances (the minimum is Rp4/Ry = 0.7) which were not the focus of this
study %7,

Time-resolved techniques strongly depend on a representative (chemically equivalent) Donor-
only reference sample that is crucial for resolving large distances accurately.

If in the ensemble measurements the FRET sample contains also molecules which are labeled
with a donor, it becomes very difficult to resolve species with low FRET efficiencies.

The accuracy of time-resolved FRET measurements depends on an appropriate fit model. It is
crucial to consider the heterogeneity of the donor lifetimes and dye-linker distributions (eq. 27 in
ref. 3%). Moreover, the analysis model should allow fitting a variable fraction of donor-only
species, which was needed for all provided samples. Altogether, this results in complex fit models
which are not widely used in the FRET community because they are difficult to implement in
commercial software. In contrast, some groups analyzed the donor decays by a simple series of

exponentials, which results in a systematic shift of the obtained FRET parameters.

Thus all four effects in time-resolved FRET measurements contributed to the fact that the precision and

accuracy of the distances recovered especially for all lo-samples was markedly lower than that of

intensity-based methods.
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Supplementary Note 2: AV simulations to compute donor acceptor distances

The model for the double-stranded B-DNA is generated using the Nucleic Acid Builder version
04/17/2017 for Amber 7’ (see Figure 2.1, main text). For modeling the dye molecule, we use a geometrical
approach that considers sterically allowed dye positions within the linker length from the attachment point
with equal probability. This defines the accessible volume (AV)®". The dye molecules are modeled as
ellipsoids (approximated by three radii; AV3-Model) and AVs are generated using the FPS software?!.
For the distance computation a dye pair specific Forster Radius is used; i.e., it is assumed that within the
AV the dye molecule samples all positions isotropically, however, for a single excitation it is at a fixed
position. Moreover, it is assumed that dye rotation is so fast, that all possible orientations are sampled

during the fluorescence lifetime and thus the factor (k2) = 2/3 (isotropic coupling).

The boundary tolerance (called ‘allowed sphere’ in the FPS software) is used to ignore small residues that
are fixed in the PDB-model, but flexible in solution. The larger this value, the larger the structural parts
that are ignored for the AV generation. The labelling position is the C7 of the thymine (the C-atom of the
thymine’s methyl group). All mean geometric dyes parameters are estimated with ChemDraw software
(see Table 2.9). Further used parameters are: Boundary tolerance 0.5, accessible volume grid (rel.) 0.2;

Min. grid [A] 0.4, Search nodes: 3 and E samples: 200.

Table 2.9 Recommended dye parameters for the AV simulations with AV3-model.

Iinke;{i:ngth Iinke[rA\;vidth R1[A] | R2[A] | R3[A]
A?;aCf%;S 20.5 4.5 5.0 4.5 1.5
AiIoCSiO 20.4 4.5 71 | 50 | 15
A?;ac_‘;4 20.0 4.5 81 | 32 | 26
A(lj;acezz_w 21.0 4.5 11.0 4.7 1.5
At(iggj;N 20.4 4.5 7.2 4.5 1.5

o

Error estimation. For each sample the distances between mean dye positions (Rj#3%¢!) and expected

experimentally observed apparent distance R?E;’dd are calculated (see Table 2.4, main text). The error for

the model distances is estimated by varying the linker lengths (from 10 to 21 A), linker width (from 4.0 to
5.0 A), the dye model (single sphere with the radius 6 A (AV1 model) and ellipsoid with three radii
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R1=7.1 A, R2=4.5 A and R3=1.8 A (AV3 model) and the boundary tolerance between dye and DNA (0.5
and 1.5 A). The standard deviation of all DA distances computed by FPS was used as error.

Supplementary Note 3: R to Ryp conversion

For the conversion between R and Ryp we distinguish two cases, a known and unknown environment of

the dye molecule:

Case 1, the local environment of the dye molecule is known. Here, we use average (apparent) distances
from different data-sources, i.e., R from experiment, and Ryp from coarse-grained-structural modeling
to generate conversion functions. Typically, we use coarse-grained simulations to approximate accessible
volumes (AVs) for biomolecules ?'. These AVs are translated / rotated and the average apparent DA
distance (R and the distance Ryp are calculated, which introduces noise. The resulting conversion tables
are approximated by third order polynomials. Here we used the AVs for the samples 1,2,3,4 low and high
FRET correspondingly. For the polynomial Rypr = (a0 + a; R +a> R’ +as; Ri’) the coefficients are
given in the Table 2.10 for all FRET pairs.

Note that the conversion functions are specific for the chosen dye pair because they depend on the Forster
Radius of the FRET pair and the used dye parameters for the AV simulation. The differences between
AVs in different molecular environments (DNA or protein) become smaller the less restricted the dye is.
The offset of the conversion function depends on the size of the dye spheres and the linker lengths.

Table 2.10 Conversion polynomial for Ry = (ap+ a; R +a, Rip? +as R’) using the dye pair specific Ry and specific

AVs of the samples 1, 2, 3 and 4, respectively. Note that these polynomials are only valid for this specific geometry
and dyes

FRET pair Ro[A] ao [A] a: a: [A]* as [A]?
/‘:\tt::::;’& 62.6 -41.8 2.13 -0.92+10° 2.40-10°
:::::652; 68.0 -40.3 1.99 -0.74 107 1.67-10°%
':';’;T;’; 49.3 -53.8 2.83 -1.89-107 6.17-10°
‘:‘\';Z’;if;i’ 57.0 -43.9 2.24 -1.02-107 2.48-10°

Case 2, the local environment of the dye molecule is not known. Here, we make the most general
assumption that the AV can be approximated by a sphere with its radius estimated from the size of the

dye and linker length (slightly smaller than the dye and linker length). This allows us to estimate the
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conversion of Rz to Ryp by performing Monte Carlo simulations®. In the Monte Carlo simulation, we
place 10,000 positions uniformly distributed within a sphere of 18 A radius for both dyes. For a given
distance of the mean position of these spheres (Rap) we calculate the respective FRET efficiencies via the
Forster formula with an orientation factor of x° = 2/3. The mean of these values is an unbiased estimate
for the expected value of the FRET efficiency. We vary the mean position distance from 0.5 Ry to 1.5 Ry
and fit the resulting means with a third order polynomial (coefficients ay, a;, a> and as3). For convenience
the conversion coefficients for a large range of used Forster radii were determined and given here in Table

2.11.

The equivalence of both approaches is demonstrated in Table 2.10 for the dye pair Atto550-Atto647N.
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Table 2.11 Coefficients for the conversion polynomials R¢;) to Ry, for case 2. These are valid for the specified
Forster radius Ry.

Ro[Al | ao[A] | a: | as[A]* | as[A]?
50 -33.6 | 1.65 | 3.25-10°% | -7.26:10°
51 -34.0 |1.70 | 1.55-10°% | -5.68-10°
52 -33.0 | 1.64 | 2.25:10® | -5.85-10°
53 -31.7 | 1.57 | 2.93-10% | -5.91-10°
54 -32.8 | 1.64 | 1.27-10° | -4.65-10°
55 -32.0 | 1.61 | 1.43-10® | -4.46-10°
56 -30.0 | 1.51 | 2.78-:10% | -4.98-10°
57 -30.0 | 1.51 | 2.19:10% | -4.39-10°
58 -30.0 | 1.52 | 1.73-10% | -3.91-10°
59 -27.7 | 1.42 | 3.03-10% | -4.37-10°
60 -29.1 | 1.49 | 1.55-10% | -3.42-10°
61 -27.5 | 1.42 | 2.36:10° | -3.67-10°
62 -26.5 | 1.37 | 2.77-10°% | -3.74-10°
63 -27.3 | 1.42 | 1.67-10% | -2.99-10°
64 -25.6 | 1.35 | 2.56:10° | -3.28:10°
65 -26.1 | 1.38 | 1.88:10° | -2.83-10°
66 -26.4 | 1.39 | 1.42:10°% | -2.50-10°
67 -24.9 | 1.33 | 2.07-103 | -2.69-10°
68 -24.1 | 1.30 | 2.27-10°3 | -2.68-10°
69 -24.2 | 1.31 | 1.90-10° | -2.39:10°
70 -23.3 | 1.28 | 2.29:10°% | -2.49-10°
71 -24.4 | 1.33 | 1.30-10% | -1.95-10°
72 -23.4 | 1.29 | 1.80-10°% | -2.11:10°
73 -22.6 | 1.27 | 1.86:10° | -2.04-10°
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We tested that the polynomials derived using case 1 or case 2 generally yield almost identical conversion

functions (Figure 2.15).

Ro[Al | ao[A] | a: | a:AAT* | as[A]?

74 -23.0 | 1.28 | 1.53-10° | -1.84-10°
75 -22.4 | 1.26 | 1.62-10° | -1.80-10°
76 -21.8 | 1.24 | 1.70-10° | -1.77-10°
77 -21.6 | 1.24 | 1.58-:10° | -1.66-10°
78 -21.8 | 1.25| 1.28:10° | -1.47-10°
79 -21.2 | 1.23 | 1.44-10° | -1.49-10°
80 -21.2 | 1.24 | 1.32:10® | -1.41-10°
81 -20.5 | 1.22 | 1.43-10°® | -1.39-10°
82 -20.3 | 1.21 | 1.40-10° | -1.34-10°
83 -20.5 | 1.22 | 1.17-10°® | -1.20-10°
84 -19.8 | 1.20 | 1.36:10° | -1.24-10°
85 -20.3 | 1.22 | 0.96-10° | -1.05-10°
86 -19.5 | 1.19 | 1.20-10° | -1.10-10°
87 -19.1 | 1.18 | 1.22:10° | -1.08-10°
88 -19.0 | 1.18 | 1.15-10° | -1.02:10°
89 -19.0 | 1.18 | 1.04-10° | -0.95-10°
90 -18.8 | 1.18 | 0.99-:10° | -0.91-10°
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Figure 2.15 Polynomial Ry, = ap+ a; Rie +a, Rie? +as R for the dye pair Atto550-Atto647N with AVs for DNA (case
1: Ry = 62.6A) and with the approximation by a sphere (case 2: R, = 62.0 A). Interpolated points in steps of 1 A.
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Supplementary Note 4: Error propagation

Based on the measurements of sample 1-lo and 1-hi, we performed an error propagation using AE = 0.033
(which was the precision for these two best investigated samples). Figure 2.5 follows from the following

distance uncertainty:

(29)

OR(Ro, E 2 (dR(R,E 2
AR(RO,ARO,AE|R)=J< gR" )-AR0> +< (aEO )-AE>
0

2 2

= (}%-ARO)Z + (%(1 + (%)3 (R%)_S Ro 'AE)

In the following, we performed more detailed error propagation with disentangled error sources. We
estimate the uncertainties of all quantities separately and propagate them towards an uncertainty in the
distance. The overall uncertainty in the distance is given by:

AR (Ro, ARo,y, By, (F), ALY | ALES) 0B, Ac|R) (30)

Dem|Dex’ ="Aem|Dex’

= \/ARI%O + AR} +ARp , + ARp 4 + ARG + AR

with the following error contribution for the Forster radius:

AR
MRgo(R) = R~ D
Ro
And the following error contribution for the gamma factor:
Ay (32)

| =

ARY(R) = 7

And the following error contribution for the background in the donor channel after donor excitation:

_ R RO 6 R 6 A[[()IZTGn)lDex (33)
ARbgD(R) = g[)/ (1 + (F) > +a (1 + (R_0> >] —(F)

And the following error contribution for the background in the acceptor channel after donor:
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AIED (34)

R R\® em|Dex

And the following error contribution for the direct excitation factor of the acceptor with the green laser:

R R\® (35)

And the following error contribution for the leakage factor of donor fluorescence in the acceptor channel:

AR (RY — R1<R)6 A (36)
Please note that for determination of background we set y=f=1 and a = 6 = 0. This represents the ideal

values. Further parameters and uncertainties are taken from the reference lab: Ay/y = 0.1, (F) = 50,

AL e =1y AL o= 1. 48/6= 0.1, % = 0.1, ARy = 0.07. See Online Methods, Section 2 and 3 for

em|Dex
the nomenclature and details on the Forster radius. (F) is the average sum of the corrected donor and

acceptor fluorescence.

The above error analysis is based on Rps and may be further propagated to the apparent donor-acceptor
distance R(gy and the distance between the mean positions of the dyes, Rup, when the above model

assumption of a freely rotating and diffusing dye is applied. This becomes very involved and does not

show significant deviations from Figure 2.5 in the main text.
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Supplementary Note 5: Further samples

Table 2.12 Further samples that being studied

Base
osition Dyes (Donor,
Name p' ves ( / Sequence
(Linker), Acceptor)
strand
T31(C6) Alexa488
3-lo Dinmﬁ Tetrafluorophenyl | 5’/ = GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-
Ester/ 37
X 3’- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-
T31(c2), Atto647N NHS 5’ - biotin
A-strand
3-hi:
T23(C6), Alexa488
D-strand Tetrafluorophenyl
Ester/ 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-
3’
T31(C2), ,
Actrand Atto647N NHS 37— CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-
5’ -biotin
4-lo: Alexad88
T3UC), | roprafluorophenyl | 5'~ GAG CTG ARA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-
D-strand 37
Ester/
3’- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-
T31(C6) Alexa594 5 bi .
’ Tetrafluorophenyl - biotin
A-strand
Ester
4-hi:
T23(C6), Alexad88
D-strand Tetrafluorophenyl
Ester/ 5’- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-
3’
T31(C6), TetraAflli):)arig?men |
A-strand PRENYL | 37 _ cTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-

Ester

5’ - biotin

Even for samples 3 and 4 the precision of the hi-samples, where all individual FRET efficiencies were in

a sensitive range of the specific dye pairs, is very good (2 - 4 %). Moreover, the experimental and model

values of the low- and hi-samples agree very well with each other (the deviations range between 2 and 10
%). This suggests that we do not have dye artifacts for all four FRET pairs. The results obtained for the
different FRET pairs will be important in the future to judge key aspects of different fluorophore

properties.
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Supplementary Note 6: MD simulations

While the analysis in this paper used a static model for the double-stranded DNA structure, DNA is
known to not be completely rigid 3. Therefore, we performed Molecular dynamics (MD) simulations of
the DNA molecule to explore its rigidity using the latest force fields which were reported to be consistent

with experimental observables of the conformational flexibility of dSDNA.

The all-atom MD simulations were performed with the Amber16 suite of programs °° using the bsc1 force
field 7. The initial structure of the B-DNA molecule, which was generated by 3D-DART (see main text),
was placed in an octahedral box of TIP3P water molecules °¢, such that the distance between the edge of
the water box and the closest DNA atom was at least 11 A. MgCl, and NaCl were added to achieve
concentrations of 20 mM and 10 mM, respectively. For Na" and CI, the parameters by Joung and

Cheatham °7 were used, while for Mg?* the parameters by Li et al. *® were used.

Each system was then prepared based on a protocol used earlier®. The simulation system was minimized
by 200 steps of steepest descent and subsequently 50 steps of conjugate gradient minimization. The
minimized system was heated from 100 to 300 K over 50 ps, and subsequently the solvent density was
adjusted for 150 ps by NPT-MD simulation. During the previous two steps, harmonic force restraints
were applied on all solute atoms with force constants of 5 kcal mol™! A2, These harmonic force restraints
were gradually reduced to 1 kcal mol! A during 250 ps of NVT-MD simulation. This step was followed
by 50 ps of NVT-MD simulation without positional restraints.

The time step for all MD simulations was 2 fs. Subsequently, we performed five independent MD
simulations of 250 ns length each. Coordinates were extracted from the simulations every 20 ps. We used
the FPS program?®' to calculate FRET efficiencies for the structural ensemble of the MD simulation, i.e.
for each structure the AVs with the spatial dye (D and A) distributions is calculated and the average
FRET efficiency is computed.

The ensembles from the MD simulations suggest that the DNA is not completely rigid, but exhibits some
bending motion (Figure 2.16). The obtained distributions of FRET efficiencies show that the ensembles
from the MD simulations yield comparable, but slightly lower mean FRET efficiencies and thus longer

distances than for the static model (Figure 2.17, Table 2.13).
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Figure 2.16: Structural ensembles from the MD simulations. The starting structure (red surface representation)
was overlaid with conformations extracted from the MD simulations using the first 5 base pairs of the DNA. The
five independent MD simulations are shown as differently colored ribbons (green, blue, orange, magenta, and
cyan). For visibility, snapshots extracted every 2 ns were used for this representation. A: Side view; B: Top view.
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Figure 2.17 Distribution of FRET efficiencies calculated for the conformation extracted from the MD simulations for
the four samples (A: Atto550/Atto647N, B: Atto550/Alexa647, C: Alexad88/Atto647N, D: Alexa488/Alexa594). The
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five colors (green, blue, orange, magenta, and cyan) correspond to the five independent MD simulations
performed. Vertical dashed lines indicate the mean of the distribution, while the red arrows below the X-axis
indicate the values calculated for the starting structure.

Table 2.13 Comparison of FRET efficiencies (E), and corresponding DA distances R@" calculated from the five
MD simulations to the values from experiments ((E)exy, Rie/®))and the static model with (E)searic-

Sample (Eayn™™ (E)static ! (Eexp' Regf@ [A] 1] Ry [A] 1)
Atto550/Atto647N
1-lo 0.15 0.15 0.15+0.02 83.9 83.4+25
1-hi 0.56 0.58 0.56 +0.03 60.3 60.3+1.3
Atto550/Alexa647
2-lo 0.22 0.22 0.21+0.04 84.2 85.4+34
2-hi 0.66 0.68 0.60 +0.05 61.0 63.7+23
Alexad88/Atto647N
3-lo 0.04 0.04 0.04 +0.02 83.1 89.5+12.3
3-hi 0.27 0.29 0.24 +£0.04 58.4 60.1+2.3
Alexa488/Alexa594
4-lo 0.09 0.09 0.13 £0.06 83.5 79.6 6.2
4-hi 0.44 0.47 0.41 +£0.04 59.5 60.7+1.7

[a] Calculated as average over the five simulations (the standard deviation is in all cases below 0.008).
[b] Calculated for the static starting structure.

[c] From measurements (cf. main text, Table 2.4).

[d] Calculated from (E ), using Formula (V) from Table 2.1 in the main text.

[e] Calculated from experiments (cf. main text, Table 2.4).
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2.6 Appendix with my measurements and analysis
2.6.1 Material and methods
2.6.1.1 Setups and correction factors for given samples at given setups

Single molecule Molecule Multiparameter Fluorescence Detection (MFD)

All single-molecule experiments were conducted on three confocal setups with different modifications of
particular elements. The general scheme of the setup is illustrated on Figure 2.18. All samples were

measured in NUNC chambers (Lab-Tek, Thermo Scientific, Germany) with 300 uL sample volume.
Confocal 1 for measurements of the samples with Alexa488-Atto647N

The fluorescent donor molecules (Alexa 488) are excited by 485 nm pulsed diode laser (LDH-D-C 485,
PicoQuant), operated at 64 MHz, 110uW in the sample in one color excitation experiment or at 32 MHz
in PIE experiment, 110uW in the sample. The laser light is guided into the epi-illuminated confocal
microscope (Olympus [X71, Hamburg, Germany) with a 60x/1.2 water immersion objective (UPlanSApo
60x/1.2w, Olympus Hamburg, Germany) and is reflected by dichroic beamsplitter FF500/646-Di01
(Semrock, USA). Additionally in the PIE experiment the fluorescent acceptor molecules ( Atto647N ) are
excited by 635 nm pulsed diode laser (LDH-D-C 640, PicoQuant). The emitted fluorescence from the
labeled molecules is collected through the objective and spatially filtered using a pinhole with typical
diameter of 100 um. Then, the signal is split into parallel and perpendicular components via polarizing
beam splitter and then at two different spectral windows (e.g. “green” and “red”) and then split again

using 50/50 beam splitters resulting in a total of eight detection channels.

Additionally green (HQ 520/35 nm for Alexa488 ) from AHF, Tiibingen, Germany and red (HQ 720/150
nm for Atto647N) bandpass filters (AHF, Tiibingen, Germany) are placed in front of the detectors to
provide the registration only of the fluorescence photons coming from the acceptor and donor molecules.
Detection is performed using eight avalanche photodiodes (4 green channels: t-SPAD (PicoQuant,
Germany) and 4 red channels: AQR 14 (Perkin Elmer). The detector outputs were recorded by a TCSPC
module (HydraHarp 400, PicoQuant).

Confocal 2 for measurements of the samples with Atto550-Atto647N

Confocal setup 2 is similar to the one described above. The differences are described below: Confocal
microscope: Olympus IX71 (Hamburg, Germany); Objective: Olympus UPlanSApo 60x/1.2w (Hamburg,
Germany); Dichroic Beamsplitter: F68-532 zt532/640NIRrpo (AHF, Tiibingen, Germany); Fluorescence
dichroic beamsplitter: T640lpxr (AHF, Tiibingen, Germany); Diode lasers: 530nm (LDH-P-FA 530B,
PicoQuant) and 640nm (LDH-D-C 640, PicoQuant), both with repetition rate 32MHz and with power
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75.5uW and 16.7uW in the sample respectively; Bandpass filters: green ET595/50 and red HQ730/140; 2
green and 2 red detectors: both SPCM-AQRH 14 (Excelitas, USA).

Confocal 3 for measurements of the samples with Alexa488-Alexa594

Confocal setup 3 is similar to the confocal setup 1. The differences are described below: Confocal
microscope (Olympus [X70, Hamburg, Germany); Dichroic beam splitter: Q505LP (AHF, Tiibingen,
Germany); Fluorescence dichroic beamsplitter: 595 LP DCXR (AHF, Tiibingen, Germany); Diode lasers:
495nm (PicoQuant, Germany) with repetition rate 32MHz and with power in the sample 110 pW;
Bandpass filters: green HQ520/66, red HQ630/60; 2 green and 2 red detectors: SPCM-AQRH 14 (Perkin
Elmer); TCSPC module SPC 132 (Becker&Hickl, Germany).
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Figure 2.18 Schematic experimental confocal setup 3 and data acquisition (left) and confocal setup 1,2 (right)

Parameters used for studied FRET pairs for given experimental setups are collected in the Table 2.14

Table 2.14 Typical correction factors for sample 1 (Atto550-Atto647N), sample2 (Atto550-Alexa647), sample
3(Alexa488-Atto647N) and sample 4(Alexa488-Alexa594) for the SMD experiment

Parameter Dve pair
name yep
Atto550-Atto647N Atto550-Alexa647 Alexa488-Atto647N Alexa488-Alexa594
a 0.062 0.062 0.01 0.052
0 0.15 0.19 n.a 0.06
gc;|D/gR|A 2.10 1.60 0.80 1.02
@F_D(o) 0.77 0.77 0.80 0.80
0.350 (2-lo),0.405 (2-
D, .74 . Vi
F.a 0.74[b] mid),0.409(2-hi) [a] 0.65 0.70
y 0.46 0.28 (2-lo), 0.33 (2- 1.02 1.09
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| | mid), 0.33(2-hi) | |

[a] accounting for effective acceptor brightness: Ba=at ans* @F,A, where @ 4,=0.476 (from the reference Cy5 with t=1.0ns and
Dp 4=0.4 ). Here ayrans(2a)=0.75, ayrans(2b)=0.85, ayrans(2¢)=0.86°
[b] This value was obtained by calibrating the setup with estimated detection efficiency ratio ggp/grja and FRET Efficiency,

obtained from studied 1a-1b samples from round 1 in the paper.

Ensemble Time Correlated Single Photon Counting (eTCSPC) setup

Fluorescence lifetime decays were recorded by using FT300 setup (PicoQuant, Germany) with white light
laser from NKT Photonics (Germany) with repetition rate 20 MHz. All samples were measured in Quartz
Ultra-Micro-cuvettes (Helma #105.252.85.40), with total sample volume 20ul. Ludox scattering solution
was used to record instrument response function (IRF). The detailed measurement conditions for the

experiments are provided below in the Table 2.15

Table 2.15 Settings for Picoquant FT300 setup

Atto 550 Alexa 488 Atto 647N Alexa647 Alexa 594
Excitation, nm 552 485 635 635 590
Emission, nm 580 520 665 665 617
Bandpass, nm 5.4 9.2 9.2 8.1 8.1
Excitation filter none ZET 488/10x ZET 635/20x ZET 635/20x none
Emission filter FGL 570 FGL 515 FGL 645 FGL 645 FGL 610

2.6.1.2 Photon distribution analysis (PDA)
The analysis procedure and chosen model as described in Chapter 3.3.3.
2.6.1.3 Gaussian distributed distance Rpa fitting of the time resolved fluorescence data

The specific fluorescence decays were analyzed by a fit model described previously '°!. Due to local

quenching the fluorescence decay of the donor in the absence of FRET is already often multi-exponential

Fp)(t) = Z xPexp(— t/_[(i) ) (37)

D(0)

The time resolved fluorescence intensity decays of FRET-samples were fitted globally with the decays of
the donor only sample. We assume that quenching the donor radiative lifetime is not changed by

quenching. Hence, the FRET-rate (krrer) is only determined by the donor-acceptor distance and their
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relative orientation. In the presence of FRET, the donor fluorescence decay can be expressed using the

donor-acceptor distance distribution p(Rp4)

t
Fipy(t) = (l) f p(Rp4) exp RO [1+ (Ro/Rpa)®]l |dRpa (33)
L Rpa Tp(0)

Here we assumed Gaussian distribution of donor-acceptor distances (p(Rp4)) with a mean of (Rp4) and a

half-width of a4 which is expressed as

(Rpa — (RDA)exp)2

(39)
2054 exp

P(Rpa) = exp(—

1
VZT[O'DA

In addition, a fraction of Donor only molecules (xpons) and a constant offset ¢ was considered to describe

the experimentally observed fluorescence decay F'(z?)

F(t) = (1 - xDonly)FD (t) + xDonlyFD(O) t+c (40)

Fitting results of the fluorescence decays of FRET-samples are demonstrated in Figure 2.24 and in Table

2.20. The results of the donor only fluorescence decays are in Figure 2.25 and in the Table 2.21.
2.6.1.4 Global fit of the time-resolved polarized and magic angle fluorescence data

All fluorescence depolarization decay curves (Fyy (t), Fyy(t)) of single labeled molecules were fitted
jointly with corresponding magic angle fluorescence decay Fj, (t). The corresponding expectations for the
delta excitation pulse can be written as

frv(6) _ZZ"(”) et [1+2e747; sz(”) =To 1)
= @) g~k t[1 — pe—kit (42)

fru(t) ZZX Pe [1 2e ]
frv(®) = Z Z @) ¢k [1 4 20747"] Z Z @) = 1, (43)
fo(®) = Z Vet Z M _ (44)
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. (') .
r@© =) xPe N D =, “5)
J J

Where, the element of matrix x(/) is a fraction of molecules having the donor de-excitation rate constant

k((ii) and the depolarization rate constant kﬁj ), the element of vector xg) is fraction of molecules having

the donor de-excitation rate constant kéi) and the element of vector xﬁj ) is fraction of molecules having

the depolarization rate constant kﬁj ),

It should be noted that in general matrix [x(i'j )] is independent of vectors x((ii) and xﬁj ) So if N, is the
number of donor states, N, is the number of depolarization states, then such model would require to fit

N4 + N, + N; - N, independent fractions.

To reduce the number of parameters we used so called homogenous approximation. We assumed that de-

excitation and depolarization of dyes are independent, i.e. in each donor de-excitation states dyes

characterized by the same set of depolarization rate constants. In this case x (/) = xa(li)xﬁj ), and we can
write
i AL _.®
v @ =Y > xPxPe ke [14 2757 = @011 + 2r(0)] (46)
TR
And
N (D e ® _L®
frn(® = D Y xPxDekit [1 - k"] = 01 - (0] (47)
S

So we have the same expression as in case of simple mono-exponential donor and acceptor decays and
the number of fraction values is reduced to N; + N,.. In this work the best fit results were achieved with
Nd = NT = 3

To fit real experimental decays IRF, background and amplitudes of the VV, VH signals are accounted as
Fyy () = Fo - IRFyy (£) ®fyy (t) + Byy (48)

Fyu(t) = gvvvu - Fo " IRFyu () &fyy(t) + Byy (49)

Where gyy,yy is g-factor, Fy- amplitude scaling factor, IRFyy (t), IRFyy(t) - instrument response

functions and By, Byy- background values. The “®” sign designates circular convolution.
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Fitting results for fluorescent signal in parallel and perpendicular polarization planes with respect to the
vertically polarized excitation light with their rotation correlation times and amplitudes for donor only and
acceptor only labeled DNA are presented in Table 2.22. The measured data and fitted curves with their
weighted residuals are presented in the left column of the Figure 2.26. Typical magic angle fluorescence
decays are shown in the right column of the Figure 2.26 and extracted fitting parameters are in the Table

2.23. The fit quality is judged by y°..
2.6.2 Results
2.6.2.1 MFD plots

Joint Figure of all one color excitation (OCE) MFD plots

720 T T 850 T T
- 2 - 2
S 9 IIR4
* 2 1100 * 2 1500
100 | 4 4 100 100 | 4 4100
< I.I.(
L 10 4 410 L 10p 4 410
1L 4 11 1E 4 41
H? Atto550 —A‘ttoGlWN 1-‘mid At1055? -Atto647]
f f f f
04| p=1.10 ns} 4 0.4 p=1.10 ns] 4
0.2 S 1
hn ‘_n >
0.0 . 4

2 4 600 2 4 600 2 4 500
A (TD(A)>f [ns] # of bursts B (TD(A))f [ns] # of bursts C <TD(A))1 [ns] # of bursts

900 T 1000 , , 400 . i
- 2 s 4
g 5 § 8
= 500 * 2 1600 * 3 600
AU
9 " |
100 |- = 4100 100 L ] 1100 wl ] i
< ® . ) |
N 3 v
10k /oo 110 ol ] 110 ol ] i
g
1F P E 41 1L ] 14 N ] 1,
Frlo AosSqAlexgoer 2:mid AtloS50 -Alexat47 Sp——
! T A T T
04t p=1.00ns} ‘. b=22ms
04l /&0 . ]
. D)
B 02| S f a
- B
? o
00 % SR ]
1 1 N o
2 4 1000 . .
D (TD(A)>f [ns] # of bursts 2 " 200 s . 200
E (TD(A)>f [ns] # of bursts F (TD(A)>! [ns] # of bursts

67



#of
bursts =

1500

3-lo Alexa488 -Atto647N;
| !

0.4

p =0.59 ns|

2 4 1500
G (‘:D(A))f [ns] # of bursts
400 T T
n
5§
* 3 700
100 4 + 100
I.I.(
=,10 E 410
1F E 41
<7
/4-lo Alexa488 -Alexa594]
| |
t T
0.4+ p=0.65ns} 4

Figure 2.19 2D probability probability histogram of fluorescence green to red signal ratio F/F4 vs fluorescence
lifetime of donor in presence of acceptor (Tp4))r and static FRET line (red) (upper panel) and donor fluorescence
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Table 2.16 Static FRET lines used to describe relationship between efficiency F/F, and (Tp4)) for OCE on Figure
2.19.

sample Static FRET line
1-lo (0.7232/0.6500)/((3.8895/((-0.0429*x"3)+(0.2911*x"2)+0.5283*x+-0.0472))-1)
1-mid (0.7232/0.6500)/((3.8895/((-0.0429*x"3)+(0.2911*x"2)+0.5283*x+-0.0472))-1)
1-hi (0.7258/0.6500)/((3.9798/((-0.0414*x"3)+(0.2794*x"2)+0.5548*x+-0.0508))-1)
2-lo (0.7232/0.3900)/((3.8895/((-0.0429*x"3)+(0.2911*x"2)+0.5283*x+-0.0472))-1)
2-mid (0.7347/0.3900)/((3.9512/((-0.0417*x"3)+(0.2866*x"2)+0.5299*x+-0.0477))-1)
2-hi (0.7347/0.3900)/((3.9512/((-0.0417*x"3)+(0.2866*x"2)+0.5299*x+-0.0477))-1)
3-lo (0.7780/0.6500)/((4.0150/((-0.0383*x"3)+(0.2727*x"2)+0.5335*x+-0.0483))-1)
3-mid (0.7875/0.6500)/((4.0649/((-0.0373*x"3)+(0.2685*x"2)+0.5352*x+-0.0487))-1)
4-lo (0.7701/0.7000)/((3.9864/((-0.1161*x"3)+(0.9267*x"2)+-0.9493*x+0.3973))-1)
4-mid (0.7701/0.7000)/((3.9864/((-0.1161*x"3)+(0.9267*x"2)+-0.9493*x+0.3973))-1)
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Figure 2.20 2D probability histogram of FRET efficiency E versus Stoichiometry S generated from PIE experiment
for studied samples. The correspondent 1D projection is also shown. Correction factors used to generate
histograms and FRET lines are in the Table 2.14 and Table 2.19.
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Table 2.17 Static FRET lines used to describe relationship between efficiency E and (Tp4))t in PIE experiment on
Figure 2.21

sample Static FRET line
1-lo 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x"2)+0.5466*x+-0.0169)/3.8895)
1-mid 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x"2)+0.5466 *x+-0.0169)/3.8895)
1-hi 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x"2)+0.5466 *x+-0.0169)/3.8895)
2-lo 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x2)+0.5466 *x+-0.0169)/3.8895)
2-mid 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x2)+0.5466 *x+-0.0169)/3.8895)
2-hi 1-(((0.0080*x"4)+(-0.0965*x"3)+(0.3728*x"2)+0.5464*x+-0.0169)/3.8895)
3-lo 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x"2)+0.5466*x+-0.0169)/3.8895)
3-mid 1-(((0.0079*x"4)+(-0.0952*x"3)+(0.3691*x"2)+0.5466*x+-0.0169)/3.8895)
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2.6.2.3 PDA results

Joint Figure of all OCE PDA plots

number of TWs ¢, o o

2L =1.40
(wal +
55 70 85
<RDA>E
PR HU ¥ =1.66
[ 1-hi
| Atto550-Atto647N
: My
1 10 55 70
C sglsr <RDA>E
'ﬂﬂp_“ﬁ QHDP L] ¥ =1.88
. 2-mi(;
Atto550-Alexa647
1 10 55 70
E Sgls <R,,>.
' 1 2
ﬂm My I, il o =246
YRR LLs Irm s |
3-mid ]
Alexa488-Atto647N
)
1 10 55 70 85 1
S /S (Roe

number of TWs ¢, o «

number of TWs ¢, o

number of TWs & oo

G o Or

100

-
o © ©
% State

100

cm & g
o © ©
% State

100

e m & g
o © ©
% State

100

8 8
% State

»n
o

o

73

3t ) " 2
0 }JE 1 H ﬁL 1 %, =193
3 ) )
£ ] 1-mid
|l Atto550-Atto647N.
Sl
S
5F
ot
=]
St
ct
55 70
B sgls <RDA>E
3f 2
o el Lo Hn [l ﬂnﬂ,ﬁ Xr=1'05
T A V V“UHJH
3L )
£ F2-lo
= [ Atto550-Alexa647
—
of
=
@
ot
[=33
Sk
St Nl
55 70 85
D sgls <RDA>E
3r 2
0 r‘ﬂﬂ« ﬂhuﬂunur\.ﬁ Jmu uﬂq ﬂﬂh; X = 1.44
af’ A
g L 2ohi T
=1 0550-Alexa647,
—
ot
S
ol
E-]
€l
St
< 4
1 10 55 70
F SQISr <R,>.
3 1 2
Py P s O [ opta] X, =1-89
U e P T e
3t
g [3-lo
= {Alexa488-Atto647N
's L
S
o}
Q2
€1l ]
S
c I al |
1 10 100 55 70 85
H ss, (R

100
80
60
40
20

% State

100
80
60
40
20

% State

100
80
60
40
20

% State

100

180
160
lao
120

% State



3 2 3 ] 2

. x =148 oqumuﬂwuﬂ;ﬂq ] =216

3 -3 L\LL'JJ ]

0 100 " 100
; ; [ 4-lo
| 80 = Alexa488-Alexa594| 80
k] 60 2 Bt 60 2
5 8 = 8
_g 40 g _g L 40 g
E 20 3 El 20 3
c U o 0 c : - , 0

055 70 85 100 1 10 10055 70 85 100
I Sglsr <RDA>E Sglsr <RDA>E

[

Figure 2.22 Results of PDA analysis of OCE data. S,/S; histogram of experimental data (gray area) is fitted (purple
solid line). The right panel shows the distances and relative amplitudes (solid blue and red lines) and the overall
confidence intervals for the distances (striped boxes) of the FRET state. Weighted residuals are shown in the upper
plot. Correction parameters used to generate histograms are in the Table 2.18.

Table 2.18 Fit parameters for the PDA fits of the OCE experiment: experimental distances (Rps): with
corresponding fractions x; and half-width o, donor only fraction xpo and impurity. Correction factors: background
signal in the green (Bs) and red channels (Bg), leakage of D into A channel a, direct acceptor excitation ¢ and
detection efficiency ratio g¢;p/grja

(RDA>E1:A(XI)1 01.A Impurit
Sample ) . | *po,% p% Y {Bs),kHz | (Bg),kHz o 65 | geip/9rial x*
(Roa)e2,A(x2) o2,A
81.9 (83.9%), | 53,
1-lo 58.2 (4.0%) )8 12.2 0.662 0.409 0.062 | 0.15 2.1 1.40
1-mid 58.3 (67.6%) 2.34 29.7 2.7 0.662 0.409 0.062 | 0.15 2.1 1.94
. 51.0 (34.0%), | 2.46,
1-hi 68.0 (4.5%) 20 47.8 13.7 0.662 0.409 0.062 | 0.15 2.1 1.66
86.8 (27.0%), | 7.5,
2-lo 61.6 (3.0%) 30 70.0 0.662 0.409 0.062 | 0.19 1.6 1.28
2-mid 63.2 (48.7%) 2.6 44.2 7.1 0.662 0.409 0.062 | 0.19 1.6 2.46
. 54.3 (38.5%), | 2.56,
2-hi 68 (1.6%) 20 52.8 7.0 0.662 0.409 0.062 | 0.19 1.6 1.44
80.7 (68.3%), | 4.0,
3-lo 50.5 (5.6%) 25 2.4 23.7 1.026 0.550 0.010 - 0.8 1.89
. 59.5(76.1%), | 2.1,
3-hi 52.3 (4.1%) 18 7.8 12.1 1.114 0.653 0.010 0.8 2.46
79.9 (74%), 57,
4-lo 56.5 (2.6%) 40 23.4 0.551 0.339 0.052 | 0.06 0.8 2.16
, 59.6(72.9%), | 2.1,
4-mid 71.1 (9.9%) )5 12.6 4.6 0.551 0.339 0.052 | 0.06 0.8 1.48
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Figure 2.23 Results of PDA analysis of PIE data. S,/S, histogram of experimental data (gray area) is fitted (purple
solid line). The right panel shows the distances and relative amplitudes (solid blue and red lines) and the overall
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confidence intervals for the distances (striped boxes) of the FRET state. Weighted residuals are shown in the upper

plot. Correction parameters used to generate histograms are in the Table 2.19.

Table 2.19 Fit parameters for the PDA fits of the PIE experiment: experimental distances (Rpa)e With corresponding
fractions x; and half-width o, donor only fraction xpo and impurity. Correction factors: background signal in the
green (Bg) and red channels (Bg), leakage of D into A channel o, direct acceptor excitation J and detection
efficiency ratio g¢;p/grja.

sample (Roayes, Alxa), °1"§ Xpo,% Imp;)rity, <kBHGZ' <kBI:Z’ o P 9gdep/9Iria| X :
(Roadez,A(x2) o2A
1-lo 80.3 (96.7%) 5.0 3.3 - 1.004 0.180 0.062 0.15 2.1 1.1
1-mid 58.0 (94.3%) 3.2 5.7 - 1.004 0.180 0.062 0.15 2.1 2.1
1-hi 49.3 (94.3%) 24 3.8 1.9 0.747 0.179 0.062 0.15 2.1 1.9
2-lo SGSfQZ:;);f))' 73:;' 15.7 - 0.662 0.409 0.062 | 0.19 1.6 0.9
2-mid 63.9 (89.3%) 2.7 10.7 - 1.004 0.180 0.062 | 0.19 1.6 15
2-hi 55.0 (69.2%) 2.6 28.8 2.0 0.747 0.179 0.062 | 0.19 1.6 1.7
3-lo 80.0(89.7%) 7.1 10.3 1.036 0.65 0.017 - 0.8 1.0
3-hi 59.8 (79.5%) 2.8 15.4 5.1 1.026 0.397 0.017 - 0.8 1.7
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2.6.2.4 Ensemble Time Correlated Single Photon Counting (eTCSPC) results
eTCSPC fluorescent decay measurement of FRET samples under magic angle condition

Presentation of the fluorescence decays of the FRET samples are in Figure 2.24. Fit results and calculated

FRET efficiency are in the Table 2.20.
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Figure 2.24 Fluorescent decays of the measured FRET samples. Experimental data is shown as magenta dots,
instrument response function as white dots, and fit is a black curve. Weighted residuals are shown in the upper

block.

Fitting results of the Gaussian distributed distances Rp4

The results of the global fits of FRET samples together with the correspondent donor only samples are

presented in the Table 2.20 and Table 2.21. Fluorescence lifetimes t;and corresponding fractions x; are

global parameters.
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Table 2.20 Fit results of Gaussian distributed distance Rp, with half-width @p4, donor only fraction xpo and
recalculated mean FRET Efficiency (E). Quality of the fits are judged by x2.

Sample (E) Rpa) A Orpas A Xpo e
1-lo 0.17 83.1 11.9 0.00 1.13
1-mid 0.54 61.1 7.3 0.02 1.21
1-hi 0.81 48.5 6.3 0.02 1.08
2-lo 0.23 84.0 10.0 0.08 1.10
2-mid 0.67 60.1 5.8 0.10 1.10
2-hi 0.85 49.9 5.9 0.26 1.02
3-lo 0.06 82.4 139 0.38 1.04
3-hi 0.26 59.1 6.0 0.10 1.24
4-lo 0.11 85.5 15.8 0.02 1.09
4-mid 0.41 60.9 7.0 0.08 1.12
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eTCSPC fluorescent decay measurement of donor only samples under magic angle condition

Presentation of the magic angle fluorescence decays of the donor only samples are in Figure 2.25. Fit

results of donor only decays from the global fits are combined in the Table 2.21.
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Figure 2.25 Fluorescent decays of the measured donor only samples. Experimental data is shown as magenta dots,
instrument response function as white dots, and fit is a black curve. Weighted residuals are shown in the upper
block.
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Table 2.21 Fluorescence lifetimes z; and their amplitudes x; for all studied donor only (DO) samples. Here (7), is
the species weighted fluorescence lifetime. Quality of the fits are judged by x?2.

(Eitso:'t?::d Dye Sample (DO) | 11, [ns] (xz) | T2, [ns] (x2) | (2)x, [ns] e
T 31(C2), D-strand Atto550 1-lo (DO), 1.87 (0.12) | 4.01(0.88) 3.75 1.08
T 23(C2), D-strand Atto550 | 1-mid (DO), | 2.52(0.20) | 4.15(0.80) 3.82 1.05
T 19(C2), D-strand Atto550 1-hi (DO), 2.26(0.19) | 4.16(0.81) 3.79 1.07
T 31(C2), D-strand Atto550 2-lo (DO), 1.91(0.12) | 4.02(0.88) 3.77 1.13
T 23(C2), D-strand Atto550 | 2-mid (DO), | 2.32(0.17) | 4.11(0.83) 3.81 1.10
T 19(C2), D-strand Atto550 2-hi (DO), 2.30(0.20) | 4.18(0.80) 3.80 1.02
T31(C2), D-strand | Alexa488 | 3-lo(DO), 1.21(0.08) | 4.06(0.92) 3.83 1.15
T 23(C2), D-strand Alexa488 | 3-mid (DO), 1.01 (0.06) 4.10 (0.94) 3.91 1.19
T 31(C2), D-strand Alexa488 4- 1o (DO), 0.96 (0.06) 4.08 (0.94) 3.89 1.04
T23(C2), D-strand | Alexa488 | 4-mid (DO), | 0.93(0.06) | 4.08(0.94) 3.89 1.08
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eTCSPC fluorescent polarized decay measurement of FRET samples

Presentation of fluorescence polarized decays of the donor only and acceptor only samples are in Figure

2.26. Fit results from the global fits are combined in the Table 2.22 and Table 2.23.
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Figure 2.26 Left pannels: Fluorescent signal in parallel and perpendicular polarization channels (magenta and
orange) with the corresponding fits (black) for 1-lo (DO), 2-lo (DO), 1-hi(DO), 2-hi (DO) and 1-(AO) samples with

weighted residuals on the top. Right panels: the corresponding magic angle fluorescence decay curves with
weighted residuals on the top.
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Anisotropy results

The results of the global fit of fluorescence polarized decays together with the magic angle fluorescence
decays are presented in the Table 2.22 and Table 2.23. Fluorescence lifetimes 7;and corresponding

fractions x; are global parameters.

Table 2.22 Rotation correlation times p; with correspondent amplitudes b; for donor only (DO) (ry, = 0.38) and
acceptor only (AO) (ro = 0.38) samples. The 1o confidence range for the longest correlation time is indicated in

square brackets. Quality of the fits is judged with?2.

- . Sample (DO
Base/position(Linker) dye orpAO() p1(b,) p2(b,) P [10conf](bs) [b] | X
1-l0 (DO),
T31(C2) Atto550 ro(Do) | 063(014) | 3.08(0.16) | 174[97:540](0.08) | 1.04
1-mid (DO), .
T 23(C2) Atto550 2-mid (DO) 0.58 (0.12) | 2.76(0.15) 63[50-+-86](0.11) 1.01
1-(A0),
T31(C2) Atto647N (0] 0.41(0.14) | 2.05(0.17) 46[37262](0.07) 1.01
T31(C2) Alexa647(a] 2 -(AO) 0.32(0.09) | 1.14(0.23) 1e5[125+0](0.06) 0.99
T31(C6) Alexad88 | 4-o(DO) | 0.25(0.22) | 1.31(0.12) 31[24+42](0.04) 1.03
T 23(C6) Alexad88 4-mid (DO) 0.26(0.22) | 1.43(0.12) 37[31+46](0.04) 1.04
T31(Ceé) Alexa594 5-(A0) 0.46(0.22) | 1.88(0.09) 77(58+121](0.07) 1.02

[a] Only VV, VH depolarization curves used for fitting in this case

[b] due to fluctuations in the G-factor determinations we have small systematic errors; i.e. p3 >20 ns and not the fitted value

Table 2.23 Fluorescence lifetimes 7; and their amplitudes x; for all studied donor only (DO) and acceptor only (AO)
samples. Here (1), is the species weighted fluorescence lifetime. Quality of the fits is judged with x?2.

Sample (DO

Base/position(Linker) | sample or AO) T1(x1) T2(X2) T3(X3) (Th xﬁ
1o (DO),

T31(C2) Atto550 210 (DO) 0.74(0.03) | 3.47(0.59) | 4.44(0.38) | 3.76 | 1.03
1-mid (DO),

T23(C2) Atto550 2-mid (DO) 0.86(0.03) | 3.54(0.63) | 4.59(0.34) 3.81 1.02

1-(A0),

T31(C2) Atto647N 4-(A0) 0.24(0.04) | 3.40(0.52) | 4.19(0.44) 3.62 1.03

T31(C2) Alexa647 2 -(AO) 0.66(0.05) 1.18(0.90) 1.90(0.05) 1.19 1.00

T31(C6) Alexad88 g::g 238; 0.36(0.03) | 2.37(0.05) | 4.11(0.92) 3.91 1.03
4-mid (DO)

T 23(C6) Alexadss | " i 50) 0.37(0.04) | 2.70(0.04) | 4.13(0.92) | 3.92 | 1.08

T31(C6) Alexa594 5-(A0) 0.31(0.03) | 3.76(0.64) | 4.55(0.33) | 3.91 | 0.99

2.6.3 Joint table of the results of all experimental methods

The results of all measured samples with all available techniques are combined in the Table 2.24
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Table 2.24 Summary of the experimental mean efficiencies (E) and experimental distances resulting from eTCSPC and

single molecule experiments (OCE and PIE), compared with model distances R ™°%Y and Ryp("o%Y

eTCSPC Single molecules experiment ]
. Modeling
experiment OCE PIE
Ro,nm Sample name R
(R DA> h ( E> (R DA)f, ( E) (R DA>E, ( E) (mmglgl)) R MP( model)’
[A] [A] [A] £ ’ [A]
[A]
6.26+-0.4 | 1-lo Atto550-Atto647N 83.1 0.17 81.9 0.17 80.3 0.19 83.5+2.4 84.242.1
6.26+-0.4 | 1-mid Atto550-Atto647N 61.1 0.54 58.3 0.61 58.0 0.61 58.7+1.6 55.842.3
6.26+-0.4 | 1-hi Atto550-Atto647N 485 0.81 51.0 0.77 49.3 0.80 51.6+2.9 46.6 +3.2
6.8+-0.5 2-lo Atto550-Alexa647 84.0 0.23 86.8 0.20 85.5 0.21 83.9+2.2 84.242.4
6.8+-0.5 | 2-mid Atto550-Alexa647 60.1 0.67 63.2 0.61 63.9 0.59 59.6+1.3 55.8+2.6
6.8+-0.5 2-hi Atto550-Alexa647 49.9 0.85 54.3 0.79 55.0 0.78 52.3%1.9 46.611.8
4.93 3-lo Alexa488-Atto647N 82.4 0.06 80.7 0.05 80.0 0.06 82.442.4 84.0+2.1
3-mid Alexa488-
. . . . . . . 56.411.6 55.7+2.3
4.93 Atto647N 59.1 0.26 59.5 0.25 59.8 0.24
5.7 4-lo Alexa488-Alexa594 85.5 0.11 79.9 0.12 n.a n.a 82.612.4 83.8+2.1
5.7 4-mid Alexa488-Alexa594 60.9 0.41 59.6 0.43 n.a n.a 57.6t1.6 55.5+2.3
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Chapter 3 Accurate structural determination of the RNA three-way
junctions via single-molecule high-precision FRET measurements

3.1 Introduction

Protein-coding RNA and non-coding RNA play an important biological role in essential cellular processes.
Essentially it is composed only of four building blocks that predominantly combine in A-form helices of
various lengths and are linked by various junctions, bulges or single-stranded loops. These secondary
structural elements are connected by tertiary interactions and assemble into intricate 3D structures. Alone or
in protein complexes, often modulated by metal ion-media or stereochemical effects, precise RNA structures
create an environment for performing various functions'® and perform complicated movements on large
time scales ranging from picoseconds to seconds. They translate genetic information into molecular
machines, catalyze chemical reactions, actively participate in DNA replication and even activate an

opportunity for mutations that cause disease'®*1%,

Helical junctions are one of the most critical structural motifs and prominent examples can be found in wide
range of RNA structures: from small nuclear (sn)-RNA species to large ribosomal subunits'®-!>, Helical
junctions determine stability, control folding and the overall RNA architecture''* whereas their exact

sequence ensures binding to the partner molecules'".

In this study, Watson-Crick base paired derivative of the core unit of the hairpin ribozyme''® was modified
from four-way junction into four different three-way junctions (3WJ). This area of investigation raises a
great interest as there has been little systematic study about the conformation of 3WJ in RNA without

bulges.

It has been shown***>!% that changing the junction’s topology influences the dynamics and stability of the

conformers, but the importance of the sequence variation on the junction remains poorly understood.

To uncover the fundamental behavior of helical motifs and to compare topology of RNA 3WJ we employ
high precision single molecule Forster Resonance energy transfer (sm-FRET) method. Briefly, the
macromolecule is labeled with two fluorophores: donor and red-shifted acceptor that mediate by dipole-
dipole interaction®. The excited donor radiationlessly transfers energy to an excited acceptor. The registered
efficiency is related to inter-dye distance as ~% and also depends on mutual dye orientation. Typically
fluorophores are coupled to the macromolecule with long flexible linkers and can detect inter-dye in the
wide range from 20-120 A. There are two possible approaches of utilizing FRET as a “spectroscopic ruler”:

1) confocal setup, where freely diffusing molecules are observed in femtoliter (101> [) volume or 2)
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surface-immobilized molecule measured by camera based on total internal reflection fluorescence (TIRF).

d'"7-121 sensitive detectors'?? with

Combination of fluorophores with high photostability and quantum yiel
high efficiency and picosecond resolution reflects in the possibility to perform experiments on timescales
from seconds up to hours''® and investigate different molecular conformations and detect possible dynamics
between them in real time. This work is based on the employment of the first method and provides the
opportunity to observe and characterize separate molecules close to the physiological conditions!?*!** with
high sensitivity and in great detail.

t2 1,73

Multiparameter fluorescence detection (MFD) toolki was utilized to analyze experimental data and

together with the modeling approach?!, FRET-restrained 3D structures were resolved. Also in order to
deliver highly precise and accurate structures, statistical and systematic errors were studied. The importance
of the daily calibration measurements were indicated as the calibration factors strongly affect the quality of

the data analysis.
3.2 Materials and Methods

3.2.1 System of study and nomenclature

Studied RNA three-way junction structures are derived from the RNA four-way junction (RNA 4WJ)
(Figure 3.1B)'?* consequently omitting one of the helix in each structure (Figure 3.1C-F). RNA 4WJ molecule
was in turn derived from the hairpin ribozyme!!'® (PDB-ID: 1M5K) (Figure 3.1 A), preserving the junction
and introducing perfect Watson-Crick base pairing throughout the helices. Various uracils and guanines were
chosen as labeling sites for Alexa488 as donor and Cy5 as acceptor (green and red circles on Figure 3.1).
Throughout this work, 42 FRET pairs were measured and analyzed for J(bcd) and J(abd) constructs (Figure
3.1D-E) and 45 FRET pairs for J(acd) (Figure 3.1F).
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FRET labels in the pair.

It is important to indicate the origin of the name formation of the constructs and their labels. RNA 3W] is
formed from the combination of three different helices thus the name reflects them. For example, J(bcd)
(Figure 3.1D) is constructed of helices b, ¢ and d. Dye type (donor or acceptor), strand and helix name and
number of the base starting from the 5'-end form the label name. For example label on J(acd) junction:
(A)510a name indicates that this is acceptor label (A) on strand 6 and helix a, position 10 from 5 -end.
Another example of the donor label on J(acd): (D)da-Abl4c. Here (D) indicates donor label on Sa-Ab strand
and on helix ¢ on position 14. Consequently, names of the molecules form as combination of labeled and

unlabeled strands, separated by “/”. For example, J(acd) molecule with acceptor on helix a, strand J, position
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10 and donor on helix ¢, strand da-Ab, position 14 is named as (A)d10a//(D)da-Abl4c/a.
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3.2.2 Oligonucleotides

Highly pure, labeled and unlabeled RNA oligonucleotides with HPLC and premium PAGE cleaning were
purchased from PURIMEX and IBA companies (Germany). Ordered oligonucleotides were lyophilized and
desalted, and delivered in defined aliquots. The purity documentation was controlled with analytical PAGE
run by manufacturers. Chemical structures of the modified uracil and guanine with linker and dyes are

depicted in Figure 3.2.
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Figure 3.2 (A) Chemical structures of modified uracil with Alexa-TPF-ester; (B) modified guanine with Alexa-TPF-ester;

(C) modified uracil with Cy5-NHS; (D) modified guanine with Cy5-NHS.
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3.2.3 Hybridization procedure

Two different hybridization methods were used in RNA study. First protocol was successfully used by
S.Sindbert'? and H.Vardanyan'?® (Protocol 1). Later studies by J.-P. Sobczak et al'?’ demonstrated more
cooperative folding of DNA at constant temperature into complex nanoscale objects (Protocol 2). This
protocol was adapted for RNA studies and allowed to improve the hybridization yield almost 2 times (Figure
3.3) and to significantly decrease the preparation time. To verify this, pulsed interleaved excitation (PIE)
single molecule experiment'?® was conducted on the samples hybridized with Protocol 1 and 2 and 2D
histograms of intensity green to red signal ratio S¢/Sk vs Stoichiometry were plotted. Shortly, this
representation identifies separately populations with acceptor only, donor only and double labeled species.
Data based on the sample preparation with Protocol 2 reveals more FRET active bursts than the other
method (blue boxes on Figure 3.3). In both methods RNA single strands were mixed in the following
proportions: Donor only labeled strand/ Acceptor only labeled strand/ unlabeled strand =1/3/4. Hybridization
buffer contained 20 mM KH,PO4/K,HPO4, 100 mM KCI, and 20 mM MgCl,, pH 6.5.

Protocol 1:

The solution was quickly heating up to 85°C inside a thermo-cycler (primus 96 advanced, peqLab, Erlangen,

Germany) with 0.1°C/s and then slowly cooling to 4°C with 2°C/h. Total time was 32 hours.
Protocol 2:

The solution was quickly heated up to 85°C inside a thermo-cycler (primus 96 advanced, peqLab, Erlangen,
Germany) with 0.1°C/s and then fast cooled up to 52°C. The solution was kept at this condition for 2 hours

and afterwards quickly cooled down to 4°C. Total time of the procedure is 2 hours.
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Figure 3.3 2D histogram of green to red signal ratio Sg/Sg vs Stoichiometry for two measurements of (A)a26¢/(D)dy-
Na8b/B, prepared according Protocol 1 (left panel) and Protocol 2 (right panel). FRET active bursts are in the blue box.

Sample prepared accordingly to Protocol 1 acquires 26% FRET bursts and accordingly Protocol 2 - 43%.

3.2.4 Measurement buffer

The measurement buffer contained 20 mM KH,PO4/K,;HPO4, 100 mM KCI and 20 mM MgCl, at pH 6.5.
Additionally, 0.5 mM of Trolox'* was added to decrease the bleaching of Cy5 in the single molecule

experiments.
3.2.5 Instrumentation and calibration measurements
Ensemble Time Correlated Single Photon Counting (eTCSPC)

Fluorescence lifetime decays were recorded by using IBH-5000U (IBH Scotland) setup with repetition rate
10MHz and diode laser LDH-P-C-470 (PicoQuant, Germany) for the green dye or diode laser LDH-8-1-126
(PicoQuant, Germany) for the red dye or FT300 setup (PicoQuant, Germany) with white light laser from
NKT Photonics (Germany) with repetition rate 20 MHz. Cutoff filters were used to reduce the contribution
of the scattered light (Table 3.1). All samples were measured in Quartz Ultra-Micro-cuvettes (Helma
#105.252.85.40), total volume of 20ul. Ludox scattering solution was used to record instrument response
function (IRF). Excitation and emission wavelength were set as the excitation wavelength of the sample. The

maximum counts in the peak for the fluorescence decay was set to 50000 counts.
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Table 3.1 Settings for the IBH-5000U and PicoQuant FT300 setups

For Alexa488 IBH-5000U PicoQuant FT300
Excitation, [nm] 470 485
Emission, [nm] 520 520

Excitation slits, [nm] 4 none
Emission slits, [nm] 32 8-16.2
Filter 0G 500 FGL515

For Cy5

Excitation, [nm] 635 635

Emission, [nm] 665 665

Excitation slits, [nm] 4 none
Emission slits, [nm] 32 8-16.2
Filter 0G 640 FGL 645

Confocal microscope setups

Single molecule experiments were performed on two home-built Multiparameter Fluorescence Detection

(MFD) microscopes. The general scheme of the setups is illustrated on Figure 3.4.

The first setup is four-channel MFD setup and has epi-illuminated confocal microscope (IX70, Olympus,
Hamburg, Germany) with a 60x/1.2 water immersion objective (UPLSAPO 60x/1.2w, Olympus Hamburg,
Germany).The fluorescent donor molecules (Alexa 488) are excited by a linearly polarized, active-mode-
locked Argon-ion laser (Innova Saber, Coherent, Santa Clara, CA, USA, 496.5 nm, 73.5 MHz, ~ 300 ps,
110puW in the sample) or by a 485 nm diode laser (LDH-D-C 485, PicoQuant, Berlin, Germany, 110pW in
the sample) operating at 64 MHz. In typical smFRET experiments fluorescence sample is diluted into
picomolar concentration (pM) and placed in a confocal microscope where a sub-nanosecond laser pulse
excites labeled molecules freely diffusing through a detection volume. A typical confocal volume is a
femtoliter (fl1). This concentration allows detection of only single molecule event at a time. The emitted
fluorescence from the labeled molecules is collected through the objective and spatially filtered using a
pinhole with typical diameter of 100 um. Then, the signal is split into parallel and perpendicular components

via polarizing beam splitter and then at two different spectral windows (e.g. “green” and “red”). Additionally
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green (HQ 533/46 nm for Alexa488 and Rh110) (AHF, Tubingen, Germany) and red (HQ 720/150 nm for
Cy5) bandpass filters (AHF, Tubingen, Germany) are placed in front of the detectors to provide the
registration only of the fluorescence photons coming from the acceptor and donor molecules. Detection on
the first setup is performed using four avalanche photodiodes (green channels: T-SPAD-100, PicoQuant; red
channels: SPCM-AQR-14, Perkin Elmer). Each photon detector channel is then coupled to time correlated
single photon counting (SPC 132, Becker and Hickl, Berlin, Germany)

The second set up is similar to the one described above. Excitation is achieved using 485 nm pulsed diode
lasers (LDH-D-C 485, PicoQuant, operated at 64 MHz) on an Olympus [X71 microscope. Laser power in
the sample is 110uW. Detection on the second setup is performed using eight avalanche photodiodes. After
separating the fluorescence signal according to polarization and color, each of the four channels was split
again using 50/50 beam splitters resulting in a total of eight detection channels ((4 green channels: T-SPAD
(PicoQuant, Germany) and 4 red channels: APD (Perkin Elmer)). This assures dead time free detection of
the photons. Bandpass filters were HQ 520/35 and HQ 720/150 (both AHF) for green and red channels,
respectively. The detector outputs were recorded by a TCSPC module (HydraHarp 400, PicoQuant).
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Figure 3.4 Experimental setup for smMFD setup and data acquisition: setup 1 — left panel and setup2 — right panel.
3.2.6 Calibration measurements

Accurate FRET Efficiency and distance determination requires close attention to the setup alignment and
estimation of correction parameters that can distort detected fluorescence signal. For example, the detectors
and laser (of the setup 1) alignment and the control measurements of possible setup “drifts” were performed
every measurement day. The monitor includes measurements of the reference Rh110 and Rh101 dyes (nM
concentration) for diffusion time and for g-factor estimation (Chapter 3.2.7) and water for IRF and buffer for

background estimation. Detection efficiency ratio ge/gr was estimated by measuring the mixture of the
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labeled DNA with Alexa488 and Cy5 with different inter-dye distances (section below). To confirm the
proper alignment of the setup freely diffusing Rhol110 dye of pM concentration is used where obtained
fluorescence lifetime and anisotropy were controlled. All reference measurements were performed on the
microscope coverglass in 50 ul volume, whereas studied samples were measured in NUNC chambers (Lab-

Tek, Thermo Scientific, Germany), total volume 300pl.

Single-molecule data calibration with standard protocol with ds DNA and determination of

detection efficiency g¢/gr

Detection efficiency ratio g¢/gr is an essential part of the calibration process and an important factor in
accurate FRET Efficiency and distance determination. Due to possible misalignment of the detector channels
or temperature fluctuations in the room, this value has to be controlled at every measurement session. Thus
mixture of two double-stranded DNA with known fluorescence characteristics and FRET efficiencies were
chosen (Figure 3.5). Single strands labeled with C6- linkers and Alexa488 (or Cy5) were purchased from

Purimex (Germany). See Figure 3.5 for chemical structures.

A

5°-d(GCA ATA CTT GGA CTA GTC TAG GCG AAC GTT TAA GGC GAT CTC TGT TTA CAA CTC CGA AAT AGG CCG)

37-d(CGT TAT GAA CCT GAT CAG ATC CGC TTG CAA ATT CCG CTA GAG ACA AAT GTT GAG GCT TTA TCC GGC

B

57-d(GCA ATA CTT GGA CTA GTC TAG GCG AAC GTT TAA GGC GAT CTC TGT TTA CAA CTC CGA AAT AGG CCG)

3°-d(CGT TAT GAA CCT GAT CAG ATC CGC TTG CAA ATT CCG CTA GAG ACA AAT GTT GAG GCT TTA TCC GGC

C

Figure 3.5 A-B): Sequence and labeling positions (green for donor Alexa488 and red for acceptor Cy5) for calibration

samples ds DNA. C) Structural formula of the modified dT and fluorescence dyes Alexa488 (left) and Cy5 (right).
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We assume that chosen system does not undergo any dynamic processes and observed FRET populations
should be located on the FRET line as it is demonstrated on Figure 3.6 (more about analysis is in Chapter
3.3.2). With known mixture of two dsDNA with 9 and 15 base pair separation and expected (Rp,4), 44.7 A

and 59.1 A, background in green and red channel, fluorescence quantum yield of donor and acceptor, g¢/gr

could be estimated.

# of
bursts W

550

o 2 4 &
(rD(A)>F [ns]

Figure 3.6 Typical 2D histogram of fluorescence green to red intensities Fp/F4 vs fluorescence lifetime of donor in
presence of acceptor (Tp(a))r Of the mixture of two labeled ds DNA with 9 and 15 base pairs separation. The static FRET

line is built based on following parameters: a,4=6 A, 7p0y=4-1 ns, Dpp(0y=0.8 and Dp4((y=0.32.
3.2.7 Data analysis
Multi-parameter Fluorescence Detection (MFD)

Various fluorescence dimensions can be exploited in MFD experiment, such as spectral properties of
absorption and fluorescence, fluorescence anisotropy, fluorescence lifetime, intensity indicators and distance
between fluorophores. The proper usage of these characteristics within the method allows resolving unique

information about the heterogeneities and possible interconversion between the states.

In single-molecule (sm-) confocal experiment, single molecules are detected during their free diffusion
through a confocal volume. Detected photons are registered as fluorescence bursts of certain intensity and
duration. To remove the background, the threshold for the maximum inter-photon time and a minimum

photon number within a burst (typically 60-80 photons) is applied.
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The most informative plots can be constructed of the following fluorescence indicators: fluorescence signals
of the donor Fj, and acceptor F4, fluorescence anisotropy 7 and fluorescence average donor lifetime in

presence of acceptor (7p A))F.

3.2.7.1 Fluorescence signals

Fluorescence signal Fxemxex refer to the number of photons, detected in the green (G) and red (R) channels
respectively and calculated from the total corrected signal S corrected by non-fluorescence background and
dark counts with factors (B) in each channel correspondingly. Here the indices should be read as following:

(D|D) is donor intensity if donor was excited and (4]4) is the acceptor intensity if the acceptor was excited.
FG|G = SG|G - <BG|G> (50)
Fric = Srjc — @Fgjc — (Brjc) (51)

Fgc signal consists of not only the acceptor signal but also of the “leakage™ of the donor fluorophore into

the red channel, which is called emission crosstalk o and could be expressed as the ratio of donor

fluorescence recorded by red detectors to the donor fluorescence recorded by green fluorescence.

Afterwards the fluorescence signal has to be corrected by the properties of the setup with known green and
red detection efficiencies gg|p and gg|p as only the fraction is transmitted through the optical elements of

the setup
Fpp=——"—"— (52)

Srir — @Fg1c — (Bgrir)
Fpp = o (53)

Note that detection efficiencies are functions of many device parameters (e.g. time of measurement,

fluorescence filters, and efficiencies of the detectors) and can be expressed as

9riD = ng(Aem) ER|D(Aem)dAem (54)
Aem

9deip = ng()lem) SG|D(Aem)d/1em (55)
Aem
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9r(Aem) and g (Aer) are the shape functions of the detection efficiencies that take into account wavelength
dependent sensitivities and performance of the devices elements and eg|p (Aem) and &gjp (A¢,) are emission

spectral coefficients.

Further in the manuscript shortened symbols will be used: Fp)p = Fp and Fyp = Fy; ggip = g and
9rip = 9r> Scjc = S¢ and Sg|g = Sg.

3.2.7.2 Fluorescence lifetime

In typical sm-experiment the fluorescence burst contains approximately 100 photons and thus it is
impossible to determine (7). that characterizes presence of multiple species. Hence, maximum likelihood
estimator (MLE)?*13%13! is employed to calculate fluorescence averaged lifetime (7)r for single molecule

bursts. It could be expressed by the individual components r(Dig 4y and their corresponding fractions x

(D) D
Xix Tpa) (56)

<TD(A)> =0
F Zix(l)fgg,q)

As it is impossible to calculate the conversion function (7)r to (7). analytically, the empirical dependence is

provided:

n

(0, = ) eil()) (57)

i=0
Here ¢; are polynomial coefficients obtained by numerical simulations* and calculated assuming that Rp, is
Gaussian distributed®.
3.2.7.3 Steady state fluorescence anisotropy

Fluorescence anisotropy of the donor 7 can be determined as'2.

. gk —F,
P 7 (1-3L,)gF, + (2 - 3L)F,

(58)

Where F); and F, are fluorescence signals of the donor with parallel and perpendicular polarization, g
I

(sometimes is called g-Factor) is the ratio of the detection efficiencies of the perpendicular to parallel

polarized light and [; and [, are the factors that compensate for the signal depolarization by the objective due

to the high numerical aperture. In this work [; = 0.0308 and [, = 0.0368 are used for setup 1 and [; =
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0.0175 and I, = 0.0526 for setup 2. The g-Factor was determined experimentally every measurement day

using reference dyes Rhodamine 110 and Rhodamine 101.

Fy@© = %F(t)m + 21 (t)] (59)

F.(6) = %F(t)[l —r(®)] (60)

In this work anisotropy was modeled as bi-exponential decay with fundamental anisotropy 1 and rotation

correlation time p.

r(t) = rOZe_t/pi (61)

i
3.2.7.4 1D and 2D histograms

Using three above mentioned independent fluorescence parameters it is possible to construct 1D histograms
of fluorescence green to red signal ratio Fp/F4, fluorescence average donor lifetime in presence of acceptor

<Z’D( A)>F and donor fluorescence anisotropy 7p (Figure 3.7A-C). The combinations of 1D histograms into 2D

histograms (Figure 3.7D) reveals more detailed information on the heterogeneities, can better separate states

that lead to further analysis of the individually selected states.

Selected bursts are represented on a 2D frequency histogram of fluorescence green to red signal ratio Fp/F4

against fluorescence average donor lifetime in presence of acceptor ( ))F (upper panel of Figure 3.7D)

“pea
with corresponding 1D plots. Here the number of molecules (fluorescent bursts) in each bin is colored in

gray scale from white (lowest) to black (highest).

The theoretical relationship between Fp/F4 (or equivalent FRET Efficiency E) and (7, ( A)>F is demonstrated

via linker-corrected static FRET line (red curve) and described as Eq.62. This relation depends on various
experimental parameters: fluorescence quantum yields of the donor alone @rp and of the acceptor in the
presence of the donor @ 4; background corrections in green and red channels (Bg ) and (Bg|g), emission
crosstalk a and detection efficiency ratio g¢/gr. Any deviation from the line would indicate dynamical

process on ms-timescale or additional photophysical processes.

D (Tp(0)/
FD/FA= F'D/ g S —1 (62)
C3 (TD(A))F +C (TD(A))F +c (TD(A))F + Co
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The lower panel of Figure 3.7D demonstrates the relationship between donor anisotropy versus ¢ on

by’
2D histogram. The steady-state anisotropy of donor rp, is linked with donor lifetime 74, rotation

correlation time pp with anisotropy 7y at time zero via Perrin equation

To
T,

=T 63
P 1+ /o (63)

In order to resolve donor residual anisotropy it is not enough to assume model with single rotation
correlation time and thus Perrin equation had to be modified. Here bi-exponential solution for intensity

decay (Eq.64) is assumed, where each species has ;i and p; and is weighted (fraction x).

Here the longest rotation correlation time (o, ~20ns) would reflect the global motion of the molecule with

the dye on the linker and the fastest motion is the rotation of the dye itself (p,~0.4ns).

* 1o (64)
p =T1gy" —_—
P01+ 1+ 2
P1 P,
Solving the Eq.64 for fraction x one could define the residual anisotropy as
r r
_(P1+T)*(E*P2+E*T—P2) 65)

T =X %79 = * Ty
PL*¥T—pPr*T

Here fraction x corresponds to the fraction of the trapped state of the dye x = S¢yqy-
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Figure 3.7 (A) typical 1D histograms of Fy/F, intensity ratio; (B) fluorescence average donor lifetime in presence of
acceptor (tp(a)s; (C) fluorescence anisotropy of the donor; (D) typical 2D histogram of Fp/F4 vs (Tp(a)) (upper plot) and
ro vs (Tpapr (lower plot) for J(acd)_(A)a28c/(D)67a/By-Ab. Static FRET line and Perrin equation are shown as red

curves (upper plot and lower plots correspondingly).
3.2.7.5 Time-resolved experiments
Fluorescence lifetime determination

To define the fluorescence lifetime of the donor-only and acceptor-only samples TCSPC measurement were
performed (see Chapter 3.3.1). Due to the local quenching and steric effects the fluorescence decay of the

donor-only (similarly acceptor-only) RNA 3WJ sample was always multi- exponential

Fo(t) = z x;exp(—t/t;) (66)

i

Where species weighted average lifetime can be expressed as

(T = Z XiTi (67)

i
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and fluorescence weighted average lifetime can be expressed as

Yixt!
P (68)
B i
Where x; is the fraction and T; is the lifetime of the i component. Donor-only decays were always fitted
either with two or three species, while for acceptor-only decays two species were sufficient. Fit quality is

evaluated with y2. The recorded decays are in Chapter 3.5.1.1.
Fluorescence quantum yield determination

Fluorescence quantum yield plays a crucial role in the distance Rps (Eq. 79) and static FRET line
determination. It is known!**'35 that fluorescence properties of the dyes might be affected by local
environment. Thus this factor must be considered carefully and all labeling positions that are used for the
FRET samples must be reviewed. To determine @p, and @, for each labeling cite, eTCSPC
measurements for single labeled molecules were performed. Both donor Alexa488 and acceptor Cy5 dyes
were described by multi-exponential decays (Chapter 3.3.1). Fluorescence quantum yield of the bright
species is related to the species average lifetime (7), and the fluorescence quantum yield @p,..r and the
lifetime of the reference sample T o ¢
(D)
‘DF,D = cDF,ref m (69)

For the reference we used free dyes in solution Alexa488 with (7). = 4.Ins and ®rp = 0.8 and Cy5 with
(1),=1.16 ns and ®r4 = 0.32 due to the presence of ~ 20% cis-trans isomerization under single-molecule
)44

conditions (instead of ®r,=0.4 expected for ensemble measurements)*. Here, we assume only dynamic

quenching and that the lifetime decay of the reference sample is monoexponential.

Fitting results for fluorescence decays and calculated values for species weighted lifetime (7), ., fluorescence
weighted average lifetime (7) and fluorescence quantum yield for donor-only and acceptor-only molecules

are complied in the Table 3.5-3.7.
Time-resolved fluorescence anisotropy

All fluorescence depolarization decay curves (Fyp(t), Fru(t)) with the Polarizer/Detector settings (V-
Vertical, H- Horizontal) of single labeled molecules were measured by eTCSPC and fitted jointly with
corresponding magic angle (M) fluorescence decay fru(t)=f(¢). To reduce the number of parameters so called

homogenous approximation is done®. It’s assumed that de-excitation and depolarization of dyes are
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independent, i.e. in each donor de-excitation states dyes characterized by the same set of depolarization rate

constants.

fov(@®) = Z Z xéi) xﬁj) ek [1 + Ze‘kﬁj)t] = fp(®O[1 + 2r®)] (70)
71
Fou (D) = Z Z xéi) xﬁj) e‘kf{'” [1 _ e_kgi):] (O r(0)] o
71

Here kg) is donor de-excitation rate constant, kﬁj ) is the depolarization rate constant, xg) is the fraction of

molecules having the donor de-excitation rate constant kg) and xﬁj ) is the fraction of molecules having the

depolarization rate constant kﬁj ),

folt) = Xy x; e~/ and r(t) = X, bDe /%)
NOte that Zl b(]) = ‘rO and bl:roo

So we have the same expression as in case of simple mono-exponential donor and acceptor decays and the
number of fraction values is reduced to N + N,.. In this work the best fit results were achieved with N; =

N, = 3.
To fit real experimental decays IRF, background and amplitudes of the VV, VH signals are accounted next
way:

Fyy(t) = Fo - IRFyy (£) ®fyy (t) + Byy (72)

Fyu(t) = gyvvuFo - IRFyy(6) &fyy(t) + Byy (73)

Where gyy vy is g-factor, Fo- amplitude scaling factor, IRFyy (t), IRFyy(t)- instrument response functions

and Byy, Byy - background values. The “®” sign designates circular convolution.
3.2.7.6 Photon distribution analysis (PDA)

PDA accurately predicts the shape of one-dimensional Sg/Sr (or equivalently Fp/Fa) histograms in the
presence of FRET. It accounts for shot noise, background contributions and additional broadening due to

43,89,136

complex acceptor photophysics and indicate whether an observed distribution is due to shot noise only

or whether there is a real distribution of the parameter of interest (e.g. distance).

In single molecule measurement low number of molecules is detected per observation time and thus

low signal. Therefore the background has to be considered. The measured signal S is a mixture of
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fluorescence signal F' and background B. The values of S, F, and B are expressed in photon counts per time
window of a fixed length (TW). During the experiment the signal is measured by single-photon counting

detectors and divided into green (G) and red (R) components.

The PDA method starts from the calculation of the probability of observing a certain combination of photon
counts in green and red detection channels. As different combinations of Fg, Fr, Bg, Br could result in the

same value of Sg/Sr therefore the sum of all combinations is calculated

PSaS)= > PP FelF)P(BG)P(Be) 4

Fg+Bg=SgFrR+Br=Sg

P(F) is the probability to observe F fluorescence photons per time window and

is obtained by deconvolution from the total signal intensity distribution P(S)'*’, which is given as
P(S) = P(F)®P(B) (75)

Assuming that data is binned into equal time bins, the probability to detect a background photon follows a

Poisson distribution with known mean intensities (B¢) and (Bg)

(B

B;!

. e~ (Bi) (76)

Pg,(By) =

P(Fg,Fr|F) represents the conditional probability of observing a particular combination of green and red
fluorescence photons, Fg and F, provided the total number of registered fluorescence photons is F, and can

be expressed as a binomial distribution

. F
P(Fg, Fr|F) = Fol (F = F)iPs

‘(1 —pe)fre (77

Here pg is the probability a detected photon is registered by in the green detection channel. The relation

between pg and FRET efficiency FE is described as following:

pe=A+a+y: ) (78)

(1-E)
@ L
Where y = % : Z—R and a is emission crosstalk.
F.D G

To convert the signal intensity ratio S¢/Sk (or fluorescence ratio Fp/F,4) into an inter-dye distance Ré A
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1 1
; Flgj) /s 1—EWM /s 79
Rpa = Ror ‘DF,A'W = Ror | Pra" gy (79)
)

Here @ , is the position-dependent acceptor fluorescence quantum yield and Ry, is the "reduced" Forster

radius’.

The distribution P(Sg, Sg) is typically used to generate one-dimensional (1D) histograms of green to red

signal intensity ratio S¢/Sr and fitted to experimental data.

In this work the signals of the selected FRET bursts were split into equal time windows (TW=3ms). Note,
that only full length time windows were used and incomplete pieces at the end of bursts were excluded. For
each PDA fit bursts were identified and selected from MFD data set using |7¢-T# < 1 ms macrotime filter to

128 Model that accounts for one or two FRET states

remove contributions from photophysical processes
(Gaussian distributed distances) and a donor only contribution was used. Broadening of FRET states was
accounted by a global parameter ¢*°. In some cases an impurity with an apparent distance of typically 70 —
100 A had to be taken into account. Thus, for n FRET states 2n + 1 to 2n + 3 fit parameters were required
depending on whether the impurity state was considered. The fit goodness was determined by y? maximum

likelihood test.
3.2.8 Error propagation

In this section error types that influence Rps determination are discussed: systematic error that affect
accuracy, random errors that affect precision of the desired value and modeling errors introduced by the
model that characterizes experimental data. Typical sources of the systematic errors could be faulty daily
calibration procedure or improper reference sample for the analysis. The random error originates from the

photon noise or random errors of the operator.

In this study, we consider the following experimental factors that could contribute to the final error

propagation of Rp,:

1. Errors in Forster Radius calculation: refractive index n, orientation factor &% and overlap integral J
Background contributions (B;;), (Bg)

Detection efficiency ratio g;/gg

2

3

4. Emission crosstalk a

5. Acceptor fluorescence quantum yield ®r 4
6

Random errors Rp 4 qndom in PDA analysis.
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There are different possible error sources: error contributions due to the sample feature ARZ,(R,) (resolved

in Ry experiments) and setup calibration and measurement error AR% ,(meas).

So final error could be rewritten as

ARp4(total) = \/AR,Z)A(RO) + AR3,(meas) (80)

ARp4(Ry) is calculated as:

ARp4(Rg) = 037 R 0Rp4(Ry) = 0.37 - R -\/SR[Z,A(]) + 8R3,(n) + 6R3,4(x%)  (81)

The weighting factor 0.37 for AR 4(R,) in Eq.81 is obtained from reference samples dsRNA'?5 assuming no
dynamical processes and completely rigid helix. In order to obtain high precision of the experimental
distance, calibration against the reference dSRNA sample is needed. Parameters that contribute to ARp4(R)
are not determined daily, thus their error could be overestimated. Weighting factor compensates error

overestimation and results in the final Zﬁ =] for ds RNA.

The following error contribution for the overlap integral J

R
8Rpa() =2+ 4 (82)

and for the refractive index:
R
SRpa(n) = FO - An (83)

Here A = 0.025,%% An = 0.04 (based on varying n= 1.33-1.50 for different media), SR3,(x%) is the
uncertainty from the mutual orientation of donor and acceptor and is described in detail in the Chapter

3.2.8.2.

SRy, (1) = % AR (84)

ARZ,,4s is determined for each measurement individually.

AR?Z,,4 error could be expressed as
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ARZ,,qs = AR3,(BG) + AR34(») + AR34(a)  + AR3,(random) (85)
Where y = 96. 204 _ 1. 214
gr Prp Pr,p
Background contribution is expressed as

where

(o ) w ]

1| j @

@) a6

And count rate of the donor in absence of FRET Fy=40 kHz.

8Rya(BG) =

6.@FA

The following error contribution for the gamma factor:

ARpa(¥) = 6Rpa(y) - R (88)

and

ORpa(y) =

| =

Ay R |/Ay'\?  ADps\2
Ar_ &, (V) +< FA) (89)
Y 6 Y Dpy

Here, the following error contribution for the background in the donor channel after donor excitation

ARpp(a) = SRpa(@) " R (90)
and
SRy (@) = —51(5)6  Aa ©1)
DA 767 \R,

Setup-related calibration parameters («,y, B;, Bg) account for the measurement sensitivity and vary for
different setups. Thus relative error contributions for these parameters for each experiment should be setup-

specific.
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The PDA error AR 4 (random) is described in detail in Chapter 3.2.8.1.
3.2.8.1 Confidence intervals for fit parameters in PDA

The relative random error contribution SRp4(random) was determined by scanning the y2-surface (also
known as support plane analysis'*’) of the data using knowledge of the data-noise. One of the free fit
parameters (normally jop their corresponding fractions x(Y and width of the distribution o) is varied from

the value where ;(i is minimum , then rerun the least-squares fit with the new value as a constant, while

min
other free parameters are tuned in order to minimize Zi If new ;(i is reduced, then the revised parameter is

consistent with experimental data. Then the selected value is changed again until it crosses the acceptable

value as judged by F, statistics'**. Normally 100000 iterations are applied with acceptance threshold
;(f min T 2/ Npins)?, where N, is the number of histogram bins. Selected threshold displays the range of

parameters that are consistent with experimental data within 16 confidence interval.

A minimal bounding box encloses all error surface points (gray area in Figure 3.8) whereas the points under

the threshold are depicted in black (Figure 3.8).

The uncertainty oRp4(random) of the PDA fit has to be determined individually for each FRET data. All

values are presented in Table 3.16-3.18.
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Figure 3.8 Confidence intervals for measured distances (Rpa)e Vs sigma. Bounding box is presented as gray area, points

under acceptance threshold are marked in black.
3.2.8.2 Uncertainties due to the orientation factor x2

Determination of (k?) gets difficult as the relative orientation of the donor and acceptor dipole moments to
the distance vector remains unknown. However an estimation of the minimum and maximum values of k2

can be obtained from the anisotropy measurements'*!. To rationalize dye motion a few models have been
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suggested and discussed**'*1%? and Kalinin et al (in preparation). In this study we used the so called
diffusion with traps model (DWT) developed by Kalinin and co-authors. Briefly, suggested model accounts
for random orientation of transition dipoles of trapped populations(not averaged) and compute the overall
FRET efficiency limits assuming 4 cases for FRET between donor and acceptor: 1) Dgee—>Afrce, 2)

Dfree_>Atrapped, 3) Dtrapped_>Afree, and 4) Dtrapped_>Atrapped-

E = (1 - SD)(l - SA)E(Dfree - Afree) + SDSAE(Dtrapped - Atrapped)
+ (1 - SD)SAE(DfTee - Atrapped) (92)

+(1- SA)SDE(Dtrapped - Afree)

Here sp and s, are the trapped donor and acceptor fractions and they are related to the residual anisotropy as
(Eq. 65). Note, in the beginning a FRET efficiency E»3 has to be defined by choosing a certain donor
acceptor distance Rpa for (%) = 2/3.

One could calculate E,,;;, and Ep,qy:

Epin = (1 = Sp)(1 = SPE(k? = 2/3) + sps4E (k> = 0)

+ (sp + 54 — 25pSA)E(? = 1/3) ©3)

Emax = 1- SD)(]- - SA)E(KZ = 2/3) + SDSAE(K2 =4)

+ (sp + 54 — 25psa)E(k? = 4/3) ©4)

The observed experimental distance distribution is characterized by a distribution of apparent distances Rpy,

which can be described as effective dynamically averaged with (&) (Figure 3.9)

R 6
(K2)ppp =2/3 (RLOA) J/(1/E = 1) (95)
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Figure 3.9 Typical representation of (2 ).; for the DWT model. The data is obtained for (D)y8b_(A)610a_oB-Ac sample

The difference between extreme cases in E (or (x°)y) allows us to calculate standard deviation

AR = (8 )yt pmax = (K Doffmin (96)
The relative error is calculated as
SRy, (k) = % AR ©7)
And the absolute error
ARpa(K*) = 8Rp4(x*) - R (98)

3.2.9 FRET position and screening (FPS) calculation

3.2.9.1 Accessible Volume simulation

The prediction of the FRET labels positions with respect to the macromolecule is crucial for quantitative
FRET analysis and particularly FRET distance calculation. In this study we model dye distribution by the
accessible volume (AV) approach as described in *”'43, The model for double-stranded RNA is generated

using Nucleic Acid Builder for Amber (online version: http://structure.usc.edu/make-na/server.html).

For modeling the dye molecule, we use a geometrical approach that considers sterically allowed dye
positions within the linker length from the attachment point with equal probability. This defines the
accessible volume (AV)®"!%8, Both donor and acceptor dyes are modeled as ellipsoids (approximated by

three radii; in the software- AV3-Model) and AVs are generated using the FPS software?! (Figure 3.10).
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Wlinker
base

I'Iink

Figure 3.10 Schematic representation of the dye modeling with AV. A) Fluorophores are approximated by an ellipsoid
with defined radii Ryye,1 Raye,2 and Rgye 3 and connected with a linker with length L, and width wy;,. Structures of Cy5
(middle) and Alexa488 (bottom) coupled to dsRNA. Red and green arrows indicate the definition of the L. (B) AV

clouds for Cy5 on position 6y-Aa28d on J(bcd) (left) and Alexa488 on position B5c (right).

The attachment points are atom C5 for the uracils and atom N2 (or C2 depending on pdb file) for guanines.
All geometric dyes parameters are estimated using the ChemDraw software (see Table 3.2 below). Further
used FPS parameters are: Boundary tolerance 0.5, Accessible volume grid (rel.) 0.2; Min. grid [A] 0.4,
Search nodes: 3 and E samples: 200. The boundary tolerance (called ‘allowed sphere’ in the FPS software) is
used to ignore small residues that are fixed in the PDB-model, but flexible in solution. The larger this value,

the larger the structural parts that are ignored for the AV generation.

Table 3.2 Dye parameters for the AV simulations with donor Alexa488 and acceptor Cy5.

Linker length | Linker width (Al (Al (Al
Dye o . Raye(1),[A Raye(2),[A Raye(s), [A
Liink, [A] Wiini, [A] ! ! !
Alexad88 (D) 20 45 5.0 4.5 1.5
Cy5 (A) 2 45 11.0 3.0 1.5
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3.2.9.2 Rup to {(Rp4)e conversion function

The distance between mean positions of the dyes, Rup, is derived from geometrical consideration and cannot

be obtained experimentally

Rup = |(RD) - (D) =

Z 70 _1 Z 70 ©9)

In this study we consider the case when environment of the dye molecule is known'*. Ry» can be
approximated from experimentally obtained (Rp4)r using the conversion function based on the set of
calculated dye distributions on known structures®'. The relationship is the third order polynomial Ryp =

—50.26 + 2.59 - (Rpa), — 0.014 - (Rp ), % + 0.00004 - (Rp,),°

120 -
1oo: =
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40: ﬂﬁgﬁp
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(Rpu, [A]

Rup A

e
Figure 3.11 (Rpa)e to Ryp conversion function for dsRNA with the dyes Alexa488 and Cy5 with Ro=52A.
3.2.9.3 Rigid Body Docking

The rigid body docking approach is used to find three dimensional 3WJ structural model based on sm-
FRET-derived distances. Here we assume each helix is a rigid rod that can be flexible only within two (or
less) base pairs to the junction. Each nucleotide of this area is treated as independent unit, resulting in
maximal flexibility of the resulting 3WJ junction construct. As shown by Toulmin'* and Boerner et al (in
preparation) GC —rich construct adopt a fully paired conformation whereas AU base pairing in the junction is
not possible or very unstable. Thus the following model (Table 3.3: Model 2 ,,GC-rigid AU-soft*) suggests
rigid hydrogen bonds between GC bases and flexible bonds between AU bases in the junction. Also all units
are connected with their neighboring nucleotides with O3’-P backbone bonds and by artificial bonds for

additional stacking stabilization as it is shown in the Figure 3.12A.
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Adenine Uracil

\I

Guanine Cytosine

C

Figure 3.12 (A) Schematic view of the RNA base pairs and their connecting bonds used in RBD. Separate bodies were connected via
03’-P bonds within sugar phosphate backbone (magenta sections) and via hydrogen bonds between the bases that considered as
separate bodies (violet sections). Note, that there are three hydrogen bonds between C-G bases (PDB names: 02-1H2, N3-H1, 1H4-
06) and two between U-A bases ( PDB names: 1H6-0O4 and N1-H3). Additional stability is facilitated by artificial bond O5’- 05’
between two consequent nucleotides within a strand (blue dashed lines); (B) U-A bases with 1H6-04 and N1-H3 bonds; (C) C-G
bases with 02-1H2, N3-H1, 1H4-06 bonds.

The full description of the bond’s length and their errors are described in Table 3.3. Here atoms names are

presented as they appear in the .pdb files.
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Table 3.3 Bond parameters, used in the rigid body docking modeling.

Base pair bonding Model 1 Model 2 Model 3 Model 4
Bond cc AU GC-soft, GC-stiff, GC- rigid, GC-rigid,
type AU-soft AU-soft AU-soft AU-rigid
bond length [-error;+error]
GC: GC:
02-1H2,
1H6-04 1.8 [-1.0;+20] 1.8 [-0.2;+0.2] AU: )
Hydrogen | N3-HI, Watson-Crick
N1-H3 AU: AU: 1.8 [-1.0;+20]
1H4-06
1.8 [-1.0;+20] 1.8 [-1.0;+20]
Covalent 03’-P 2.0 [-1.0;+20] 2.0 [-1.0;4+20] | 2.0 [-1.0;+20] | 2.0 [-1.0;+20]
Stacking 05’- 05’ 5.9 [-1.0;+20] 5.9[-1.0;+20] | 5.9 [-1.0;+20] | 5.9 [-1.0;+20]

Three alternative models were formulated and tested based on hydrogen bond’s flexibility (Table 3.3-Table

3.4). Model 1 has identically flexible hydrogen bonds for GC and AU bases that provide more junction

flexibility in comparison to Model 2. To the contrary, Model 3 restricts hydrogen bonds between GC bases

even more than Model 1 such that Guanines and Cytocines are not treated as independent units and become

part of the helix. And lastly, Model 4 has very rigid junction (Table 3.4).
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Table 3.4 Schematic representation of the modeling units and bonds between them for all tested models for J(acd) construct

Model 1:
GC-soft, AU-soft

Model 2:
GC-stiff, AU-soft

Model 3:
GC- rigid, AU-soft

Model 4:
GC-rigid, AU-rigid

Hydrogen bond length [-errors;+errors]

GC: 1.8[-1.0;:+10]
AU: 1.8[-1.0;7+20]

GC: 1.8[-0.2;+0.2]
AU: 1.8[-1.0;7+20]

AU: 1.8[-1.0;+20]

Watson-Crick

For the docking procedure, the coordinates of the mean dye position are obtained by AV simulations and
then fixed with respect to the rigid body. Then all mean dye position are connected with n springs with
length Rp4 (major population from PDA analysis, see Chapter 3.3.3) and corresponding spring constant ARp,

that reflect experimental errors (see Table 3.16-3.18).

To test whether given experimental data is well described by the suggested model, the y? quantity is
commonly used. Such determination is called a chi-square test for goodness of fit. The weighted data-model

deviation has to be minimized for the set of » measured distances

n
(Rpai) — Rmoder(i)®) (100)

AR%A(i)

2 _
XFRET =
i=1

In addition to FRET restrains, clashes between single bodies also contribute to the total energy of the system

0 ) rij eri+rwj (101)
2 _ 2
Xclash = Z (rwi + Twj + rij)
7] 1"2 , Tij < Twi + er
ctol

Where r; is the distance between atoms i and j, r; and ry,; are correspondent van der Waals radii and 7 is

the pre-defined clash tolerance.
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As each of the rigid bodies has p=6 degrees of freedom, the reduced number of degrees of freedom will be

n-p, where n is the number of FRET restrains. Thus the resulting y? parameter can be calculated as

X2 = (XFrer + Xaasn)/(m —Dp) (102)

Typically 1000 trials with randomly assigned initial helical orientation are performed and each resulting
model is characterized by 2. The derived models are further refined in order to optimize local interaction i.e
removal of steric clashes between fluorophores and other helices they are not attached to. All structures are
optimized again with new AVs. The solutions of the docking simulations are sorted by y? in increasing

order (Figure 3.23).

Note, that J(abd) RBD ensemble has a structure with lower y2gzgr then the best RBD structure. This is due to

the fact that when the best structure is selected, y2 5, contribution is taken into account as well.
3.2.10 Cluster analysis of RNA 3WJ
xr

Solutions are considered ambiguous if the respective y? values do not differ significantly. For this, a

and root-mean-squared-deviation (RMSD) are used to distinguish between clusters of solutions.

threshold indicating 95% confidence was applied, calculated as the inverse of the left-tailed probability of

the chi-square distribution '*

2=Naof/2

_x~Naog/2-15-1/(2x) (103)
T'(Naos/2)

f(x; Naos) =

where x>0 and Ng,r denotes the degrees of freedom and is calculated as Ngor = Npeasurements —
Nfit.param. .

For the RBD model Nfjtpgram = (6 +6) — (3 * 2) = 6. Here (6+6) represents rotational and translation
motions for two big bodies (truncated helices) with respect to a third one and (3 * 2) stand for the O-P bond
between the bodies. As in the modeling only one O-P bond was used, the second bond represents a phase

space restriction due to clashes. However these extra 3 bonds don’t dramatically change the final y? (e.g. for

37.9 37.9
J(bed): 2 = 5 = 1.05and X2 = s = LD

So finally with N¢;t parem = 6 we obtain: Ng,r = 42 — 6 = 36 for J(bed), Nyor = 45 — 6 = 39 for J(acd),
Ngor = 42 — 6 = 36 for J(abd) and Ng,r = 44 — 6 = 38 for J(abc). Solutions below the threshold and with

good configuration represent the family of best structures and selected for further analysis. Good

configuration is considered if there is no strong violation of the bonds between the docked bodies.
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The degree of similarity of two three-dimensional nucleic structures can be measured by the root-mean-
square deviation (RMSD) between equivalent atom pairs following optimal structural alignment. In nucleic

acid structures often the backbone phosphorous atoms are used.

RMSD = (104)

where d; is the distance between equivalent atoms i of the structure and reference structure. The smaller the
value, the more identical the structures are. The primary cut-off criterion is 2 A RMSD and it is considered

that thermal fluctuations alone lead to the deviations in RMSD of 1-1.5 A 14,
3.2.11 Precision of the RBD structures via bootstrapping

In order to estimate the precision of the RBD structures a bootstrapping procedure is performed. Shortly,
bootstrapping is random sampling of the conformations with their replacement'¥’ that allows to define
precision of the sample distribution. The known sample (distance set of the RBD structures) is repeatedly
sampled with replacement 1000 times and all these new samples are used to calculate the sampling
distribution. Assuming that the original sample is representative, the resampling from that sample should be
close to drawing a new sample. At the end an ensemble of structures with perturbed distances and with 1 A

clash tolerance is presented and used for further analysis (Figure 3.30B, Figure 3.31).
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3.3 Results and discussions

3.3.1 Position dependency of fluorescent dyes

To characterize the position dependent fluorescent properties of coupled fluorescence dyes, we employed 58
single labeled (28 acceptor only labeled and 30 donor only labeled) molecules that fully cover all possible
dye-local environment interaction on studied RNA systems. Donor-only and acceptor-only fluorescence
decays were measured (Figure 3.13 and Figure 3.41-3.46) and fitted with two or three fluorescence lifetimes
(Eq. 66). In this work we consider local dye motion at three different RNA microenvironments: at the end of

the helix, internal helical part and the junction.
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Figure 3.13 eTCSPC measurements of (A) fluorescence donor only decay for J(bcd) construct labeled with Alexa488
and (B) fluorescence acceptor only decay for J(bcd) construct labeled with Cy5. Experimental data (purple circles), fits
(black curve) and IRF (black open circles) are shown. Weighted residuals are presented above each plot (magenta solid

lines). See Table 3.5 for fitting parameters
3.3.1.1 Acceptor fluorescence lifetime and fluorescence quantum yield

The fluorescence properties of Cy5 are affected strongly by the local environment!'*. In this study we
differentiate three local environments: internal helical part, end of the helix and the junction. To demonstrate
position dependent fluorescent properties of Cy5 we overlaid the secondary structure of all three RNA 3WJ
and assigned labeling positions to the specific category: magenta —helical terminus, cyan — internal part of
the helix, blue — junction area (Figure 3.14). Note that in this study long linkers (~20 A) are used. Kalinin
and co-authors (manuscript in preparation) demonstrated that the dye is displaced towards 3’-end and thus

some acceptors on helix d can easily reach the helical terminus.
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Figure 3.14 Overlay of all three RNA 3WJ secondary structures. All acceptor labeling positions are colored: magenta —

helical end, cyan — internal part of the helix, blue — junction area.
End-labeled molecules

It is known that cyanine dye that is labeled close to the helical terminus stacks onto the end of helix in the

manner of an additional base pair!#-!3!

. In such a case, cis-trans photo-isomerization is disturbed and
fluorescence lifetime and quantum yield differ from the one on internal labels. In contrast to Uracil labeled
dyes that point into major groove, Guanine labeled fluorophores point into minor groove and are more
displaced from the helix!?*. Thus “end effect” for positions (A)527d/y/aB-Ac on J(acd) and (A)827d/a/By-Ab
on J(abd) are less pronounced. The fluorescence lifetimes and quantum yields of Cy5 at this position are
similar to the one in the internal helical part (Table 3.5), indicating sufficient displacement of the fluorophore

from the helical terminus.
Labels at the junction region

Acceptors coupled to sites (A)ap-Acl12d/6/y on J(abd) and (A)a12d/6/By-Ab on J(acd) and (A)al12d/B/dy-Aa
on J(bcd) demonstrate also that Cy5 strongly interacts with junction area (higher ® 4 values in the Table
3.5). The junction cites could be quite narrow for free dye, wobbling on the linker, and thus Cy5 could be

locked in some particular conformation'3152,
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Labels in the internal helical part

Values in Table 3.5 demonstrate that the labeling sites in the internal part of the helix and G-labeled helical
ends are the safest positions for acceptor labeling. Their fluorescence quantum yield values are close to the

reference value of free dye @ = 0.32 + 0.015 *.

Fluorescence quantum yield of acceptor is an essential part of distance calculation (Eq. 79) and static FRET
lines (Eq. 62). As all studied structures share particular microenvironment, fluorescence properties for some
labels were not measured and could be adopted from other structures. Some values were adopted from

previous studies on J(abed)!'? and are indicated in the Table 3.5 with asterisk and blue color.

Table 3.5 Fitting results of fluorescence lifetime of J(abd), J(acd), J(bcd) acceptor only samples. (1) is fluorescence
weighted averaged lifetime,(t), - species weighted lifetime and @, is corresponding fluorescence quantum yield. Fit

quality is judged with y2. Values marked with asterisk are adopted from previous studies on RNA 4WJ.

T T () (t)
Construct | Sample name | x 1 x 2 2 x F | @

P sl | "2 [ pns] | A" | [ns] | [ns] | A

J(abd)* (A)y8b/8/aB-Ac | 0.74 | 1.02 | 0.26 | 179 | 1.12 1.22 1.32 0.335

J(abd)* (A)823§£ a/aB- | 26 | 099 | 024 | 163 | 142 | 114 | 121 | 0312

J(abd) (A)&s:! v/oB- | c7 | 188 | 033 | 093 | 112 | 156 | 169 | 0428

J(abd) (A)&(’gﬁ afaB- | 566 | 172 | 034 | 106 | 112 | 150 | 156 | 0.400

J(abd)* (A)v242£ 8/aB- | o4 | 152 | 0ss | 093 | 109 | 117 | 125 | 0321

J(abd) (Aap- 038 | 205 | 062 | 104 | 098 | 142 | 159 | 0389
Ac12d/6/y

J(abd) (Aap- 022 | 174 | 078 | 102 | 109 | 117 | 125 | 0321
Ac22b/6/y

J(abd) (A)MOA"'C/ V/eB- | 36 | 150 | 064 | 089 | 108 | 111 | 118 | 0303

J(abd) (A)527:c/ V/oB- | 39 | 156 | o6 | 062 | 1.03 | 098 | 120 | 0.268

J(abd) (A)68a/y/aB-Ac | 032 | 1.20 | 068 | 092 | 0.73 | 1.01 1.03 | 0.276

(A)8y-

J(bcd 0.86 1.93 0.14 1.00 0.97 1.80 1.86 0.492

(bed) pa28d/a/p

J(bcd) (A)8y- 0.77 1.73 0.23 0.97 0.96 1.56 1.63 0.426
Aa2ed/a/B

J(bcd) (A)8y- 0.2 1.59 0.80 1.03 1.13 1.14 1.19 0.313
Aa23d/a/B

J(bcd) (A)Sy-Dasb/a/B | 037 | 1.79 | 0.627 | 1.03 | 1.02 | 1.32 142 | 0.359
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T z (t) (v)
Construct | Sample name X 1 x 2 2 x F ()]
P sl | "2 | fns] | A" | [ns| | [ns] | A
J(bed) (A)“led: B/8v- | 035 | 205 | 062 | 100 | 107 | 139 | 158 | 0381
J(bed) (A)aZSAZ B/8v- | 022 | 147 | 078 | 080 | 102 | 102 | 108 | 0279
J(bed) (A)aZGAZ B/8v- | 025 | 146 | 075 | 09 | 104 | 104 | 109 | 0284
J(bed) (A)BMAC: @/6v- | 017 | 180 | 083 | 101 | 111 | 116 | 125 | 0317
(A)BY-
Jacd)* 025 | 171 | 075 | 092 | 154 | 112 | 122 | 0305
(acd) Abi14c/o/8
J{acd) (A)“ledés/ BY- | 035 | 202 | 065 | 100 | 112 | 135 | 153 | 0370
J(acd) (A)MOA&; @/BY- | 035 | 150 | 065 | 089 | 1.00 | 110 | 118 | 0301
J(acd) (Ma28c/By- | o0 | 144 | 072 | 092 | 108 | 106 | 112 | 0291
Ab/S
Jacd) (Ma26¢/By- | o3 | 149 | 077 | 001 | 105 | 105 | 110 | 0286
Ab/6
Jacd) (A)&G:t{ OBV | 56s | 172 | 032 | 096 | 112 | 147 | 156 | 0.403
J{acd) (A)szsﬂdg O/BV- | 66 | 188 | 034 | 096 | 108 | 157 | 169 | 0429
J{acd) (A)&T; O/Bv- | 35 | 156 | 073 | 062 | 109 | 105 | 115 | 0286
Jacd)* (A)623:£ o/Bv- | 576 | 099 | 024 | 163 | 142 | 114 | 121 | 0312
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3.3.1.2 Donor fluorescence lifetime and quantum yield

As previously with acceptor, donor labeling sites were categorized into groups: helical end (magenta labels

in Figure 3.15) and internal part of the helix (cyan labels in Figure 3.15).

Helixa 0o
g8
So
O
5 &
strand & 8 3 strand y
0B A
8 8 Helix b
[SRU}
3 -GGCGUGUCCUGACAGU UGCGGAACUGCACCCC-5"
5 —-CCGCACAGGACUGUCA ACGCC ACGUGGGG-3~
Helix d » §
Sa
strand a 8 a trand
Q g strand B
[=}
3:
2
a8
A a
Qe
QQ
Helixc @9
wou

Figure 3.15 overlay of all three RNA 3WJ secondary structures. All donor labeling positions are colored: magenta-

helical end, cyan — internal helical labels.

The difference in the fluorescence lifetime and quantum yield for the internally- and end- labeled dyes
indicate different dye-guanine interactions. This assumption is based on the previous literature reports where
due to the fraying of the terminal base pairs, GC base pair exhibited opening and closing dynamics'33-1%,
Others'**!* report Rhodamine dye preferably stacking on the terminal pair. In this case there have been
reports, proposing different possible conformers due to Rhodamine dye-Guanine interactions and possible
quenching by Guanine via photo-induced electron transfer (PET)'>”. This effect manifests clearly on (D)py-
Ab34a/a/d on J(acd), (D)y29a/0/ap-Ac and (D)ap-Ac28b/y/6 on J(abd) and demonstrate weak fluorescent

RNA-dye complex (Table 3.6-3.7).

Fluorescence quantum yield of donor is an essential part of static FRET line determination. The summarized
fit values for measured donor only samples are collected in the Table 3.6-3.7. As all studied structures share
particular microenvironment, fluorescence properties for some labels were not measured and could be
adopted from other structures. Some values were adopted from previous studies on J(abed)'?*, J(abd) and

J(bcd) are indicated in the Table 3.6 with asterisk.
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Table 3.6 Fitting results of fluorescence lifetime of J(abd), J(acd), J(bcd) donor only samples with two species. (1) is fluorescence

weighted averaged lifetime, (1)« is species weighted lifetime and Q@ is corresponding fluorescence quantum vyield. Fit quality is

judged with XE. Values marked with asterisk are adopted from J(abd), J(bcd) and previous studies on RNA 4WJ

Construct | Samplename | x; | 7y [ns] | x; | 5o [ns] | 2 | (¥), [ns] | (), [ns] | Ppp
J(bed) (D)6y-Da8b/a/B | 0.90 | 3.95 |0.10| 098 |1.08| 3.64 3.87 | 0711
J(bcd) (D)B28b/a/by-Aa | 0.79 3.92 |0.13 1.87 0.08 3.34 3.85 0.652
J(bed) (D)B29b/a/6y-Aa | 0.93 | 4.02 |0.07| 105 |1.08| 3.82 3.96 |0.745
J(bed)* (D)B8c/a/SY-Aa | 0.84| 399 |0.16| 071 |[133| 3.47 3.88 | 0676

from J(abcd) c/a a |o. . . . . : . .
J(bed)* (D)B11lc/a/dY-Aa | 0.90 | 3.98 |0.10| 056 |1.17| 3.64 3.93 |0.710
from J(abcd) c/o. a|o. . . . . . . .
J(bed)* (D)Bl4c/o/5Y-Aa | 093 | 412 |0.07| 061 [1.10| 3.86 4.08 |0.753
from J(abcd) ¢ ' ) ) ’ ) ) ) )
J(bed)* (D)B27b/a/by-Aa | 0.79 3.87 |0.21 0.40 1.44 3.15 3.77 0.614
from J(abcd) Y ) ) ' ) ) ) ) )
J(bed)* (D)B5c/a/0Y-Aa | 0.93 4.08 0.07 1.42 1.10 3.91 4.02 0.762
from J(abcd) ' ' ) ' ' ) ' '
J(acd) (D)67a/y/By-Ab | 0.88 | 4.03 0.12 1.03 1.13 3.67 3.93 0.716
J(acd) (D)623d/a/By-Ab | 0.88 3.91 0.11 1.33 1.12 3.59 3.80 0.700
J(acd) (D)By-Ab5c/a/6 | 0.93 | 4.08 |0.07| 091 |1.02| 3.87 403 |0.754
J(acd) (D)By-Ab8c/a/6 | 090 | 4.05 |0.11| 0.84 |1.08| 3.71 3.97 |0.724
J(acd) (D)By-Abllc/a/6 | 0.94 | 401 |0.06| 071 |1.07| 3.82 3.97 |0.746
J(acd) (D)By-Abl4c/a/6 | 0.96 | 4.10 |0.04 | 0.64 1.13 3.97 4.08 0.774
J(acd) (D)By-Ab29a/a/6 | 0.90 | 4.03 | 0.10| 0.54 1.09 3.68 3.98 0.718
J(abd) (D)y24a/aB-Ac/6 | 0.88 | 4.01 | 0.12 0.63 1.01 3.60 3.94 0.703
J(abd) (D)y27a/6/aB-Ac | 0.94 | 4.07 | 0.06 1.10 1.03 3.90 4.02 0.761
J(abd) (D)57a/y/aB-Ac | 0.86 | 4.02 |0.14| 1.01 |1.12| 3.60 5.08 | 0.703
J(abd) (D)623d/a/aB-Ac | 0.87 391 0.11 1.41 1.10 3.56 3.80 0.694
J(abd) (D)aB-Ac22b/y/6 | 0.89 | 3.93 |0.11| 097 |1.09]| 361 3.85 |0.705
J(abd) (D)ap-Ac23b/y/6 | 0.77 | 3.94 |0.13| 221 |o011| 332 3.85 |0.735
J(abd)*
from J(abed) (D)y29a/a/aB-Ac | 0.70 356 |0.30| 0.58 1.57 2.67 3.37 0.520
J(abd)* (D)y7b/&/aB-Ac | 0.88 392 |0.12 1.22 1.20 3.60 3.81 0.703
from J(abcd) Y ) ) ' ’ ) ) ) )
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Table 3.7 Fitting results of fluorescence lifetime of J(abd), J(acd), J(bcd) donor only samples with three species. (t)¢ is
fluorescence weighted averaged lifetime,(t), is species weighted lifetime and @y is corresponding fluorescence

quantum yield. Fit quality is judged with x?

o 2 |, || @
construct Sample name X1 X X3 Xr Prp

[ns] [ns] [ns] [ns] | [ns]

J(bcd) (D)dy-Aa7b/a/B 0.82 | 4.05|0.09|1.72 | 0.08 | 0.28 |1.05|3.51| 3.92 0.684

J(acd) (D)By-Ab34a/a/6 | 0.72 | 3.69 | 0.16 | 0.54 | 0.12 | 2.04 | 1.10 | 2.99 | 3.46 0.584

J(abd) (D)y8b/8/aB-Ac | 0.74 | 3.93 | 0.16 | 1.87 | 0.11 | 0.27 | 1.07 | 3.24 | 3.71 | 0.632

J(abd) (D)ap-Ac28b/y/6 | 0.59 | 3.48 | 0.13 | 0.98 | 0.28 | 0.19 | 1.17 | 2.23 | 3.26 | 0.436

3.3.1.3 Fluorescence residual anisotropy
Acceptor residual anisotropy

For all FRET samples, corresponding reference acceptor only samples were prepared. In a few cases FRET
samples were used, and in this case acceptor dye was directly excited. Note that studied molecules J(abd),
J(acd) and J(bcd) share the labeling sites as they have the common helices (for example J(abd) and J(acd)
structurally share helices a and d), so the reference construct of one RNA 3WIJ could be used for others, fully
accounting for the local environment. Overall, the results suggest a good agreement within the same labeling

cite for different junction constructs (Table 3.8).

In order to retrieve fluorescence anisotropies, time resolved ensemble experiments were performed (Figure

3.16). Fluorescence anisotropy decays could be characterized with two rotation correlation times Pj and

corresponding amplitudes hU) (Chapter 3.2.7.3). The longest correlation time represents global motion of
the molecule and its amplitude b,=r,,. As the polarized decays were fitted jointly with their corresponding
magic angle decays, the fluorescence lifetime information could be obtained. The fitting results are

summarized in the Table 3.8).
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Figure 3.16 Typical fluorescence signal in parallel and perpendicular polarization channels (magenta and orange) with
the corresponding fits (black) for J(bcd) structures labeled with acceptor Cy5 with weighted residuals on the top. The

fit results are presented in the Table 3.8. The fit quality was judged by ;gf

The results demonstrate higher residual anisotropies 7, for acceptors that are labeled at least 4 base pairs
away from the 3’-end on d helix (e.g. (A)528d/yb/ap-Ac) in contrast to the labels on the 5’-end or in the
internal helix. This can be explained by displacement of the mean dye position towards the 3’-end strand
(Kalinin et al in preparation) and the resulting of dye-helix interaction'*>!®, Recent studies!#!5!:152
demonstrate that cyanine dyes interact with the macromolecule and prefer to stick on the terminal bases. Any
obstruction by local environment in fluorophore movement could affect cis—trans photoisomerization. This

can be detected in fluorescence quantum yield and anisotropy changes.
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Table 3.8 Fitting parameters for the fluorescence time-resolved anisotropy decays of the acceptor. Acceptor only
samples are marked with (A), FRET samples have (A)/(D) indicators. Structures with missing reference samples
adopted values from the construct with similar microenvironment. Those values are marked with asterisk (indicated

below). Rotation correlation time p, with amplitudes b; with corresponding lifetimes z; and fraction x;. The fit quality

is judged by;gf. Values marked with asterisk are adopted from other molecules (indicated below).

Construct Sample name bi P1 b2 o X1 71 X2 7 X3 5| 27
(A)6y-Aa28d/
J(bed) (D)BSd/a 0.050 | 0.300 | 0.275 142 ] 0.05|0.098 | 0.15 | 0.97 | 0.80 | 1.93 | 1.11
J(bcd) (A)dy- 0.113 | 0.577 | 0.282 | 1890 | 0.21 | 0.87 | 0.79 | 1.71 1.06
Aa26d/B/a . . . . . . . . .
J(bed)* (A)6y-

0.224 | 0.671 | 0.156 | 2E+0 | 0.05 | 038 | 0.79 | 1.04 | 0.16 | 1.67 | 1.12
from J(acd) Aa23d/B/a

J(bcd) (A)3y-Aa8b/ 0.219 | 0.762 | 0.161 | 92.51 | 0.18 | 1.85 | 0.76 | 1.10 | 0.06 | 0.32 | 1.03

(D)Bl4c/a
J(bed) ‘A)“Alaz/‘é/év' 0.168 | 0.638 | 0203 | 1392 | 0.65| 1.07 | 0.31 | 1.91 | 0.04 | 030 | 1.03
J(bed) (A)aziz/ﬁ/sv' 0.220 | 0.603 | 0.111 | 1045 |0.52 | 091 | 048 | 1.51 127
J(bed) (A)aziz/ﬁ/sv' 0.257 | 0.705 | 0.115 | 1822 |0.68 | 0.97 | 0.26 | 1.49 | 0.06 | 0.06 | 0.97
(A)B14c/
J(bed) (O)y-parb/o | 0220 [ 0:590 | 0.160 | 1E+9 | 0.82 | 102 | 0.18 | 189 1.32
* -
J(acd) (A)BY 0.220 | 0.590 | 0.160 | 1E+9 | 0.82 | 1.02 | 0.18 | 1.89 1.32

from J(bcd) Abl4c/a/6

* _
J(acd) (Aoct2d/8/By- | 1 e | 0638 | 0203 | 13925 | 0.65 | 1.07 | 031 | 1.91 | 0.04 | 0.30 | 1.03

from J(bcd) Ab

J(acd) (D)(Q\)f;g;ﬁ o | 02120669 | 0168 | 2156 | 0.26| 1.72 | 068 | 1.05 | 0.06 | 0.24 | 114
J(acd) (A)“Azf/cgﬁv' 0.252 | 0.699 | 0.120 | 30.04 |0.73 | 0.99 | 0.03 | 0.19 | 0.25 | 1.49 | 1.02
J(acd) (A)aAzs/cﬁ/BV' 0.243 | 0.612 | 0.137 | 20.00 | 0.07 | 0.46 | 0.80 | 1.06 | 0.13 | 1.71 | 1.11
J(acd) (A)SZT}!O‘/BV' 0.134 | 0.611 | 0246 | 14.98 | 0.08 | 037 | 0.45 | 1.15 | 0.48 | 1.79 | 1.07
Jacd) (A)‘Szidt{a/ﬁv' 0.127 | 0421 | 0250 | 20 | 0.06| 029 |0.39 | 1.09 | 0.56 | 1.91 | 1.15
Jacd) (A)527A‘Z°‘/BV' 0213 | 0.693 | 0.156 | 39.19 | 0.68 | 1.02 | 0.28 | 1.61 | 0.03 | 027 | 1.11
J(abd) (1623d/ 1 04 | 0.671 | 0.156 | 2E+01 | 0.05 | 038 | 079 | 1.04 | 0.16 | 167 | 112

(D)5By-Ab/a

(A)y8b/6/0B-

J(abd) Ac

0.202 | 0.587 | 0.178 20 0.09 | 040 | 0.71 | 1.11 | 0.19 | 1.87 | 1.02
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Construct Sample name b: P1 b: o X1 7 X2 7 X3 73 ;ﬁ
*
J(abd) (A)823d/a/ | 54 | 0671 | 0.156 | 2E+01 | 0.05 | 0.38 | 0.79 | 1.04 | 0.16 | 1.67 | 1.12
from J(acd) ap-Ac
A)52
J(abd) ()SBTC/V/ 0.115 | 0560 | 0259 | 37.00 | 0.62| 1.90 | 033 | 1.03 | 0.05 | 0.13 | 1.1
J(abd) (A)526§é°‘/°"3' 0.118 | 0.606 | 0256 | 2632 | 031 | 1.02 | 0.66 | 1.74 | 0.04 | 0.14 | 1.47
(A)y24a/
J(abd) D)o ncostys | 0217 | 0-687 | 0.163 | 2740 | 026 | 162 | 0.66 | 1.00 | 0.09 | 0.07 | 1.10
J(abd) (A)aﬁéf;m/ 0.150 | 0.522 | 0212 | 9559.37 | 0.57 | 1.08 | 0.37 | 2.02 | 0.06 | 0.26 | 1.04
J(abd) (AJaB-8c22b/ | (5361 0768 | 0.145 | 1116.00 | 0.09 | 0.40 | 0.78 | 1.09 | 0.12 | 1.85 | 0.85
(D)67a/y
*
J(abd) (A)810a/v/ | 515 | 0669 | 0.168 | 21.56 | 026 | 1.72 | 0.68 | 1.05 | 0.06 | 0.24 | 1.14
from J(acd) ap-Ac
(A)627d/
J(abd) D)apncaray | 0218|0639 | 0162 | 200 | 065 0.95 | 035 | 159 1.05
(A)68a/
J(abd 0238 | 0763 | 0.142 | 2253 | 011 | 1.83 | 0.77 | 1.12 | 0.12 | 0.62 | 1.04
(abd) | 5 4p-ac28byy

Donor residual anisotropy

The donor mobility at all labeling positions that are used in FRET study could be retrieved from FRET

samples. To define donor residual anisotropy, we analyzed 2D plots of the fluorescence anisotropy 1 vs

fluorescence average donor lifetime in presence of acceptor (zp A)>F (Figure 3.17).

# of

bursts N

N
o

(TD( A))F [ns]

250

# of bursts

Figure 3.17 Typical representation of the fluorescence anisotropy rp vs fluorescence average donor lifetime in

presence of acceptor (tp@))r. Red line represents the relationship as described in Eq. 64 and blue lines correspond to
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the values of the major population rp and (Tmajor)r (Table 3.9-3.11). This demonstration is done on (A)610a/ (D)By-

Ab1l1lc/a on J(abc) construct.

The relationship was fitted as described in Chapter 3.2.7.4 with Eq.64-65. Note that fraction x equals to the

trapped fraction of the dye X = Sipqp.

Table 3.9 Measured steady state polarized anisotropy rp with correspondent fluorescence average lifetime of the

major population (z’major)F and calculated dye trapped fraction S, and corresponding donor residual anisotropy 7,

for donors on J(bcd) construct.

FRET sample name Tp (i Tmajor)F Strap
(D)B11c/(A)al2d/dy-Aa 0.15 1.61 0.27 0.10
(D)B11c/(A)dy-Aa23d/a 0.11 2.77 0.22 0.08
(D)B11c/(A)dy-Aa26d/a 0.10 3.58 0.22 0.08
(D)B14c/(A)dy-Aa28d/a 0.10 3.77 0.18 0.07

(D)B11c/(A)dy-Aa8b/a 0.14 1.71 0.22 0.09
(D)B14c/(A)al2d/dy-Aa 0.14 1.34 0.20 0.07
(D)B14c/(A)dy-Aa23d/a 0.12 1.96 0.20 0.08
(D)B14c/(A)dy-Aa26d/a 0.09 3.37 0.17 0.07
(D)B11c/(A)dy-Aa28d/a 0.09 3.42 0.22 0.09

(D)B14c/(A)dy-Aa8b/a 0.13 1.83 0.22 0.08
(A)a12d/(D)B27b/dy-Aa 0.14 1.45 0.21 0.08
(D)B27b/(A)a26¢/d5y-Aa 0.11 2.99 0.22 0.08
(D)B27b/(A)028c¢/dy-Aa 0.09 2.85 0.14 0.06
(D)B27b/(A)dy-Aa23d/a 0.10 2.54 0.18 0.07
(D)B27b/(A)dy-Aa26d/a 0.10 3.34 0.20 0.08
(D)B27b/(A)dy-Aa28d/a 0.10 3.06 0.19 0.07
(A)a12d/(D)B28b/dy-Aa 0.15 1.45 0.26 0.10
(D)B28b/(A)a26¢/6y-Aa 0.10 2.97 0.19 0.07
(A)a28c/(D)B28b/dy-Aa 0.10 2.93 0.20 0.08
(D)B28b/(A)dy-Aa23d/a 0.11 2.93 0.21 0.08
(D)B28b/(A)dy-Aa26d/a 0.09 3.11 0.17 0.06
(D)B28b/(A)dy-Aa28d/a 0.12 3.11 0.27 0.10
(A)a12d/(D)B29b/dy-Aa 0.15 1.67 0.28 0.10
(D)B29b/(A)dy-Aa23d/a 0.12 2.71 0.25 0.09
(D)B29b/(A)dy-Aa26d/a 0.11 2.85 0.22 0.08
(D)B29b/(A)dy-Aa28d/a 0.11 3.04 0.23 0.09

(D)B5Sc/(A)al2d/dy-Aa 0.09 2.54 0.13 0.05

(D)B5c/(A)dy-Aa23d/a 0.08 2.97 0.13 0.05

(D)B5¢/(A)dy-Aa26d/a 0.06 3.78 0.09 0.03

(D)B5¢/(A)dy-Aa28d/a 0.07 3.56 0.13 0.05
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FRET sample name Tp (i Tmajor)F Strap P

(D)B5c/(A)dy-Aa8b/a. 0.08 2.61 0.11 0.04
(D)B8c/(A)al2d/dy-Aa 0.09 1.96 0.10 0.04
(D)B8c/(A)dy-Aa23d/a 0.09 2.69 0.14 0.05
(D)B8c/(A)dy-Aa26d/a 0.09 3.55 0.18 0.07
(D)B8c/(A)dy-Aa28d/a 0.08 3.60 0.15 0.06

(D)B8c/(A)dy-Aa8b/a 0.11 1.98 0.15 0.06
(A)al2d/(D)dy-Aa7b/p 0.07 1.67 0.03 0.01
(A)a26¢/(D)dy-Aa7b/B 0.06 2.56 0.03 0.01
(A)B14c/(D)dy-Aaldb/o 0.11 2.32 0.03 0.01
(A)al12d/(D)dy-Aa8b/p 0.13 1.17 0.13 0.05
(D)dy-Aa8b/(A)a26¢/p 0.10 2.25 0.14 0.05

Table 3.10 measured steady state polarized anisotropy rp with correspondent fluorescence average lifetime of the

major population (Z,4i0r/.. and calculated dye trapped fraction s and corresponding donor residual anisotropy 7,
major/p trap

for donors on J(abd) construct.

FRET sample name Tp (Tmaior) F Strap Too-
(D)y8b/(A)d10a/0f3-Ac 0.12 1.78 0.18 0.07
(D)y8b/(A)d26d/ap-Ac 0.09 3.13 0.16 0.06
(D)y8b/(A)528d/ap-Ac 0.11 3.03 0.23 0.09
(D)y8b/(A)d23d/ap-Ac 0.13 2.11 0.25 0.09
(D)y8b/(A)ap-Acl2d/d 0.14 1.28 0.19 0.07
(A)510a/(D)ap-Ac28b/y 0.09 2.59 0.15 0.06
(A)528d/(D)ap-Ac28b/ly 0.09 2.97 0.15 0.06
(A)826d/(D)of-Ac28b/y 0.04 3.01 0.07 0.03
(A)523d/(D)of-Ac28b/y 0.08 3.01 0.11 0.04
(D)37d/(A)ap-Ac22b/y 0.13 1.62 0.18 0.07
(D)37d/(A)ap-Acl2bly 0.14 1.21 0.18 0.07

(A)y8b/(D)d7a/ap-Ac 0.13 1.88 0.23 0.09
(D)y29a/(A)af-Acl2d/d 0.06 3.36 0.07 0.03
(D)y29a/(A)528d/ap-Ac 0.07 3.39 0.09 0.03
(D)y29a/(A)526d/ap-Ac 0.07 3.30 0.10 0.04
(D)y29a/(A)623d/ap-Ac 0.07 3.10 0.11 0.04
(D)y29a/(A)af-Ac22b/d 0.56 1.35 0.14 0.05
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FRET sample name Tp (i Tmajor)F Strap T
(A)510a/(D)ap-Ac23b/y 0.14 1.88 0.28 0.10
(D)y24a/(A)523d/ap-Ac 0.08 2.48 0.10 0.04
(D)y24a/(A)d26d/ap-Ac 0.10 2.38 0.16 0.06
(D)y24a/(A)528d/ap-Ac 0.08 2.68 0.12 0.05
(D)y24a/(A)ap-Ac22b/6 0.09 1.69 0.07 0.03
(D)y24a/(A)ap-Acl2d/s 0.11 1.26 0.05 0.02
(A)510a/(D)ap-Ac22b/y 0.13 1.95 0.23 0.09
(A)d26d/(D)ap-Ac22b/y 0.10 3.13 0.20 0.08
(A)528d/(D)ap-Ac22b/y 0.10 3.36 0.20 0.08
(D)y29a/(A)027d/ap-Ac 0.06 3.29 0.05 0.02
(A)827d/(D)ap-Ac22b/y 0.10 3.18 0.20 0.08
(A)827d/(D)ap-Ac23b/y 0.11 3.29 0.24 0.09
(D)y24a/(A)527d/ap-Ac 0.10 2.38 0.16 0.09
(D)y8b/(A)d27d/0p-Ac 0.12 2.38 0.23 0.08
(D)323d/(A)op-Ac22b/y 0.11 2.78 0.21 0.08
(A)y24a/(D)o23d/ap-Ac 0.11 2.66 0.21 0.08
(A)d26d/(D)af-Ac23b/y 0.12 341 0.28 0.10
(D)y27b/(A)527d/ap-Ac 0.10 2.38 0.16 0.06
(A)827d/(D)ap-Ac28b/y 0.07 2.85 0.08 0.03
(A)528d/(D)ap-Ac23b/y 0.11 3.34 0.24 0.09
(A)523d/(D)ap-Ac23b/y 0.12 2.77 0.24 0.09
(A)d8a/(D)ap-Ac22bly 0.11 1.59 0.12 0.05
(A)d8a/(D)ap-Ac23b/y 0.12 1.74 0.17 0.07
(A)d8a/(D)ap-Ac28b/y 0.12 1.74 0.17 0.07
(D)y27a/(A)ap-Acl2d/d 0.07 1.67 0.01 0.004
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Table 3.11 Measured steady state polarized anisotropy 1 with correspondent fluorescence average lifetime of the

major population (rmajor)F and calculated dye trapped fraction s;,p, and corresponding donor residual anisotropy 7,

for donors on J(acd) construct.

FRET sample name Tp (Tmajar)F Strap Too.
(A)510a/(D)By-Abl4c/a 0.11 2.09 0.17 0.07
(A)510a/(D)By-Abl 1¢/a 0.15 2.11 0.30 0.11
(A)528d/(D)By-Abl4c/a 0.10 3.32 0.19 0.07
(A)528d/(D)By-Ab34a/o. 0.05 3.29 0.02 0.01
(A)526d/(D)By-Ab34a/a 0.06 32 0.07 0.03
(A)523d/(D)By-Ab34a/a 0.06 3.11 0.07 0.03
(A)523d/(D)By-Abl4a/a 0.11 1.93 0.16 0.06
(A)523d/(D)By-Abl 1a/a 0.14 271 0.30 0.11
(A)523d/(D)By-AbSa/a 0.09 2.64 0.13 0.05
(A)528d/(D)By-Abl 1a/0. 0.11 3.79 0.25 0.10
(A)528d/(D)By-AbSa/a 0.08 3.49 0.14 0.05
(A)528d/(D)By-Ab5a/a 0.06 3.44 0.08 0.03
(A)a28¢/(D)Py-Ab34a/d 0.06 2.69 0.05 0.02

(A)310d/(D)By-AbSc/o: 0.07 2.73 0.08 0.03
(A)a28¢/(D)57a/By-Ab 0.10 2.39 0.15 0.06
(A)526d/(D)By-Abl4a/o 0.08 3.15 0.14 0.05
(A)526d/(D)By-Abl 1a/o. 0.03 3.81 0.13 0.05
(A)526d/(D)By-AbSa/a 0.07 3.09 0.08 0.03
(A)526d/(D)By-AbSa/a. 0.06 3.86 0.10 0.04
(D)87a/(A)Py-Ablac/a 0.11 1.50 0.11 0.04
(A)310a/(D)By-Ab5c/a 0.06 3.60 0.07 0.03
(A)a12d/(D)57d/By-Ab 0.11 1.22 0.06 0.02
(A)a12d/(D)By-Abl4a/s 0.15 1.45 0.24 0.10
(A)a12d/(D)By-Ab29a/5 0.10 1.24 0.03 0.01
(A)026d/(D)By-Ab29a/5 0.08 2.9 0.13 0.05
(A)028d/(D)By-Ab29a/5 0.08 3.28 0.12 0.05
(A)523d/(D)By-Ab29a/a 0.08 2.52 0.09 0.03
(A)526d/(D)By-Ab29a/a 0.09 2.47 0.13 0.05
(A)528d/(D)By-Ab29a/a 0.08 2.85 0.12 0.05
(A)026d/(D)By-Ab34a/s 0.07 2.58 0.05 0.02
(A)a26¢/(D)57a/By-Ab 0.08 2.42 0.07 0.03
(A)a12d/(D)By-Abl1a/d 0.16 1.64 031 0.12
(A)al2d/(D)By-AbSa/s 0.11 2.02 0.16 0.06
(A)a12d/(D)By-Ab5a/d 0.09 2.11 0.10 0.05
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FRET sample name rp (Tmajor)F Strap T
(A)a12d/(D)By-Ab34a/s 0.07 2.18 0.05 0.02
(D)523d/(A)By-Abl4c/a 0.09 1.79 0.17 0.07
(A)o26¢/(D)d23a/py-Ab 0.08 2.64 0.12 0.05
(A)028¢/(D)323a/By-Ab 0.14 2.95 0.33 0.13
(A)527d/(D)Py-Ab34a/a. 0.03 3.81 0.05 0.02
(A)527d/(D)By-Ab29a/a 0.08 2.44 0.10 0.04
(A)527d/(D)By-Abl4c/a 0.09 235 0.12 0.05
(A)527d/(D)By-Abl e/ 0.11 3.16 0.24 0.10
(A)327d/(D)By-AbSc/a 0.06 3.27 0.05 0.02
(A)327d/(D)By-AbSc/a 0.03 3.34 0.08 0.03
(A)523d/(D)By-AbSc/a 0.06 3.12 0.05 0.02

3.3.2 2D MFD plots

MFD was applied to describe fluorescence bursts of single diffusing RNAs and to recover whether the
molecule exhibits dynamics on the millisecond time scale. Collected 2D plots (Figure 3.18 and Chapter
3.2.7) demonstrate that donor only population (high Fp/F4 values, fluorescence lifetime of donor on presence
of acceptor <TD( A)> r) is around 4 ns) is linked with FRET populations (lower Fp/F 4 values) via static FRET
line (red curve) (Eq. (62)) indicating the absence of dynamic on ms-time scale. The connection between

fluorescence anisotropy and fluorescence lifetime of donor in presence of acceptor

via Perrin equation, assuming single exponential solution one rotation correlation time (see legend Figure

3.18).
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Figure 3.18 2D histogram of Fp/F4 vs (Tp(a)) (upper plot) and rp vs (tp(a)) (lower plot) for (D)B5c/(A)dy-Aa8b/a on J(bcd)

construct. Static FRET line and Perrin equation are shown as red curves (upper plot and lower plot correspondingly).

3.3.3 PDA analysis

PDA was used to separate shot noise from inhomogeneous broadening and calculate FRET-averaged
distances (Rp,) (see Chapter 3.2.7.6). As an example, SmFRET Sy/S; histogram of (D)37a/(A)By-Abl4c/a
on J(acd) is plotted (Figure 3.19). To satisfy the experimental data, a model with two-FRET states, a donor
only fraction and an impurity fraction was introduced. PDA analysis demonstrates that all FRET samples
have one major population (up to 85%) and often one minor (2-30%) due to the incompletely hybridized
variants of RNA 3WIJ or acceptor photophysics (for details see '*°). For further modeling distances obtained
from the major population are used. Histograms and the fitting results for all J(abd), J(abc) and J(bcd) RNA

3WIJ constructs are collected in Chapter 3.5.4.
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Figure 3.19 Results of PDA analysis for the sample (D)67a/(A)By-Abl4c/a on J(acd). Left panel: Si/S, histogram of
experimental data (gray area) is fitted (purple solid line) using following parameters: 70.8% of (Rpa)e1=40.8A (blue, 4%
of (Rpa)e1=50.1A (red), donor only fraction of 23.3% (black) and 1.9% of impurity (green) with global apparent width
0=5.0. Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: Fitted distances for the

major (blue) and minor (red) states with their relative amplitudes and confidence intervals (stripped boxes).
3.3.4 Error estimation analysis
3.3.4.1 Calibration factors

As described in Chapter 3.2.7, green B; and red By background, emission crosstalk o, and y calibration

parameters were estimated from daily measurements.

. A . L . o
Relative error VL was estimated by standard deviation over average value for multiple measurements within

the same setup

Ay st.dev(y)

— (105)
y average(y)
As @y, was measured once, its error was not accounted for ARp 4 () (Eq. 89).
Aa was estimated by standard deviation for multiple measurements within the particular setup
st.dev(a
_ (@) (106)
average (@)

where « is a daily measured parameter on particular setup.
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ABg, and ABp were calculated in the same manner as Aa.
Calculated uncertainties for calibration parameters on different setups are provided in Table 3.12.

Table 3.12 Absolute errors of the calibration parameters: green background Bg, red background Bg, emission
crosstalk o and y. For each uncertainty two values are given: for sample measured on setup 1 (first value) and samples
measured on setup 2 (second value after slash) for structures J(bcd), J(abd) and J(acd). Values for J(abc) structures are

added for comparison (obtained by H. Vardanyan).

Setup 1/setup2
Structure (4B¢) (4BR) Aa Ay
J(bcd) 0.18/0.33 0.22/0.17 0.18/0.14 0.21/0.13
J(abd) 0.41/0.32 0.48/0.31 0.18/0.35 0.22/0.19
J(acd) 0.31/0.22 0.27/0.21 0.17/0.08 0.19/0.17
Setup 3/setup4
J(abc) 0.49/0.19 0.72/0.20 0.18/0.32 0.19/0.16

3.3.4.2 «? estimation

Error contribution due to the orientation factor k2, AR, (x?) was calculated assuming diffusion with traps
model (Chapter 3.2.8.2). Here the residual anisotropy for donor and acceptor was used as described (Eq. 92)
and average FRET efficiency is calculated via Forster formula (Eq. 107). Here we used the distance of the

major peak obtained from PDA fitting.

1

"I RoalRo)® e

Obtained results for Ax* and 8Rp4(x2) are presented in Table 3.13-15 for the structures J(bed), J(acd) and
J(abd) correspondingly.
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Table 3.13 Uncertainties due to the orientation factor &*> and residual donor rp o, and acceptor T, ., anisotropies and
, P , P

experimental FRET efficiencies (£) used for the calculations in the studies system J(bcd).

FRET pair TDw T g0 E AK? ORpa (K2
(D)B11c/(A)dy-Aa28d/o 0.085 | 0275 0.1 0.057 0.040
(D)B11c/(A)dy-Aa26d/o 0.083 0.282 0.17 0.058 0.044
(D)B11c/(A)dy-Aa23d/o 0.082 | 0.156 0.37 0.034 0.031

(D)B11¢/(A)dy-Aa8b/o 0.086 | 0.161 0.81 0.044 0.056
(D)B11c/(A)al2d/dy-Aa 0.102 | 0.203 0.77 0.054 0.066
(D)Bl4c/(A)dy-Aa28d/o 0.067 | 0275 0.19 0.054 0.042
(D)B14c/(A)dy-Aa26d/o 0.066 | 0.282 0.23 0.056 0.046
(D)B14c/(A)dy-Aa23d/o 0.075 0.156 0.65 0.035 0.039

(D)B14c/(A)dy-Aa8b/o 0.086 | 0.161 0.81 0.044 0.052
(D)Bl4c/(A)al2d/dy-Aa 0.074 | 0.203 0.86 0.054 0.073
(D)B27b/(A)dy-Aa28d/a 0.072 | 0275 0.26 0.055 0.046
(D)B27b/(A)Sy-Aa26d/a 0.077 | 0.282 0.3 0.057 0.050
(D)B27b/(A)a26¢/5y-Aa 0.083 0.115 0.34 0.026 0.023
(D)B27b/(A)a28¢/dy-Aa 0.055 0.111 0.38 0.023 0.021
(A)a12d/(D)B27b/5y-Aa 0.078 | 0.203 0.83 0.053 0.069
(D)B27b/(A)dy-Aa23d/a 0.068 | 0.156 0.41 0.032 0.030
(D)B28b/(A)dy-Aa23d/a 0.079 | 0.156 0.35 0.033 0.030
(D)B28b/(A)dy-Aa26d/a 0.063 0.282 0.28 0.056 0.048
(D)B28b/(A)dy-Aa28d/o 0.102 | 0275 0.24 0.059 0.049
(A)o26¢/(D)P28b/dy-Aa 0.073 0.115 0.29 0.025 0.022
(A)a12d/(D)B28b/5y-Aa 0.100 | 0.203 0.79 0.055 0.069
(A)o28¢/(D)P28b/dy-Aa 0.076 | 0.111 0.27 0.025 0.021
-(D)B29b/(A)Sy-Aa28d/o 0.088 | 0.275 0.3 0.057 0.050
(D)B29b/(A)dy-Aa26d/o 0.084 | 0.282 0.35 0.058 0.054
(D)B29b/(A)dy-Aa23d/a 0.095 | 0.156 0.36 0.035 0.033
(A)a12d/(D)B29b/5y-Aa 0.105 | 0.203 0.75 0.054 0.066

(D)B5¢/(A)dy-Aa28d/o 0.049 | 0.275 0.08 0.053 0.035

(D)B5¢/(A)dy-Aa26d/o 0.033 | 0.0282 0.1 0.054 0.037

(D)B5¢/(A)dy-Aa23d/o 0.049 | 0.156 0.33 0.03 0.027

(D)B5¢/(A)dy-Aasb/a 0.042 | 0.0161 0.43 0.031 0.030

(D)B5c/(A)al2d/dy-Aa 0.049 | 0.203 0.50 0.040 0.040

(D)B8c/(A)dy-Aa28d/o 0.056 | 0.275 0.24 0.053 0.035

(D)B8e/(A)dy-Aa26d/o 0.067 | 0.282 0.16 0.056 0.042

(D)B8c/(A)dy-Aa23d/o 0.053 0.156 0.38 0.031 0.028

(D)B14c/(A)Sy-Aa8b/o 0.066 0.16 0.70 0.035 0.052

(A)a12d/(D)B8c/dy-Aa 0.036 | 0.203 0.62 0.039 0.042

(A)B8c/(D)dy-Aasb/a 0.058 | 0.161 0.51 0.033 0.033
(A)026¢/(D)dy-Aa7b/p 0.012 | 0.115 0.52 0.022 0.022
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FRET pair T'Doo TAw E Ak’ ORpa(K?)
(A)al12d/(D)5y-Aa7b/B 0.01 0.203 0.77 0.020 0.024
(D)&y-Aa8b/(A)a28¢/p 0.054 0.111 0.54 0.023 0.024
(D)&y-Aa8b/(A)a26¢/p 0.051 0.115 0.56 0.024 0.025
(A)al12d/(D)5y-Aa8b/B 0.048 0.203 0.89 0.049 0.070

Table 3.14 Uncertainties due to the orientation factor &? and residual donor rp , and acceptor 4 o, anisotropies and

experimental FRET efficiencies (£) used for the calculations in the studies system J(acd).

FRET pair Do T p oo E A? RANCD)
(A)o26¢/(D)323a/Py-Ab 0.045 0.137 0.36 0.027 0.025
(A)o28¢/(D)323a/Py-Ab 0.126 0.12 0.24 0.033 0.027
(A)823d/(D)By-Abl4a/o 0.06 0.156 0.62 0.033 0.036
(A)a12d/(D)87d/By-Ab 0.023 0.203 0.84 0.041 0.054
(A)o26¢/(D)37a/By-Ab 0.028 0.137 0.44 0.026 0.026
(A)o28¢/(D)87a/By-Ab 0.055 0.12 0.24 0.024 0.023
(D)37a/(A)Py-Abl4c/o 0.041 0.16 0.81 0.034 0.043
(A)al2d/(D)By-Abl1a/d 0.118 0.156 0.74 0.046 0.075
(A)510a/(D)py-Abl1c/a 0.115 0.168 0.66 0.045 0.050
(A)823d/(D)By-Abl1a/a 0.115 0.156 0.33 0.037 0.033
(A)826d/(D)By-Abl1a/o 0.050 0.25 0.22 0.047 0.033
(A)327d/(D)By-Abl 1¢/a 0.090 | 0.156 0.26 0.034 0.029
(A)328d/(D)By-Abl1a/o 0.095 0.25 0.11 0.052 0.036
(A)a12d/(D)By-Abl4a/d 0.090 0.203 0.87 0.04 0.075
(A)310a/(D)By-Abl4c/o 0.065 0.168 0.58 0.035 0.037
(A)823d/(D)By-Abl4a/o 0.030 | 0.160 0.61 0.031 0.036
(A)826d/(D)By-Abl4a/o 0.052 0.246 0.25 0.048 0.040
(A)327d/(D)By-Abl4c/a 0.045 0.156 0.59 0.031 0.033
(A)328d/(D)By-Abl4c/a 0.073 0.25 0.23 0.05 0.041
(A)a12d/(D)By-Ab29a/s 0.010 | 0.203 0.87 0.040 0.055
(A)026d/(D)By-Ab29a/s 0.049 0.137 0.36 0.027 0.025
(A)028d/(D)By-Ab29a/s 0.045 0.12 0.26 0.024 0.020
(A)823d/(D)By-Ab29a/o 0.033 0.156 0.49 0.030 0.030
(A)826d/(D)By-Ab29a/o 0.049 | 0.246 0.51 0.048 0.048
(A)827d/(D)By-Ab29a/o 0.038 0.156 0.54 0.03 0.031
(A)328d/(D)By-Ab29a/o 0.040 0.25 0.52 0.048 0.046
(A)a12d/(D)By-Ab34a/s 0.018 0.156 0.74 0.046 0.039
(A)026d/(D)By-Ab34a/s 0.019 0.137 0.44 0.026 0.024
(A)o28¢/(D)By-Ab34a/s 0.019 0.12 0.30 0.023 0.020
(A)823d/(D)By-Ab34a/o 0.026 | 0.156 0.20 0.029 0.023
(A)826d/(D)By-Ab34a/o 0.025 0.246 0.13 0.046 0.034
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FRET pair Do T Ao E A* SRpa(K2)
(A)528d/(D)By-Ab34a/a 0.008 0.25 0.12 0.047 0.034
(A)327d/(D)By-Ab34a/a 0.018 0.156 0.21 0.029 0.023

(A)323d/(D)By-Ab5c/a 0.021 0.156 0.32 0.029 0.026
(A)a12d/(D)By-Ab5a/d 0.038 0.203 0.64 0.04 0.044
(A)510a/(D)By-Ab5c/a 0.025 0.168 0.18 0.032 0.025
(A)326d/(D)By-Ab5a/a 0.037 0.246 0.07 0.047 0.030
(A)827d/(D)By-Ab5c/a 0.030 0.156 0.16 0.03 0.023
(A)328d/(D)By-Ab5a/a 0.029 0.25 0.07 0.048 0.031
(A)a12d/(D)By-Ab8a/d 0.059 0.203 0.61 0.041 0.044
(A)510d/(D)By-Ab8c/a 0.029 0.168 0.49 0.032 0.029
(A)323d/(D)By-Ab8a/a 0.049 0.156 0.40 0.030 0.028
(A)326d/(D)By-Ab8a/a 0.029 0.246 0.12 0.047 0.034
(A)527d/(D)By-Ab8c/a 0.019 0.156 0.16 0.029 0.022
(A)328d/(D)By-Ab8a/a. 0.054 0.25 0.07 0.048 0.033

Table 3.15 Uncertainties due to the orientation factor k? and residual donor 1, and acceptor 1, ., anisotropies and

experimental FRET efficiencies (E) used for the calculations in the studies system J(abd).

FRET pair TDoo Tao E AR SRpa(K*)
(D)y24a/(A)523d/aB-Ac 0.039 | 0.156 | 0.512 0.03 0.049
(D)y24a/(A)326d/aB-Ac 006 | 0256 | 0.538 0.05 0.052
(D)y24a/(A)528d/aB-Ac 0.046 | 0259 | 0.471 0.05 0.049
(D)y24a/(A)op-Ac22b/d 0.025 | 0.145 | 0.768 0.03 0.035
(D)y24a/(A)op-Ac12d/d 0019 | 0212 | 0.868 0.04 0.057
(D)y24a/(A)327d/aB-Ac 0.060 | 0.162 | 0.535 0.03 0.034
(D)y27b/(A)827d/ap-Ac 006 | 0.162 | 0.381 0.03 0.029
(D)y27a/(A)ap-Ac12d/s 0.004 | 0212 | 0.737 0.04 0.050
(D)y29a/(A)ap-Ac12d/s 0.027 | 0212 | 0491 0.04 0.040
(D)y29a/(A)328d/aB-Ac 0.034 | 0259 | 0.084 0.05 0.034
(D)y29a/(A)326d/aB-Ac 0.039 | 0256 | 0.1488 0.05 0.037
(D)y29a/(A)323d/aB-Ac 0.042 | 0.156 | 0.162 0.03 0.023
(D)y29a/(A)aB-Ac22b/5 0.052 | 0.145 | 0.635 0.03 0.033
(D)y29a/(A)327d/aB-Ac 0.020 | 0.162 | 0.223 0.03 0.024
(D)y8b/(A)510a/aB-Ac 0.068 | 0.168 | 0.633 0.036 0.039
(D)y8b/(A)526d/0f-Ac 0062 | 0256 | 0.178 0.051 0.040
(D)y8b/(A)528d/0-Ac 0.087 | 0259 | 0.139 0.053 0.039
(D)y8b/(A)523d/0f-Ac 0.093 | 0.156 | 0.529 0.036 0.037
(D)y8b/(A)aB-Ac12d/8 0071 | 0212 | 0.822 0.052 0.067
(D)y8b/(A)527d/0f-Ac 0.087 | 0.162 | 0.489 0.036 0.036
(D)523d/(A)ap-Ac22b/y 0.079 | 0.145 | 0.361 0.031 0.028
(A)y24a/(D)323d/aB-Ac 0.080 | 0.163 | 0.373 0.035 0.032

138



FRET pair Too | Tae E AP SRpa(K*)
(D)87d/(A)aB-Ac22bly 0.070 | 0.145 | 0.804 | 0.036 0.046
(D)87d/(A)ap-Acl 2bly 0.068 | 0212 | 0.835 0.052 0.068

(A)y8b/(D)37a/aB-Ac 0.087 | 0.178 | 0.833 0.05 0.065
(A)310a/(D)ap-Ac22b/y 0.088 | 0.168 | 0.701 0.041 0.046
(A)326d/(D)ap-Ac22bly 0.076 | 0256 | 0.199 | 0.051 0.040
(A)528d/(D)o-Ac22bly 0.077 | 0259 | 0.131 0.052 0.037
(A)527d/(D)oa-Ac22bly 0.077 | 0.162 | 0302 | 0.034 0.030
(A)38a/(D)ap-Ac22b/y 0.046 | 0.142 | 0.905 0.037 0.054
(A)310a/(D)aB-Ac23b/y 0.105 | 0.168 | 0.635 0.042 0.046
(A)327d/(D)op-Ac23bly 0092 | 0162 | 0232 | 0.035 0.029
(A)326d/(D)op-Ac23bly 0.105 | 0256 | 0.153 0.055 0.040
(A)528d/(D)a-Ac23bly 0.092 | 0259 | 0.156 | 0.054 0.041
(A)523d/(D)ap-Ac23bly 0.091 | 0.156 | 0354 | 0.034 0.031
(A)38a/(D)ap-Ac23b/y 0.065 | 0.142 | 0.847 0.037 0.049
(A)310a/(D)aB-Ac28b/y 0.056 | 0.168 | 0.199 | 0.033 0.026
(A)528d/(D)o-Ac28bly 0.055 | 0259 | 0062 | 0.051 0.032
(A)526d/(D)o-Ac28bly 0.003 | 0.0256 | 0.068 0.048 0.031
(A)523d/(D)a-Ac28bly 0.043 | 0.156 | 0.283 0.03 0.026
(A)327d/(D)op-Ac28bly 0.031 | 0.162 | 0.144 | 0.031 0.023
(A)38a/(D)ap-Ac28b/y 0.065 | 0.142 | 0.847 0.037 0.040
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3.3.4.3 All uncertainties

In this section calculated values for various relative distance errors and absolute distance error ARp 4 (total)

are provided (see Chapter 3.2.8 for calculations).

Table 3.16 Experimentally obtained distances Rps from PDA with corresponding relative error from PDA
ORpa(random), relative errors for Forster radius oRp4(Ry), relative errors for backgrounds oRp,(BG), relative
error for emission crosstalk oRp4 (), and relative error for gamma J6Rp4 (7). Absolute distance error is ARp4(total)

for J(bcd) structure

ARpy
ORpa(Ry) | ORpa(BG) | 6Rpa(a) | SRpa(y) (total),
[A]

éT‘.DA

FRET pair Rpa (random)

(D)B11¢/
(A)oy- 74.4 0.007 0.05 0.006 0.003 0.034 3.0
Aa28d/o

(D)B11c/
(A)dy- 68.0 0.008 0.06 0.005 0.001 0.034 2.8
Aa26d/a,

(D)p11e/
(A)dy- 57.0 0.005 0.05 0.005 0.001 0.034 2.2
Aa23d/a.
(D)p11e/
(A)dy-Aa8b/a
(D)B11c/
(A)a12d/dy- 42.6 0.008 0.09 0.007 0.0005 0.034 2.0
Aa
(D)B14c/
(A)dy- 66.4 0.011 0.06 0.006 0.003 0.034 2.8
Aa28d/a.
(D)B14c/
(A)dy- 63.5 0.01 0.06 0.005 0.001 0.022 2.1
Aa26d/o
(D)B14c/
(A)dy- 46.9 0.005 0.07 0.007 0.0005 0.034 2.2
Aa23d/o
(D)B14c/
(A)dy-Aa8b/a
(D)B14c/
(A)a12d/dy- 38.4 0.010 0.10 0.015 0.0005 0.034 2.0
Aa
(D)B27b/
(A)dy- 62.0 0.011 0.06 0.004 0.002 0.034 2.6
Aa28d/a.

40.9 0.008 0.08 0.018 0.0005 0.022 1.7

41.9 0.017 0.08 0.013 0.0005 0.022 1.8
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FRET pair

ORpa
(random)

O6Rp4(Ro)

ORps(BG)

O6Rpy(a)

ORpa(?)

ARpy
(total),
[A]

(D)B27b/
(A)dy-
Aa26d/o

59.7

0.014

0.06

0.004

0.001

0.034

2.6

(D)B27b/
(A)a26¢/dy-
Aa

58.2

0.007

0.05

0.007

0.0005

0.022

1.8

(D)B27b/
(A)a28c¢/dy-
Aa

56.6

0.005

0.05

0.007

0.0005

0.022

1.7

(A)al2d/
(D)B27b/dy-
Aa

40.1

0.009

0.09

0.007

0.0005

0.022

2.0

(D)B27b/
(A)dy-
Aa23d/a

55.2

0.011

0.05

0.004

0.0005

0.022

1.8

(D)B28b/
(A)dy-
Aa23d/o

57.8

0.005

0.05

0.005

0.0005

0.022

1.7

(D)p28b/
(A)dy-
Aa26d/o

60.8

0.011

0.06

0.005

0.001

0.022

2.1

(D)B28b/

(A)dy-
Aa28d/a

63.0

0.004

0.06

0.007

0.001

0.034

2.6

(A)o26¢/
(D)B28b/dy-
Aa

60.3

0.005

0.05

0.007

0.001

0.034

23

(A)al2d/
(D)B28b/dy-
Aa

41.6

0.003

0.09

0.013

0.0005

0.034

2.0

(A)a28c/
(D)B28b/dy-
Aa

61.4

0.005

0.05

0.008

0.001

0.034

2.4

(D)p29b/
(A)dy-
Aa28d/a

58.7

0.014

0.07

0.003

0.001

0.022

2.1

(D)B29b/

(A)dy-
Aa26d/a

56.3

0.012

0.07

0.003

0.001

0.022

2.0

(D)B29b/

(A)dy-
Aa23d/a

55.5

0.008

0.06

0.004

0.0005

0.022

1.7

(A)al2d/
(D)B29b/dy-
Aa

424

0.009

0.09

0.008

0.0005

0.022

1.8
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SR 4Rp,
FRET pair | Rpy o4 ORpa(Ro) | SRpa(BG) | SRpa(a) | dRpa(y) | (total),
(random) (A]
(D)B5¢/
(A)dy- 78.7 0.023 0.05 0.005 0.0005 | 0.022 3.6
Aa28d/o
(D)B5¢/
(A)dy- 75.7 0.015 0.05 0.008 0.004 0.034 3.2
Aa26d/o
(D)B5¢/
(A)dy- 58.3 0.008 0.05 0.004 0.001 0.034 23
Aa23d/o
( A)%]??i?g/b o | 345 0.074 0.05 0.005 0.0005 | 0.022 44
(D)B5¢/
o - . . . . . . .
(A)al2d/sy- | 51.9 0.005 0.06 0.004 0.0005 | 0.034 2.1
Aa
(D)p8¢/
(A)dy- 78.0 0.047 0.05 0.014 0.007 0.034 49
Aa28d/a
(D)p8¢/
(A)dy- 68.7 0.012 0.06 0.006 0.001 0.034 2.9
Aa26d/o
(D)B8¢/
(A)dy- 56.6 0.006 0.05 0.005 0.001 0.034 2.2
Aa23d/o
( A()Igy)ﬂ:g{) o | 419 0.016 0.08 0.013 0.0005 | 0.022 1.8
(D()‘%%‘i}gﬁga 48.0 0.004 0.07 0.005 0.0005 | 0.034 2.0
(D)(é?ﬁng o | 519 0.023 0.06 0.012 0.0005 | 0.022 2.1
(D()‘gy)fff% B | 512 0.008 0.05 0.009 0.0005 | 0.022 1.6
(D()?if’jﬁ% B | 423 0.009 0.06 0.014 0.0005 | 0.022 1.5
(?jgzﬁifg/ 50.6 0.020 0.05 0.007 0.0005 | 0.034 2.2
G?{i?&%i?g/ 50.1 0.010 0.05 0.006 0.0005 | 0.034 2.0
(D()‘gﬁig{) | 366 0.010 0.10 0.013 0.0005 | 0.034 1.9
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Table 3.17 Experimentally obtained distances Rps from PDA with corresponding relative error from PDA
ORpa(random), relative errors for Forster radius oRp4(Ry), relative errors for backgrounds oRp,(BG), relative
error for emission crosstalk oRp4 (), and relative error for gamma J6Rp4 (7). Absolute distance error is ARp4(total)

for J(acd) structure.

AR
FRET pair | Rp, (mé:ggm) SRoa(Ro) | Roa(BG) | SRoa(@) | SRoa(7) (tﬁ%?)’
(D)(g‘;)_ilbolz/c/a 494 | 0.009 0.062 0.009 | 0.0001 | 0030 | 2.1
D)([g)i lbolal/ i o | 466 | 0.004 0.073 0.011 0.0001 | 0.030 2.1
(D)([l;/)—izlfl(z/c o | 639 [ o012 0.056 0.006 | 0.0003 | 0030 | 26
(ng‘;).izbgﬂa o | 723 0.003 0.048 0.005 0.0029 | 0.030 2.7
(D)(g)_fbg‘:(a o | 709 | 0025 0.048 0010 | 00027 | 0030 | 32
(D)(f;?).izb?’;za/a 65.6 0.049 0.044 0.009 0.0015 | 0.030 4.0
(D)(é?).?bic:t/a o | 479 | 0010 0.062 0010 | 00002 | 0030 | 2.1
(D)(f%).izbidl/a/a 58.5 0.012 0.053 0.006 0.0006 | 0.030 24
(D()[Eﬁig; o | 556 | 0007 0.052 0.007 | 00005 | 0030 | 22
(D)(g).izbgldl/a/a 74.2 0.020 0.049 0.009 0.0037 0.030 32
(D()‘gfigg; o | 753 00 0.046 0010 | 00041 | 0030 | 33
(D()’gy)?igg; o | 803 | 0048 0.044 0013 | 00058 | 0030 | 49
(D)([fy)_fbija 55 | 601 | 0010 0.045 0.006 | 00011 | 0030 | 23
(D()‘gfiggi o | 568 | 0.006 0.052 0.006 | 00005 | 0030 | 22
(D()‘;;:/zlf;_gb 3.7 | 0.006 0.051 0.006 | 00004 | 0030 | 2.1
(D)([?Y)_ffbﬁ% o | 627 ] 0006 0.056 0008 | 00013 | 0030 | 25
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FRET pair R ORpa ' ARpg4
pat b4 | (random) | Roa(Ro) | Rpa(BG) | SRpa(a) | SRpa(p) | (total),
A
(A)526d/ 4.9 4]
(D)By-Abl 1a/a ) 0.027 0.046 0.016 0.0039 0.030 3.6
(A)526d/ 7
(D)By-Ab8a/a 1 0.006 0.048 0.009 0.0033 0.030 2.8
(A)526d/
(D)By-Absa/a 80.5 0.013 0.043 0.015 0.0061 0.030 3.3
(D)57a/
(A)By-Abl4c /o 40.8 0.004 0.074 0.016 0.0001 0.030 1.9
(A)510a/ 673
(D)By-Ab5c/o . 0.025 0.044 0.005 0.0007 0.030 3.0
(A)al2d/ 39
(D)57d/By-Ab 3 0.006 0.083 0.019 0.0001 0.030 2.0
(A)al2d/ 39
(D)By-Abl14a/d .6 0.006 0.097 0.018 0.0001 0.030 22
(A)al2d/ 376
(D)By-Ab29a/5 : 0.005 0.086 0.017 0.0001 | 0.030 1.9
(A)a26d/ 579
(D)By-Ab29a/5 . 0.007 0.049 0.005 0.0006 0.030 22
(A)a28d/ 0
(D)By-Ab29a/3 0.005 0.044 0.005 0.0008 0.030 2.3
(A)523d/ 5
(D)By-Ab29ao 5 0.009 0.055 0.005 0.0003 0.030 2.1
(A)526d/ 51
(D)By-Ab29a/a 5 0.006 0.068 0.004 0.0004 0.030 2.2
(A)528d/ 4
(D)By-Ab29a/a 1 0.018 0.065 0.004 0.0007 0.030 2.5
(A)o26d/ 60
(D)By-Ab34a/d . 0.006 0.050 0.015 0.0005 0.030 23
(A)a26¢/ 57
(D) 57a/By-Ab 6 0.027 0.053 0.006 0.0001 0.030 2.5
(A)al2d/ 5
(D)By-Abl1a/d 5 0.006 0.079 0.012 0.0001 0.030 2.1
(A)al2d/
(D)By-AbSa/s 48.2 0.003 0.067 0.008 0.0002 0.030 2.1
(A)al2d/ 47
(D)By-Ab112/5 4 0.010 0.068 0.008 0.0002 0.030 2.1
(A)al2d/ 51
(D)By-Ab34a/s 5 0.011 0.062 0.007 0.0005 0.030 2.2
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. SR ARpy
FRET DA '
Pair | Rpa | ondom) | ORpalRo) | GRpa(BG) | GRpa(a) | SRpa(r) (togaz),
[A]
(D)523d/
Aprabidera | 481 0026 0.061 0.008 0.0001 | 0.030 23
(A)a26¢/
(D) s3apyab | 72| 0008 0.049 0.006 0.0002 | 0.030 22
(A)a28¢/(D)
Shapyap | 630 | 0011 0.048 0.005 0.0003 | 0.030 24
(A)527d/
D)y Absdale | 047 | 0027 0.045 0.008 0.0005 | 0.030 2.9
(A)527d/
(D)pyAbooaa | 05 | 0020 0.058 0.008 0.0001 | 0.030 23
(A)527d/
D)y Ablaci | 489 | 0.006 0.060 0.006 0.0001 | 0.030 2.0
(A)527d/
(D)py-Abllc/a | 020 | 0005 0.049 0.007 0.0003 | 0.030 23
(A)527d/
(D)By-Abse/a | 83 | 0007 0.042 0.008 0.0006 | 0.030 25
(A)527d/
(D)py-Abse/o | 682 | 0009 0.043 0.008 0.0005 | 0.030 26
(A)523d/(D)py-
Sl 50.1 | 0.010 0.049 0.004 0.0003 | 0.030 23
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Table 3.18 Experimentally obtained distances Rp, from PDA with corresponding relative error from PDA

ORp4(random), relative errors for Forster radius SR 4(R,), relative errors for backgrounds oRp,(BG), relative

error for emission crosstalk oRp4 (), and relative error for gamma J6Rp4(%). Absolute distance error is ARp 4(total)

for J(abd) structure.

R 4Rp,
FRET palr Roa (ramli)gm) ORpa(Ro) | SRpa(BG) | Rpa(@) | SRpa(n) (togal),
[A]
(D)Y8b/(A)o10a/ 47.5 0.004 0.065 0.018 0.0003 0.032 2.2
af-Ac
(D)Y8b/(A)526d/ 66.4 0.010 0.054 0.010 0.0034 0.032 2.8
af-Ac
(D)Y8b/(A)528d/ 70.5 0.008 0.052 0.010 0.0053 0.032 2.9
af-Ac
(D)Y8b/(A)823d/ 51.0 0.051 0.061 0.010 0.0006 0.032 34
af-Ac
(D)Y'8b/
(A)aB-Ac12d/s 40.3 0.008 0.091 0.041 0.0001 0.038 28
(A)d10a/
(D)aB-Ac28b/Y 65.6 0.008 0.046 0.027 0.0017 0.038 34
(A)528d/
(D)aB-Ac28b/Y 81.7 0.030 0.044 0.077 0.0090 0.038 7.7
(A)d26d/
(D)aB-Ac28b/Y 80.4 0.023 0.044 0.028 0.0083 0.038 4.5
(A)d23d/
(D)aB-Ac28b/Y 60.7 0.014 0.048 0.021 0.0013 0.038 3.1
(D)67d/
(A)aB-Ac22b/Y 41.1 0.007 0.075 0.034 0.0001 0.032 2.4
(D)a7d/
(A)oB-Ac12b/Y 39.7 0.004 0.092 0.033 0.0001 0.032 2.4
(A)Y8b/
(D)37a/0B-Ac 39.8 0.006 0.090 0.024 0.0001 0.032 2.3
(D)Y29a/
(A)aB-Ac12d/s 52.3 0.015 0.061 0.012 0.0006 0.038 2.7
(D)Y29a/
(A)328d/ap-Ac 76.6 0.037 0.047 0.026 0.0113 0.032 4.6
(D)Y29a/
(A)526d/0f-Ac 69.6 0.061 0.051 0.016 0.0051 0.032 5.1
(D)Y29a/
(A)323d/0f-Ac 68.4 0.030 0.042 0.018 0.0027 0.038 3.8
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. R ARp,
FRE DA 1]
Tpair | Roa | o ondom) | Rpa(Ro) | Rpa(BEG) | SRps(@) | SRpa(n) (total)
[A]
(D)Y29a/
(A)of-Ac22b/5 474 0.014 0.061 0.011 0.0010 0.032 2.1
(A)510a/
Dyopoac2sby | 474 0.004 0.069 0.021 0.0002 0.038 2.5
(D)Y24a/
(A)523d/0B-Ac 51.6 0.009 0.056 0.008 0.0003 0.038 2.4
(D)Y24a/
(A)526d/ap-Ac 50.7 0.004 0.071 0.007 0.0004 0.038 2.5
(D)Y24a/
(A)528d/aB-Ac 53.0 0.006 0.067 0.006 0.0005 0.038 2.6
(D)Y24a/
(A)oB-Ac22b/5 42.6 0.005 0.068 0.020 0.0001 0.038 2.2
(D)Y24a/
(A)aB-Ac12d/d 38.0 0.008 0.086 0.029 0.0001 0.038 2.3
(A)510a/
(D)aB-Ac22b/Y 46.2 0.003 0.070 0.012 0.0003 0.038 2.3
(A)d26d/
(D)aB-Ac22b/Y 66.2 0.007 0.055 0.008 0.0021 0.038 3.1
(A)528d/
(D)aB-Ac22b/Y 72.9 0.014 0.050 0.013 0.0044 0.038 35
(D)Y29a/
(As27dap-ac | 040 0.009 0.045 0.011 0.0032 | 0.032 2.6
(A)o27d/
(D)aB-Ac22b/Y 59.8 0.008 0.051 0.008 0.0011 0.032 2.4
(A)d27d/
(D)oB-Ac23b/Y 63.5 0.009 0.048 0.009 0.0024 0.032 2.6
(D)Y24a/
(A)527d/aB-Ac 50.8 0.006 0.059 0.013 0.0003 0.032 2.2
(D)Y'8b/
(A)527d/0B-Ac 52.4 0.004 0.059 0.012 0.0004 0.032 2.2
(D)523d/
(A)aB-Ac22b/Y 57.2 0.008 0.051 0.012 0.0008 0.032 2.4
(A)Y24a/
(D)523d/0B-Ac 56.7 0.006 0.054 0.008 0.0010 0.032 2.3
(A)d26d/
(D)aB-Ac23b/Y 70.8 0.004 0.053 0.015 0.0030 0.038 34
(D)Y27b/
(A)527d/0B-Ac 57.9 0.017 0.051 0.007 0.0019 0.032 2.5
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. SRpa , 4Rp,y
FRET pair Roa | random) | FRpa(Ro) | SRpa(BG) | SRpa(e@) | Rpa(7) (tﬁo]d)’
(D)&‘E?ZZ‘;; | 700 0.030 0.042 0.028 0.0046 | 0.032 3.9
(D)gg?ig‘;; | 689 0.004 0.054 0.013 0.0020 | 0.038 33
(D)g%?ig% v | 575 0.010 0.053 0.005 0.0009 | 0.038 2.7
D) OEBA )Asfzaéb | 357 0.010 0.087 0.039 0.0000 | 0.038 24
D) OE[’; )ffgb | 391 0.008 0.080 0.028 0.0001 | 0.038 23
D) OEBA )ff;éb | 484 0.009 0.064 0.010 0.0003 | 0.038 24
( A)(O]?B)_ijlg/d 5 | 438 0.008 0.075 0.012 0.0001 | 0.038 23
( A)(S?%Zf;g_ Ae | 475 0.004 0.065 0.018 0.0003 | 0.032 22

3.3.5 Model selection

Four different RBD models were generated based on the distinct bond criteria for the junction (Table 3.3).
Models were evaluated quantitatively by Zﬁ, RMSD and visual inspection of the Watson-Crick base pairing
(Table 3.19, Figure 3.20-3.22). Structures modeled with ,,GC-rigid, AU-rigid* have the highest Zﬁ, and thus

were discarded for further analysis. The structures obtained with ,,GC-rigid, AU-soft“violate FRET
restrains and hence ;(ﬁ is still high (Table 3.19).

Next, still accounting for Watson —Crick bases pairing, I explore ,,GC-stiff AU-soft“ model (Table 3.3 and
Table 3.4). Overall comparison of the ,,GC-stiff AU-soft“ model with ,,GC-rigid, AU-soft“ reveals
decreasing in 2 (Table 3.19).

The previously used model ,,GC-soft AU-soft* for RNA 3W1J studies'?® does not account for differences in
the bond rigidity in Watson —Crick bases pairing, however the structural differences between this model and
model ,,GC-stiff AU-soft* results in a similar Zi (Table 3.19). The biggest discrepancy is observed in the
junction area, whereas helices are perfectly aligned for J(abd), J(bcd) and slightly misaligned for J(acd). As
RNA constructs do not have fluorescence labels in the junction area, this FRET study cannot resolve

junction and support structural configuration of any model.

148



Table 3.19 Trial models and goodness of the fit for the best RBD models. All RNA 3WJ are simulated with models with

particular bond-error configuration (Table 3.3). The fit quality are judged with Zf

Model

System of | Base pairsin GC-soft AU- GC-stiff, GC- rigid, GC-rigid,

study the junction soft AU-soft AU-soft AU-rigid
P

J(abd) 2 AU+1 GC 1.22 1.24 1.22 3.00
J(bcd) 3AU 1.04 1.05 1.36 1.88
J(acd) 2 AU+1 GC 1.30 1.32 1.64 2.08
J(abc) 2 AU+1 GC 1.91 1.97 2.11 5.17

In conclusion it is proposed to use ,,GC-stiff AU-soft* model as it optimizes hydrogen bond’s flexibility for
Watson-Crick base pairs, provides enough flexibility due to the junction fragmentation into 12 pieces and

finally optimally low ;(f
3.3.6 Visual representation and comparison of RNA 3WJ

Three dimensional RNA structures were obtained using Rigid Body Docking approach (Chapter 3.2.9.3) and
visualized with Pymol 2.3'%°. Selected model “GC-stiff AU-soft” was compared visually with
complementary models “GC-soft AU-soft” and “GC-rigid AU-soft” (Table 3.4). For all studied structures
model “GC-stiff AU-soft” and model “GC-soft AU-soft” provide very similar structures with RMSD
below 2 A (Figure 3.20-3.22B) and very similar ;(i (Table 3.19). Comparison of the structures obtained with
model “GC-stiff AU-soft” and model “GC-rigid AU-soft” gives diverse results for different structures.
J(abd) (Figure 3.20A) shows that model “GC-rigid AU-soft” (in red) differs from model “GC-stiff AU-
soft” (gray) in the junction and in one of the helical orientation. This difference is registered with

RMSD=5.04.
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“GC-soft, AU-soft”

GC-rigid, AU-soft “GC-stiff, AU-soft”

“GC-stiff, AU-soft”

RMSD=5.04 RMSD=0.48

Figure 3.20 Visual representation of the simulated J(abd) structure, using different models: model “GC-rigid, AU-soft”
in red, model “GC-soft, AU-soft” in green, model “GC-stiff, AU-soft” in gray. RMSD between P atoms of different

structures indicates the structural similarity.

The discrepancy between “GC-rigid AU-soft”and “GC-stiff AU-soft”for J(acd) is less pronounced and
resulted in RMSD=1.90

“GC-soft, AU-soft”
g “GC-stiff, AU-soft”

“GC-rigid, AU-soft”
“GC-stiff, AU-soft”

RMSD=1.90
RMSD=1.90

Figure 3.21 Visual representation of the simulated J(acd) structure, using different models: model “GC-rigid, AU-soft”
in red, model “GC-soft, AU-soft” in green, model “GC-stiff, AU-soft” in gray. RMSD between P atoms of different

structures indicates the structural similarity.
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The model comparison for structure J(bcd) shows that model “GC-stiff AU-soft” and model “GC-rigid
AU-soft” gives similar results (RMSD=1.47, Figure 3.22A) whereas the discrepancy between model “GC-
stiff AU-soft” and model “GC-soft AU-soft” is even smaller (RMSD=0.57, Figure 3.22B).

“GC-rigid, AU-soft”
“GC-stiff, AU-soft”

RMSD=1.47 RMSD=0.57

Figure 3.22 Visual representation of the simulated J(bcd) structure, using different models: model “GC-rigid, AU-soft”
in red, model “GC-soft, AU-soft” in green, model “GC-stiff, AU-soft” in gray. RMSD between P atoms of different

structures indicates the structural similarity.
3.3.7 Cluster analysis of the rigid body docking (RBD) results

Discrimination of the family of the best structures for selected “GC-stiff, AU-soft” model was done by

cluster analysis (Figure 3.23). The reduced ;(? of the docked structures is plotted versus RMSD with

,FRET

respect to the best docked structure (Figure 3.24). Note, that J(abd) RBD ensemble has structures with lower
XZrer then the best RBD structure (green star in Figure 3.23B). This is due to the fact that when the best
structure is selected, x5, contribution is taken into account as well (Eq.102). The best structure for each
RNA3WIJ construct is depicted with green star in the Figure 3.23 and its three-dimensional structure used for
structural comparison within all RNA 3W1J constructs (Chapter 3.3.8). 95% confidence interval is shaded
with green and depends on the number of degrees of freedom of the model. Here Nyor = 36 for J(bed),
Ngor = 39 for J(acd) and Ny,r = 36 for J(abd) and Ng,r = 38 for J(abc) (see Chapter 3.2.10). Also the
visual inspection of the Figure 3.23 indicates that there is always a family of structures with RMSD < 2 A for
every construct, indicating several unique solutions. The best structures within corresponding family are

visualized in Figure 3.24.
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Figure 3.23 Model discrimination with cluster analysis (black points) of (A) J(bcd) structure; (B) J(abd) structure; (C)
J(acd) structure; (D) J(abc) structure. Green area represents 95% confident interval, the best RBD solution is shown

with green star.
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J(abd) J(abc)

Figure 3.24 Visualization of the selected best structures from Figure 3.24. Colored sticks represent structure with the

lowest ;ngRET (green star in Figure 3.23) whereas cartoon represent the best family within 95% confidence interval

and RMSD < 2 A. (A) J(bcd) structure; (B) J(bed); (C) J(acd); (D) J(abc).

3.3.7.1 Model assessment

To test the accuracy of the selected model, deviations between the best RBD model distances Ryoder and the
experimental distances (Rp, /., weighted by experimental error ARp, are plotted (Figure 3.25). Individual
deviations are shown as weighted residuals in the bottom part of each plot. All deviations are assembled in
histograms (upper plot) and fitted with Gaussian (magenta curve) distribution. This analysis allows detecting

systematic errors if there is any.

For J(bcd) structure the center of the Gaussian fit of the weighted distance deviation is around zero (Xcenier= -

0.05, o = 0.53), indicating that there are no systematic deviations of the model. Model distances are slightly
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larger than experimental distances for other structures (J(abd)= xcener= -0.5, 0=0.60; J(acd): xcene= -0.5,

0=0.58; J(abc): Xcener= -0.5, 0=1.12). This might indicate possible outliers in measured distances (Rp4 /) in

RNA constructs with helix a. One of the possible reason could be quenching processes (Chapter 3.3.1) on

the end labeled donor (position (D)y29a (J(abd), J(abc)) or equivalent (D)By-Ab34a (J(acd)) that strongly

affects distance determination.
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Figure 3.25 Frequency histograms of all experimental deviations (Rp4), from model distances Rmoqe Weighted by

experimental error ARp, (upper plots) with Gaussian fit (magenta curve). Correspondent residuals are depicted on the
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bottom part. All residual plots share the same order of the interhelical FRET distances, right y-axis indicate the pair of
helices interconnected by FRET distance, empty line indicate that particular FRET pair was not measured for specific

molecule. (A) structure J(bcd); (B) structure J(abd); (C) structure J(acd); (D) structure J(abc).

Another way of approaching this problem is plotting the scatter plots of experimental (Rp,/). distances
versus model distances Ry.q (Figure 3.26). Additionally, experimental errors (Chapter 3.2.8) are also
shown. In the absence of the systematic errors, points should be scattered around 1:1 line. Linear regression
(red line) indicates almost no significant systematic deviations and follows nearly 1:1 line (gray line) for

J(bcd), J(abd) and J(acd) with slight tendency of overestimating experimental distances. The deviations are

even bigger for J(abc) construct.
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Figure 3.26 The experimental distances (Rpa)e Obtained from PDA analysis with experimental errors are plotted

against model distances R4l for the collection of RNA 3WJ constructs. Red line is the linear regression and black line

is 1:1 line. (A) structure J(bcd); (B) structure J(abd); (C) structure J(acd); (D) structure J(abc).
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3.3.8 Conformational space for RBD structures

This chapter presents the study of the structural similarity based on different alignment methods and
comparison of the geometrical parameters. Based on selected criteria (Chapter 3.3.6), structures modeled

with “GC-stiff, AU-soft” model are chosen for further analysis (Figure 3.27).

J(bed) J(acd) J(abd) J(abc)

Figure 3.27 Best RNA 3WIJ structures with the lowest ;(f

RNA 3WIJ conformations can be designated through Euler angles that characterize the orientation of the

160.161 * This information is a key to understanding whether the studied

helices with respect to each other
RNA3WIJ molecules are structurally similar. Here, two strategies of structural comparison based on Euler

angles are proposed.

Helix

angle 3
Helix I

angle 1 O
Yy Helixce L]

angle2

Helix Il

A B

Figure 3.28 Schematic representation of mutual (A) and Euler (B) angles describing the steric helical orientation

demonstrated on the J(acd) structure.
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First, the structures are compared by their shape. In this case, the individual sequence information is ignored
and the RNA 3WI constructs are compared via mutual angles according to an established routine. Note that
each RNA 3WIJ has an individual set of three helices out of four possible (Figure 3.1) and thus, within the
given naming system, it is impossible to compare the structures even in pairs as they share only two out of
three helices, e.g. J(abd) and J(acd). Therefore, to be able to compare structures with different helical names,

a different naming convention is needed.

Mutual angles were calculated for each structure and the helix names were assigned such that the largest
mutual angle (angle 1) is always between Helix / and Helix /I, second largest angle (angle 2) is between
Helix /I and Helix /II and the smallest angle (angle 3) is between Helix //] and Helix / (Figure 3.28A, Table
3.20). This transition from the letters a, b, ¢, d to roman numbers /, I, Il distinguishes sequence-based

alignment from structural alignment and helps to compare RNA 3WJ with different sequences.

Table 3.20 Reassignment of the helical names. Letters g, b, ¢, d change from sequence-based naming to the shape-

base nomenclature of the roman numbers.

Structure Helix 7 Helix 17 Helix 717
J(abc) Helix b Helix ¢ Helix a
J(abd) Helix b Helix d Helix a
J(acd) Helix ¢ Helix d Helix a
J(bcd) Helix ¢ Helix d Helix b

For a comprehensive description of the obtained 3D structures, such as exact orientation and helical rotation,
complete set of Euler angles can be calculated for each construct and compared between all RNA systems. In
this approach the shape-based naming is used. The coordinate system is chosen such that the rotation matrix
of helix / is always an identity matrix. That means that helix / lies along z-axis, its Euler angles equals zero

(¢,, 0, ¥, = 0) and the first P-atom of the first nucleotide on the 5’-end serves as the rotation pivot point

with rotation angle y;, .. = —50.86°

Alignment is always done via helix / for each structure. The mutual angle 0 between helix pairs indicates the
general shape and the angles @ and  define the twist of helices and the planarity of the junction in a given

coordinate system (Figure 3.28B).
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3.3.8.1 Mutual angles

The best structure after docking (structure with the lowest ;(f) for each RNA 3WJ was bootstrapped 10000
times and the structures within the 68%, 87% and 95% confidence levels were selected for display (Figure
3.30B). Figure 3.29A demonstrates mutual angle / vs mutual angle /I for selected bootstrapped J(abd)
structures. The inner light blue contour corresponds to the 1o (68%), the middle blue contour to 1.50 (87%),
and outer dark blue to the 20 (95%) confidence interval. Such analysis was carried out for all combinations
of mutual angles for all RNA 3WJ structures and the result is displayed in Figure 3.30B. The results
demonstrate a wide angular distribution for bootstrapped structures. For J(acd) and J(abd) angle 7/ can reach
up to 180°, indicating approximate coaxial helical stacking of helices C-D and helices B-D (Figure 3.30B).
The largest angle 7 is similar for structures J(bcd) and J(abc) within the 1.50 confidence interval, but unlike
other two structures does not reach 180° and thus coaxial helical stacking is not observed for J(bed) and
J(abc). In conclusion, due to the high overlap of the distributions, the shapes of the studied RNA 3WJ as

indicated by the mutual angles, are not distinguishable within given confidence intervals.

Data for J(abc) structures has been measured in the previous work and provided by H. Vardanyan.

angle Il

0 50 100 150 angle /Il
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50 = -

A 0 " 1 " 1 " 1 " B

Figure 3.29 (A) Visual representation of the biggest mutual angle / vs second biggest angle /I for bootstrapped J(abd)
structures with 68%, 87% and 95% confidence intervals, represented by light blue, blue and dark blue respectively.
The blue triangle indicates the structure with the lowest Zf (the best structure); (B) The best J(abd) structure after
Rigid Body Docking modeling. All mutual angles are shown schematically: the largest angle (angle /), the second large

(angle 1) and the smallest angle (angle //]).
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Figure 3.30 (A) Visual representation of the RNA 3WIJs with the lowest Zf (the best structures) aligned via mutual
angles pairwise in all possible combinations. Alignment is carried out only via helices, while the junctions are not
considered. This plot should be read as a matrix, e.g. the first column represents the overlay of J(abd) with all other
possible structures, whereas second row represents alignment with J(acd). Then, the cross-section of the first column
and second row shows the overlay between J(abd) and J(acd). The RMSD values between phosphorous atoms are
shown below each overlay. Large values indicate that even though helices have similar mutual angles, they differ in
their rotation; (B) The best structures are shown with symbols and in the same colors as in (A): J(abd) in blue up-
triangle, J(acd) in green down-triangle, J(bcd) in red diamond and J(abc) in orange square. Exact values for mutual
angles for the best structures are presented in Table 3.21. Visual representation of the mutual angles for
bootstrapped structures with 68%, 87% and 95% confidence intervals are shown as contours. J(abd) in blue hues,

J(acd)-in green hues, J(bcd) — in red hues and J(abc) —orange hues.

159



Visual representation of the best docked structures is shown in Figure 3.30. Alignment is done only via

helices, omitting first two base-pairs in the junction. The RMSD between P atoms is reported based on given

alignment.

Mutual angles values for the best docked structures (structures with the lowest ;(ﬁ) after Rigid Body Docking

modeling are provided in the Table 3.21.

Table 3.21 Mutual angles values for the best RBD structures with the lowest Zi for studied RNA 3WJ and J(abc) for

comparison. Helices that form the angle are shown in brackets.

Angle / Angle Il Angle 1l
Structure
(helical pair) (helical pair) (helical pair)
J(abd) 158.3° (d-b) 117.8°(a-d) 80.9°(a-b)
J(acd) 146.1° (d-c) 128.2°(a-d) 77.4°(a-c)
J(bed) 138.8° (d-c) 134.1°(b-d) 87.0°(c-b)
J(abc) 152.6° (c-b) 115.3°(a-c) 92.1°(a-b)

3.3.8.2 Rotation angles

The global conformation of RNA 3WJ is defined not only by the mutual arrangement but also by helical
rotation. A full description of the helical orientation can be extracted from the calculation of Euler angles
(Figure 3.28B) with respect to a fixed coordinate system. Here, the previously discussed mutual angle is
denoted as 0, rotation around the helical axis y is given, and ¢ indicates the angle between helical projection
and the axis. Subscripts indicate the helical number according to the established designation in Figure 3.28A
and at the beginning of the chapter. As mentioned above, all angles of the helix 7 are zero and thus not
further discussed. Euler angles of the helices /I and /11 are illustrated in Figure 3.31. The reassignment from
roman numbers to Latin letters for the helix names is provided in Table 3.20. Topological confinement for
selected structures is illustrated within 68%, 87% and 95% confidence levels. Figure 3.31A illustrates the
orientation map for helix /7. The rotation of helix y;, is widely distributed for all structures, indicating
diverse rotational conformation for the particular helices in RNA 3W1J. Interestingly, y;, for J(abd) (in blue)
covers [-m;m] space, indicating loss of this degree of freedom, or so-called gimbal lock. The same
observation is valid for the ¢,, angle for J(abd). ¢, for J(acd) (green) structure is also widely distributed and

aligns with J(bcd) within all three suggested confidence intervals and only within 20 with J(abc) (orange).
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Analysis of angles of the helix /Il (Figure 3.31B) reveals that for ¢, the different structures prefer to cluster

in groups by J(abd) with J(abc) and another group J(bcd) with J(acd). These groups do not overlay within
95% confidence interval. All four studied RNA 3WJ have similar y,,, angle within all suggested confidence

intervals.

In summary, the data suggests that topologically allowed range of helical rotation can be slightly modulated

by sequence variation.
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Figure 3.31 Error range for orientation of helices: (A) helices forming the angle // and (B) helices forming the angle /Il in terms of Euler angles with 68%, 87% and 95% confidence
interval. Here, bootstrapped structure s are depicted as: J(bcd) in red hues, J(acd) in green hues, J(abd) in blue hues and J(abc) in orange hues. The best structures are shown

with symbols and in the same colors as contours: J(abd) in blue up-triangle, J(acd) in green down-triangle, J(bcd) in red diamond and J(abc) in orange square.
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3.3.8.3 Structural planarity

In order to investigate the structural planarity of RNA 3WJ, the coplanarity score can be calculated. A set
of vectors are coplanar if they have the same initial point and lie in the same plane. Geometrically, the
absolute value of the triple product defines the volume ¥V of the parallelepiped with sides represented as

three vectors (Figure 3.32). So, if these three vectors are coplanar, then the triple product of these three 3-

dimensional vectors d, b and & equals zero'® (Eq. 108), meaning that the parallelepiped defined by them

1s flat and has no volume.
v=d-(bx?) (108)

Swapping any two of the three operands gives the negative value of the triple product and is called left-

handed triple.

V=ad (bx&)=-ad (¢xb) (109)

baseE

Figure 3.32 Three vectors d, 3, € defining a parallelepiped. Figure is taken from Wikipedia.

I analyzed all structures within 95% confidence interval. For each RNA configuration within the collected
ensemble, each helix was represented by a vector and then the triple product was calculated for each 3WJ.

The coplanarity distribution is shown in Figure 3.33.
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Figure 3.33 Coplanarity distribution within 95% confidence interval for structures (A): J(acd) in green; (B) J(abd) in
blue; (C) J(bcd) in red; (D) J(abc) in orange. J(abc) structures within 95% confidence interval were estimated as
suggested in %%, as obtained ;(f for the best structures with current method is higher than 95% threshold. The y-
axis indicates the number of the structures in the bin; the x-axis is vector triple product, V, as described in equation

108. Arrows indicate the bin containing the best RBD structure (with the Iowest;(f).

The distributions in Figure 3.33 demonstrate that J(acd) and J(abd) ensembles are not planar and have
narrow distributions, although each of them has a specific outlier (J(acd) at V=-0.18 and J(abd) at V=-
0.36). The J(bcd) ensemble is broader and the triple product ¥ covers the range from -0.09 to 0.05,
meaning that it includes planar structures. Figure 3.33C shows that most of the structures are close to
planar with ¥=-0.013 although the conformer with the lowest ;(i is tripod-like with }=-0.053 (indicated
with red arrow. The J(abc) best structure is planar (orange arrow, Figure 3.33D), although this family has

the broadest distribution. Triple products, V, for the best structures and the standard deviation of the

distribution are collected in Table 3.22.
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Table 3.22 Coplanarity characteristics for the best RBD structures of the studied RNA 3WJ systems (with the lowest

;gf as indicated with arrows in (A)-(D)) and the standard deviation of the distributions in Figure 3.33.

Structure Coplanarity, V St.dev
J(abd) -0.175 0.019
J(acd) -0.326 0.011
J(bcd) -0.053 0.027
J(abc) -0.002 0.050

Data for J(abc) construct is added for comparison (previously studied by H. Vardanyan'?®).

3.3.8.4 Alignment via sequence

The RNA sequence plays an important role in the formation of tertiary structures!¢*!%3

and specific
binding of ribosomal proteins that stabilize the RNA structure (e.g. S15)!%*!%. Thus it is crucial to

understand the link between sequence variation and the conformational space of RNA.

In this chapter, comparison of the studied RNA 3D structures based on sequence alignment is discussed.

As before (Figure 3.31) I will consider mutual angles for comparison.

Alignment via a particular helix (e.g. helix a) makes the comparison of all four RNA 3W1J impossible, as
they do not share all the same helix. Only three structures out of four have at least one helix in common
and thus can be compared (Figure 3.34-3.37). Figure 3.34 demonstrates all possible combinations of the
mutual angles for structures that contain helix a within 68%, 87% and 95% confidence levels. For this
representation all structures are aligned via helix 4 and mutual angles are calculated as discussed above
(see also Figure 3.28). In this depiction J(abd) (in blue) and J(acd) (in green) are highly similar within the
chosen confidence levels. Additionally, Figure 3.34A also demonstrates that some structures in the
selected ensemble reveal stacking interaction between helix b and d for J(abd) and ¢ and d for J(acd). At
the same time confidence intervals of J(acd) does not overlap with those of J(abc) (in orange) within any
considered confidence interval (Figure 3.34B). Figure 3.34C demonstrates the comparison of J(abd) and

J(abc). The plot suggests that these structures are similar within 87% and 95% confidence levels.

Now let us consider alignment via helix b (Figure 3.35). Comparison of J(abd) and J(bcd) shows
similarity only within 87% and 95% confidence levels (Figure 3.35A), J(abc) and J(bcd) demonstrate
strong topological diversity and are not comparable even within 95% confidence interval (Figure 3.35B).

Figure 3.35C shows that J(abc) and J(abd) are similar within 68%, 87% and 95% confidence levels.
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Alignment via helix c reveals the following features (Figure 3.36): Comparison of J(abc) in orange with
J(acd) in green (Figure 3.36A) demonstrates a slight overlap within the 95% confidence level suggesting
diversity of the constructs. Figure 3.36B demonstrates that J(bcd) and J(abc) are significantly different.
Finally, alignment of J(acd) in green with J(bcd) in red on Figure 3.36C shows that selected structures are
similar already within 68% confidence interval. Note that the mutual angles on the Figure 3.35B are

identical as the same structures are compared.

Lastly, the alignment via helix d is presented in Figure 3.37. All possible RNA 3WJ combinations have
been previously discussed separately on different Figures but are collected in one plot for systematic
analysis. Figure 3.37A shows the comparison of the J(abd) and J(acd) as discussed above in alignment via
helix a; Figure 3.37B is J(abd) and J(bcd) (discussed above in alignment via helix b); Figure 3.37C is
J(bcd) and J(acd) and discussed in helix ¢ alignment part.

To conclude, the comparison via sequence reveals that the studied RNA 3WJs show various three-
dimensional global conformations and indicate orientation differences between the structures, depending
on the alignment. From the above results, a common feature is that helix a is never involved in stacking

interaction, supposable due to absence of the adenine-uracil bases in the junction.
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Alignment via helix A
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Figure 3.34 Topological confinement of the structures, that contain helix A: J(abd) in blue, J(acd) in green and J(abc) in orange in terms of mutual angles.
Structures with the lowest Zf are indicated with triangles or square in corresponding color. Alignment is carried out via helix A: (A) comparison of J(abd) and
J(acd); (B) comparison of J(abc) and J(acd); (C) comparison of J(abc) and J(abd). 3D structures with the lowest ;(f are aligned and presented in the insets of

every figure.

167



Alignment via helix B
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Figure 3.35 Topological confinement of structures, that contain helix B: J(abd) in blue, J(bcd) in red and J(abc) in orange in terms of mutual angles. Structures
with the lowest Zf are indicated with triangles, diamonds or square in corresponding color. Alignment is carried out via helix B: (A) comparison of J(abd) and
J(bcd); (B) comparison of J(abc) and J(bcd); (C) comparison of J(abc) and J(abd). 3D structures with the lowest ;gf are aligned and presented in the insets of

every figure.
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Figure 3.36 Topological confinement of structures, that contain helix C: J(acd) in green, J(bcd) in red and J(abc) in orange in terms of mutual angles. Structures

with the lowest ;gf are indicated with triangles, diamonds or square in corresponding color. Alignment is carried out via helix C: (A) comparison of J(abc) and

J(acd); (B): comparison of J(abc) and J(bcd); (C) comparison of J(bcd) and J(acd). 3D structures with the lowest ;gf are aligned and presented in the insets of

every figure. Alignment is carried via helix C: (A) comparison of J(abc) and J(acd); (B): comparison of J(abc) and J(bcd); (C) comparison of J(bcd) and J(acd).
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Alignment via helix D
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Figure 3.37 Topological confinement of structures, that contain helix D:S J(abd) in blue, J(acd) in green and J(bcd) in red in terms of mutual angles. Structures
with the lowest Zf are indicated with triangles or diamonds in corresponding color. Alignment is carried out via helix D: (A) comparison of J(abd) and J(bcd); (B)
comparison of J(abd) and J(acd); (C) comparison of J(acd) and J(bcd). 3D structures with the lowest Zf are aligned and presented in the insets of every figure.

Alignment is carried via helix D: (A) comparison of J(abd) and J(bcd); (B) comparison of J(abd) and J(acd); (C) comparison of J(acd) and J(bcd).
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3.3.8.5 Comparison of two alignment methods

To summarize, the structures can be aligned either via shape or via a particular helix (by sequence). In the
latter case, the structures can be compared only in pairs. In Figure 3.38 I summarize the results for the
best structures based on different specific alignment (Figure 3.30B, Figure 3.34-Figure 3.37) and compare
these two approaches. The horizontal axis indicates how similar two structures are if aligned via shape
and the vertical axis indicates how similar two structures are if aligned via sequence. In both cases,
angular RMSD values of the mutual angles between the best structures are compared. For example, the

angular RMSD between J(abc) and J(bcd) in case of alignment via shape is calculated as

RMSD°= (110)

(angle 1 (J(abc)) — angle I(](bcd)))2 + (angle 11 (J(abc)) — angle II(](bcd)))2 +
+(angle 111 (J(abc)) — angle 111(J (bcd)))?

Figure 3.38 demonstrates that structures that are overlaid via shape appear much more similar than when
overlaid by sequence: the largest RMSD is ~85° for the sequence-based comparison compared to ~26° for
the shape-based. Most of the pairs follow the diagonal 1:1 line, indicating that both alignment methods
reveal their similarity. However the discrepancies between J(bed)/J(abc) and J(acd)/J(abd) in overlay by

sequence are significant, indicating that J(abc) sequence is more sensitive for structural alignment.
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Figure 3.38 Schematic pairwise structural comparison based on alignment via shape (x-axis) (Figure 3.30B) and
alignment via sequence (y-axis) (Figure 3.34-Figure 3.37). Black line is 1:1 line. RMSD of all mutual angles of the

best structures are used as a criterion for comparison.

Since it seems that the shape of structures for different 3WJ sequences is similar within the errors (Figure
3.30B), it is natural to ask, if a single model fits to the combined FRET data collected for all molecules.
In order to investigate this, I select the best common cross-sequence representative structure. To do that, I
assume that two conformers, which have an angular RMSD of less than 10° from each other, correspond
to the same model. Subsequently, I look for a set of 4 conformers, each corresponding to one 3WIJ
sequence, that have an angular RMSD from the common representative of less than 10° and the sum of

their respective »? is minimized:

RMSD(J(i) vs J(comm.rep.) ) < 10° i € {abc,abd, bcd, acd} (111)
{argmin{;(2 (](abc)) + 72 (J(abd)) + (](bcd)) + /2 (](acd))}

The selected common representative for each RNA 3WJ is shown in Table 3.23. ;(f is calculated in the
same manner as it was done for the docked structures (Chapter 3.2.10), e.g. ;[i(] (abd)) =
7 62

T 1.7 and for the common representative: Zﬁ(comm. rep) =

Nmeasurements _Nfit.param. 42—
25 abey X abayt i beay T acay _ 319 — 19
Nmeasurements —Nfitparam. 44+42+42+44-6 )
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Table 3.23 (A) Euler angles values and xf for the most representative RNA 3WJs and common representative
structure. xf of the best structures after docking (Table 3.19) are added for comparison; (B) Euler angles for the

best structures after docking (Figure 3.31) with respective xf

A
Structure oy G Y [/ Ot Yiu lf
re;‘e’;‘;n“‘t‘;‘t‘ive 60.7 144.8 -85.1 1185 | 88.6 156.5 1.9
J(abd) 54.4 155.4 840 | -1177 | 896 157.4 1.7
J(bed) 61.3 139.4 745 | -1164 | 939 159.2 1.7
J(acd) 66.8 151.9 -85.7 -99.6 79.7 164.9 1.7
J(abe) 54.3 141.9 86.6 | -1339 | 808 1420 | 3.4

B
Structure @ 61 Vi P 6t Vi b
J(abd) 6.4 158.3 90.7 | -1450 | 80.9 156.7 1.2
J(bed) 96.5 138.8 -75.2 -78.8 870 | -169.3 | L1
J(acd) 66.1 146.1 1015 | -77.1 77.4 160.4 1.3
J(abc) 31.8 153.0 1084 | -1434 | 878 1346 | 2.0

These conformers can be found within the 68% confidence intervals for the mutual and Euler angles for
helix /I for all sequences (gray star in Figure 3.39B). For the Euler angles of helix /// the common

representative structures are within the 95% confidence intervals (gray star in Figure 3.40B).

Pairwise comparison and RMSD between P atoms of RNA 3WIJ with respect to the common

representative are presented in Figure 3.39A.
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as a matrix, e.g. the first column represents overlay of J(abd) with all other possible structures, whereas second
row represents alignment with J(acd). The matrix element in the first column and second row shows the overlay
between J(abd) and J(acd). The RMSD values between phosphorous atoms are shown below each overlay; (B)

Mutual angles with 68% confidence interval. Gray star indicates the common representative structure.
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As indicated in Table 3.23, ;(i values are much higher than for the best docked structures (Table 3.19).

One of possible reasons is that the selected structures could reveal the approximation of a dynamic
average ensemble and thus the static model is not exact. Another possible reason is that J(abc) has higher

;(i than other RNA 3W1J and thus accordingly to Eq.(111) this value affects ;[f (common representative).

22 for J(abc) is much larger than for any other RNA 3WJ (2 (J(abc)) = 3.4 vs Zi(](abd)) = 1.7. This
can be attributed to the fact that J(abc) is more symmetric than other junctions and could be represented
by a separate model. For this reason I found the common representative model for only three sequences
(Table 3.24). The results of this procedure shows a slight decrease of 2. The y* of the common
representative structure is lower than the ;(i of individual molecules because the same 6 degrees of

freedom in the individual molecules are subtracted from each molecule, despite the fact that these are the

same degrees of freedom of a single model. These results in a slight overestimation of the individual ;(i

The argument about dynamic averaging of structures remains plausible.
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Table 3.24 Mutual angles values and Zf for the most representative RNA 3WIJs and common representative
structure excluding J(abc) from the generation procedure.

structure (1. (254 Y (T O Vi Zf
Common
62.6 140.4 -76.0 -108.0 84.0 164.2 1.4
representative
J(abd) 54.4 155.4 -84.0 -117.7 89.6 157.4 1.7
J(bed) 74.9 132.7 -78.5 -103.7 100.0 174.7 1.5
J(acd) 70.4 147.4 -72.0 -88.2 84.0 158.6 1.6

To conclude, it is possible to find a common structure that can represent all of the RNA 3W]J if alignment
via shape is carried out. For example, the common representative structures of J(bcd) and J(acd) are very
similar with RMSD=3.4 A between P atoms (Figure 3.39). However, the common representative structure
is not symmetric, helical positions are not equivalent and this manifests in different mutual angles when

alignment via sequence is applied.
3.4 Conclusions and future directions

In my study I employed single-molecule and ensemble fluorescence methods to resolve the structure of
RNA 3WIJs with various sequences. The main technique during my investigation is quantitative FRET
measurements, which are based on the simultaneous acquisition of multiple fluorescence parameters and
thus have indisputable advantage to deliver precise and accurate spatial and temporal information. During
the work, I was able to improve the sample preparation protocol that increased hybridization yield
approximately 2-times and allowed to have better contrast between FRET active bursts and donor only

bursts that is especially critical for low FRET species.

Associated analysis included construction and inspection of 2D frequency histograms that resolved
structural heterogeneities and excluded dynamics on the ms-time scale. Complementary PDA analysis
showed that RNA 3WIJs have one dominant conformer and one minor conformer due to incomplete
hybridization of the molecule. I also characterized individual states e.g. extracted FRET-averaged
distances (Rp,), with their population fractions and estimated donor only population. In order to report
the measured distances with high accuracy and precision, I also implemented a detailed error analysis that
includes all experimental contributions e.g. the calibration parameters and correction factors, and

modeling error.
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To extract structural information, I combined fluorescence methods with computational structural
modeling. FRET-averaged distances (Rp4), and their corresponding errors were used to construct 3D
models of RNA 3WJ. Chosen model explicitly accounted for base pair and was compared with other
competitive models that account for different hydrogen bond flexibility (Table 3.3-Table 3.4). To
demonstrate that the designed 3D structure satisfies the experimental data, I conducted statistical analysis,
employing the goodness of fit parameter y? and the RMSD to differentiate between the clusters of

solutions. With this analysis toolkit, I was able to define a structural model with a precision of ~2 A.

Moreover, all obtained RNA 3WJs were compared in terms of their overall shape, planarity and whether
structures exhibit particular coaxial stacking, as these factors are crucial for determining binding sites of
the partner molecules. I showed that, even though all studied RNAs have similar shape within the 95%
confidence interval (Figure 3.30B), the sequence determines possible coaxial stacking or no stacking at all.
The results demonstrate that helices B and D prefer to have coaxial stacking if one of them is present in
the construct (Figure 3.30). I also found a set of Euler angles that can describe each RNA 3WJ within
68% (and 95% for Helix /I]) confidence interval (common representative structure in Table 3.23). On the
other hand, if structures are aligned via sequence, in some cases strong topological diversity is observed

and the structures are not similar within given confidence intervals (Figure 3.34B, Figure 3.35A-B).

During the data analysis, I revealed that the utilized fluorophores exhibit different fluorescence properties
at different labeling sites. The RNA microenvironment determines the fluorescence properties of the dye
and, as RNA 3WIJs have multiple labeling positions (up to 14) this manifests in diverse fluorescence
characteristics. In Chapter 3.3.1, I presented a systematic study of the site specific behavior of the donor
Alexa488 and acceptor Cy5. Schematically, I differentiate three local environments: internal helical part,
end of the helix and the junction. For each microenvironment I present fluorescence lifetime, quantum
yield and anisotropy for the studied dyes and compare them with properties of the untethered dye. The
data demonstrates that when Cy5 is exposed to the helical termini, the fluorescence quantum yield and
anisotropy increase due to the hindering of cis-trans isomerization and possible sticking to the helical end.
On the other hand, when donor Alexa488 reaches the helically GC-rich termini or is exposed to Guanine
in the helical middle, weakly fluorescent RNA-dye complex is registered, indicating possible quenching
by Guanine via PET. Experiments indicate shorter @, for end-labeled positions in comparison to the

internal or free dye.
Outlook:
I demonstrated that single-molecule FRET analysis was successfully resolves RNA 3WJ structures. Well

defined systems like these open the possibility for solving more complex nucleic acid systems with more
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junctions or loops. Undoubtedly, the implemented toolkit is also applicable for structural determination of
proteins and nucleic acid-protein complexes. Obtained data for site specific fluorescence properties can be
applicable for many other RNA and even DNA complexes or can be used as a guide for optimal planning
of the future labeling networks. This information is also relevant for studies with other type of dyes, as it
sends a strong message that the labeled dyes do not exhibit the same fluorescence properties as free dyes
and usage of the wrong values of the fluorescence parameters will strongly affect the precision of the

calculated distance.

Finally, resolving the 3D structure is a key to understand the interaction between RNA and their binding
partners due to their sequence-specific recognition and mutual helical orientation. Still there is little
known about subsequent binding events of the formed complex and its rearrangements or kinetics.
Advancing this knowledge may be a key to amplify the research on binding therapeutic targets to specific
RNAs.
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3.5 Supporting information

3.5.1 eTCSPC fluorescence decay measurements of single labeled RNA 3WJ

3.5.1.1 Donor only lifetime measurements
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Figure 3.41 eTCSPC measurements of fluorescence donor only decays for J(bcd) construct labeled with Alexa488.
Experimental data (purple circles), fits (black curve) and IRF (black open circles) are shown. Weighted residuals are

presented above each plot (magenta solid lines). See Table 3.6-3.7 for fitting parameters.
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3.5.1.2 Acceptor only lifetime measurements
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Experimental data (purple circles), fits (black curve) and IRF (black open circles) are shown. Weighted residuals are

presented above each plot (magenta solid lines). See Table 3.5 for fitting parameters.
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3.5.2 eTCSPC polarized fluorescence decay measurements of acceptor labeled RNA3WJ
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3 3
g 3 . 3
@ 0 o 0
2 3 2 3
2 3 2 3
@ 0 I 0
2 3 g 3
B 100000 V.Y 3 100000 FERV.Y]
A)510a/0./By—Ab . VH A)a28c/5/py—-Ab . VH
10000 (A) Br WV fit 10000 A) By
—— VH it
= 1000] = 1000
s IRF g
2 100] 2 100
() »
104 1049
14 - | 17 - |
0 20 40 0 20 40
A time [ns] B time [ns]

188



E3
. 3
o 0
H 3
2 3
» 0
g -3
;1000001 FEERYAYA
(A)a26¢/8/By—Ab < VH
10000 WV fit
—— VH fit
= 1000] ]
el IRF
2 100]
(2]

109 |

res. VV w.res. VH
bow bow

0 20 40

time [ns]

% 100000 wW
(A)528d/a/By—-Ab VH
10000+ — WV fit
— —— VH it
5 1000 RE
2 100]
(7]
104
1 ; ,
0 20 40
E time [ns]

w.res. VV w.res. VH
bow bow

100000
10000 4
1000

©
c
D 100]
n

104

(A)523d/(D)By—Ab5c/o.

0 20 40
time [ns]

w.res. VV w.res. VH

w.res. VV w.res. VH

Signal

oW Wow

A%

100000

A —
vo0o0] (A)326d/0/By—Ab

0 20 40
time [ns]

bow bow

100000 4
10000

1000

100+

time [ns]

Figure 3.48 Typical fluorescence signal in parallel and perpendicular polarization channels (magenta and orange)
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3.5.3 Additional 2D MFD histograms and static FRET lines

3.5.3.1 2D MFD histograms
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vs fluorescence donor lifetime in presence of acceptor (7p)r. Static FRET line is shown as red curve; Lower panel:

the donor fluorescence anisotropy rp Vs {Zp)s. Perrin line is shown as red line.
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Figure 3.56 2D burst frequency histograms of J(abd) with fluorescence labels on helices a and d: Upper panel: Fp/F4
vs fluorescence donor lifetime in presence of acceptor {zp.)¢. Static FRET line is shown as red curve; Lower panel:
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207



3.5.3.2 Static FRET lines
A compilation of all static FRET lines used to fit FRET and donor only populations on 2D MFD plots (3.5.3.1)

Table 3.25 Static FRET line for 2D MFD plots for J(acd) structure.

. . . Half
FRET pair Static FRET line width
((A)510a/(D)By-Ab14c/a (0.7930/0.3450)/((4.0782/((-0.0367*x"3)+(0.2678*x"2)+0.5295*x+-0.0478))-1) 9.4
(A)510a/(D)By-Abl1c/a (0.7930/0.3450)/((4.0782/((-0.0367*x"3)+(0.2678*x"2)+0.5295*x+-0.0478))-1) 10.8
(A)528d/(D)By-Abl4c/a (0.7923/0.4730)/((4.0776/((-0.0367*x3)+(0.2677*x"2)+0.5304*x+-0.0479))-1) 12
(A)528d/(D)By-Ab34a/a (0.6235/0.4290)/((3.5908/((-0.05*x"3)+(0.2762*x"2)+0.669*x+-0.0609))-1) 12.5
(A)526d/(D)By-Ab34a/a (0.5981/0.4030)/((3.4723/((-0.1418*x"3)+(0.9018*x"2)+-0.4058*x+-0.0552))-1) 13
(A)523d/(D)By-Ab34a/a (0.6418/0.3120)/((3.5315/((-0.0895*x"3)+(0.5670*x"2)+0.1334*x+-0.0716))-1) 6.0
(A)523d/(D)By-Ab14a/a (0.7923/0.3300)/((4.0776/((-0.0367*x"3)+(0.2677*x"2)+0.5304*x+-0.0479))-1) 6.0
(A)523d/(D)By-Ab11a/a (0.7649/0.3300)/((3.9756/((-0.0392*x"3)+(0.2742*x"2)+0.5405*x+-0.0488))-1) 5.6
(A)523d/(D)By-Ab8a/a (0.7458/0.3120)/((3.9777/((-0.0399*x"3)+(0.2682*x"2)+0.576 7*x+-0.0535))-1) 8.5
(A)528d/(D)By-Ab11la/a (0.7649/0.4730)/((3.9756/((-0.0392*x"3)+(0.2742*x"2)+0.5405*x+-0.0488))-1) 12.0
(A)528d/(D)By-Ab8a/a (0.7458/0.3800)/((3.9777/((-0.0399*x"3)+(0.2682*x"2)+0.576 7*x+-0.0535))-1) 12.0
(A)528d/(D)By-Ab5a/a (0.7930/0.3450)/((4.0782/((-0.0367*x"3)+(0.2678*x"2)+0.5295*x+-0.0478))-1) 16.0
(A)a28c/(D)By-Ab34a/8 (0.7923/0.3100)/((4.0776/((-0.0367*x"3)+(0.2677*x"2)+0.5304*x+-0.0479))-1) 14.0
(A)510d/(D)By-Ab8c/a (0.7368/0.3210)/((3.9279/((-0.0410*x"3)+(0.2726*x"2)+0.5747*x+-0.0530))-1) 7.0
(A)a28c/(D)67a/By-Ab (0.6739/0.2910)/((3.8960/((-0.0603*x"3)+(0.3921*x"2)+0.4146*x+-0.1089))-1) 9.0
(A)526d/(D)By-Abl4a/a (0.7923/0.4071)/((4.0776/((-0.0367*x"3)+(0.2677*x"2)+0.5304*x+-0.0479))-1) 10.0
(A)526d/(D)By-Ablla/a (0.7649/0.4070)/((3.9756/((-0.0392*xA3)+(0.2742*x"2)+0.5405*x+-0.0488))-1) 11.0
(A)526d/(D)By-Ab8a/a (0.7458/0.2810)/((3.9777/((-0.0399*x"3)+(0.2682*x"2)+0.576 7*x+-0.0535))-1) 10.0
(A)526d/(D)By-Ab5a/a (0.7759/0.4030)/((4.0460/((-0.0933*x"3)+(0.7352*x"2)+-0.4838*x+0.1485))-1) 14.0
(D)87a/(A)By-Abl4c /a (0.6739/0.3050)/((3.8960/((-0.0824*x"3)+(0.5683*x"2)+0.0640*x+-0.1102))-1) 10.0
(A)510a/(D)By-Ab5c/a (0.7662/0.3450)/((3.9885/((-0.1152*x"3)+(0.9140*x"2)+-0.9039*x+0.3621))-1) 12.0
(A)a12d/(D)57d/By-Ab (0.6739/0.3700)/((3.8960/((-0.0603*x"3)+(0.3921*x"2)+0.4146*x+-0.1089))-1) 8.0
(A)a12d/(D)By-Ab14a/8 (0.7923/0.3700)/((4.0776/((-0.0642*x"3)+(0.4967*x"2)+0.0489*x+-0.0306))-1) 9.0
(A)a12d/(D)By-Ab29a/8 (0.7380/0.3700)/((3.9244/((-0.0835*xA3)+(0.6156*x"2)+-0.1287*x+-0.0045))-1) 10.0
(A)a26d/(D)By-Ab29a/6 (0.7308/0.2860)/((3.9489/((-0.1247*x"3)+(0.9699*x2)+-0.9740*x+0.3513))-1) 12.3
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FRET pair

Static FRET line

Half

width

(A)a28d/(D)By-Ab29a/6 (0.7308/0.4730)/((3.9489/((-0.0402*x"3)+(0.2665*x"2)+0.58 74*x+-0.0538))-1) 12.5
(A)523d/(D)By-Ab29a/a (0.7308/0.4730)/((3.9489/((-0.0402*xA3)+(0.2665*x"2)+0.5874*x+-0.0538))-1) 10.0
(A)526d/(D)By-Ab29a/a (0.7308/0.4030)/((3.9489/((-0.0821*x"3)+(0.6052*x"2)+-0.1058*x+-0.0168))-1) 10.0
(A)528d/(D)By-Ab29a/a (0.7308/0.4280)/((3.9489/((-0.0821*xA3)+(0.6052*x"2)+-0.1058*x+-0.0168))-1) 10.0
(A)a26d/(D)By-Ab34a/s (0.6291/0.2860)/((3.5309/((-0.1047*xA3)+(0.6657*x"2)+-0.0257*x+-0.0705))-1) 12.0
(A)a26¢/(D) 57a/By-Ab (0.800/0.286)/((4.0/((-0.0376*x"3)+(0.2794*x"2)+0.4934*x+-0.0432))-1) 11.0
(A)a12d/(D)By-Abl1la/6 (0.7605/0.3700)/((3.9631/((-0.0686*x"3)+(0.5105*x"2)+0.0644*x+-0.0388))-1) 9.0
(A)a12d/(D)By-Ab8a/6 (0.7470/0.3700)/((3.9741/((-0.0530*x"3)+(0.3727*x"2)+0.3744*x+-0.0752))-1) 7.5
(A)a12d/(D)By-Ab11a/6 (0.7716/0.3700)/((4.0277/((-0.0557*xA3)+(0.4100*x"2)+0.2679*x+-0.0676))-1) 8.0
(A)a12d/(D)By-Ab34a/s (0.5981/0.3700)/((3.4723/((-0.0791*xA3)+(0.4507*x"2)+0.4199*x+-0.1094))-1) 8.0
(D)523d/(A)By-Abl4c/a (0.7183/0.3050)/((3.7858/((-0.0838*xA3)+(0.5906*x"2)+-0.0278*x+-0.0290))-1) 9.5
(A)a26¢/(D) 523a/By-Ab (0.7183/0.2860)/((3.7858/((-0.1285*x3)+(0.9563*x"2)+-0.8573*x+0.2972))-1) 13.0
(A)a28¢/(D) 523a/By-Ab (0.7220/0.2910)/((3.7928/((-0.0911*xA3)+(0.6516*xA2)+-0.1645*x+0.0097))-1) 6.0
(A)527d/(D)By-Ab34a/a (0.7716/0.2900)/((4.0277/((-0.0384*xA3)+(0.2694*x"2)+0.5492*x+-0.0504))-1) 16.0
(A)527d/(D)By-Ab29a/a (0.7308/0.2860)/((3.9489/((-0.1148*x13)+(0.8834*x"2)+-0.7596*x+0.2406))-1) 12.0
(A)527d/(D)By-Ab14c/a (0.7923/0.2860)/((4.0776/((-0.1106*xA3)+(0.9062*xA2)+-0.9594*x+0.4193))-1) 12.0
(A)527d/(D)By-Ab11c/a (0.7649/0.2860)/((3.9756/((-0.1164*xA3)+(0.9245*x"2)+-0.9308*x+0.3809))-1) 14.0
(A)527d/(D)By-Ab8c/a (0.7458/0.2860)/((3.9777/((-0.1136*x"3)+(0.8841*x"2)+-0.7873*x+0.2687))-1) 14.0
(A)527d/(D)By-Ab5c/a (0.7841/0.2860)/((4.0584/((-0.1112*x"3)+(0.9015*x"2)+-0.9236*x+0.3880))-1) 14.0
(A)523d/(D)By-Ab5c/a (0.7619/0.3150)/((3.9755/((-0.1159*xA3)+(0.9158*x"2)+-0.8987*x+0.3561))-1) 12.0
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Table 3.26 Static FRET line for 2D MFD plots for J(bcd) structure.

. . . Half
FRET pair Static FRET line width

(D)B14c/(A)dy-Aa28d/a (0.7723/0.4920)/((4.0791/((-0.0372*x3)+(0.2617*x"2)+0.5629*x+-0.0518))-1) 12.7
(D)B11c/(A)Sy-Aa28d/a (0.820/0.4920)/((4.1/((-0.0356*x*3)+(0.2711*x"2)+0.4964*x+-0.044))-1) 15.5
(D)B8c/(A)dy-Aa28d/a (0.6936/0.4920)/((3.8831/((-0.0424*x"3)+(0.2626*x2)+0.6418*x+-0.0605))-1) 12.2
(D)B5c/(A)Sy-Aa28d/a 0.7807/0.4920)/((4.0159/((-0.1144*xA3)+(0.9200*x"2)+-0.9495*x+0.4021))-1) 14.5
(D)B27b/(A)8Y-Aa28d/a (0.6294/0.4920)/((3.7781/((-0.1145%x"3)+(0.7832*x2)+-0.2907*x+-0.1279))-1) 12.0
(D)B14c/(A)dY-Aa26d/a (0.7723/0.4260)/((4.0791/((-0.1084*xA3)+(0.8732*x2)+-0.8371*x+0.3194))-1) 11.8
(D)B11c/(A)dY-Aa26d/a (0.82/0.426)/((4.1/((-0.0356*x"3)+(0.2711*x2)+0.496*x+-0.044))-1) 12.4
(D)B8c/(A)dY-Aa26d/a (0.82/0.426)/((4.1/((-0.0356*x"3)+(0.2711*x2)+0.496*x+-0.044))-1) 12.0
(DB5¢/(A)dY-Aa26d/a (0.7788/0.426)/((4.0121/((-0.0389*x"3)+(0.2756 *x2)+0.5320*x+-0.0484))-1) 8.0
(D)B14c/(A)dY-Aa23d/a (0.7723/0.313)/((4.0791/((-0.0372*xA3)+(0.2617*x"2)+0.5629*x+-0.0518))-1) 6.0
(D)B27b/(A)dY-Aa26d/a (0.6294/0.4260)/((3.7781/((-0.0441*xA3)+(0.2443*x2)+0.7221*x+-0.0663))-1) 14.0
(D)B11c/(A)dy-Aa23d/a (0.7276/0.313)/((3.927/((-0.0407*x3)+(0.2686*x"2)+0.5860*x+-0.0536))-1) 8.0
(D)B8c/(A)dy-Aa23d/a (0.6936/0.313)/((3.8831/((-0.0424*xA3)+(0.2606*x"2)+0.6418*x+-0.0605))-1) 7.0
(D)B5c/(A)6y-Aa23d/a (0.7807/0.3130)/((4.0159/((-0.0669*x"3)+(0.5069*x/2)+0.0512 *x+-0.0333))-1) 8.0
(D)8y-Aa8b/(A)a26¢/B (0.7306/0.2810)/((3.8703/((-0.0426*x"3)+(0.2802*x2)+0.5653 *x+-0.0518))-1) 8.0
(D)Sy-Aa8b/(A)a28¢/B (0.6294/0.4260)/((3.7781/((-0.0441*x3)+(0.2443*x12)+0.7221*x+-0.0663))-1) 8.5
(D)B5c/(A)Sy-Aa8b/a (0.7807/0.3590)/((4.0159/((-0.0669*x"3)+(0.5069*x2)+0.0512*x+-0.0333))-1) 8.0
(D)B11c/(A)dy-Aa8b/a (0.7723/0.4920)/((4.0791/((-0.0372*x3)+(0.2617*x"2)+0.5629*x+-0.0518))-1) 12.0
(D)B27b/(A)a26¢/6y-Aa (0.6294/0.2840)/((3.7781/((-0.0932*x3)+(0.6162*x2)+0.0415*x+-0.1510))-1) 5.5
(D)B27b/(A)a28c/dy-Aa (0.6294/0.2790)/((3.7781/((-0.1145%xA3)+(0.7832*x2)+-0.2907*x+-0.1279))-1) 14.0
(D)B14c/(A)5Y-Aa8b/a (0.7723/0.3590)/((4.0791/((-0.0644*x3)+(0.4873*x2)+0.0952*x+-0.0513))-1) 10.0
(D)B5c/(A)al2b/8Y-Aa (0.7807/0.3810)/((4.0159/((-0.0669*x"3)+(0.5069*x2)+0.0512*x+-0.0333))-1) 9.6
(D)B14c/(A)al2b/8Y-Aa (0.7723/0.3810)/((4.0791/((-0.0541*x/3)+(0.4007*x"2)+0.2828*x+-0.0716))-1) 8.5
(D)B11c/(A)al2b/8Y-Aa (0.7276/0.3810)/((3.9274/((-0.0592*x"3)+(0.4138*x2)+0.3066*x+-0.0783))-1) 8.5
(A)a12d/(D)3Y-Aa8b/B (0.7306/0.3810)/((3.8703/((-0.0941*x"3)+(0.6930*x"2)+-0.2855*x+0.0480))-1) 10.5
(A)a12d/(D)B27b/8Y-Aa (0.6294/0.3810)/((3.7781/((-0.0868*x"3)+(0.5667*x2)+0.1371*x+-0.1505))-1) 12.0
(D)B28¢/(A)dY-Aa23d/a (0.6936/0.3810)/((3.8831/((-0.0610*x"3)+(0.4042*x12)+0.3745*x+-0.0987))-1) 8.0
(D)B28b/(A)dY-Aa26d/a (0.6715/0.4260)/((3.7522/((-0.1075*x3)+(0.7476*x"2)+-0.2886*x+-0.0106))-1) 11.0
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Half

FRET pair Static FRET line width
(D)B28b/(A)5Y-Aa28d/a (0.6976/0.4920)/((3.6025/((-0.1477*x*3)+(1.0617*x2)+-1.0152*x+0.3853))-1) 12.6
(A)a26¢/(D)B28b/5Y-Aa (0.6715/0.2790)/((3.7522/((-0.0473*x13)+(0.2834*xA2)+0.6161*x+-0.0561))-1) 6.0
(A)a12d/(D)B28b/5Y-Aa (0.6778/0.3810)/((3.7545/((-0.0673*x3)+(0.4365*x"2)+0.3321*x+-0.0875))-1) 9.5
(A)a28c/(D)B28b/5Y-Aa (0.6715/0.2790)/((3.7522/((-0.0674*x3)+(0.4339*x"2)+0.3443*x+-0.0911))-1) 12.0
(D)B27¢/(A)dY-Aa23d/a (0.6294/0.3130)/((3.7781/((-0.1506*x3)+(1.0715*x2)+-0.9049*x+0.0238))-1) 12.0
(D)B29b/(A)dY-Aa28d/a (0.7680/0.4920)/((3.9926/((-0.0807*x3)+(0.6161*x2)+-0.1801*x+0.0269))-1) 6.0
(D)B29b/(A)dY-Aa26d/a (0.7624/0.4260)/((3.9627/((-0.0578*x3)+(0.4200*x2)+0.2590*x+-0.0649))-1) 6.0
(D)B29b/(A)dY-Aa23d/a (0.7587/0.3130)/((3.9428/((-0.0584*x3)+(0.4227*x2)+0.2577*x+-0.0645))-1) 8.2
(A)a12d/(D)B29b/5Y-Aa (0.7587/0.3810)/((3.9428/((-0.0831*x"3)+(0.6267*x"2)+-0.1867*x+0.0289))-1) 10.0
(A)B14c/(D)dY-Aaldb/a (0.6241/0.3310)/((3.7816/((-0.1126*x3)+(0.7537*x"2)+-0.1842*x+-0.2118))-1) 12.0
(A)a26¢/(D)6y-Aa7b/B (0.6294/0.3130)/((3.7781/((-0.1506*x"3)+(1.0715*x"2)+-0.9049*x+0.0238))-1) 10.0
(A)a12d/(D)6y-Aa7b/p (0.7031/0.3810)/((3.9120/((-0.0978*x3)+(0.7112*x"2)+-0.2844*x+-0.0030))-1) 11.0

(D)B8c/(A)Sy-Aasb/a (0.6947/0.3590)/((3.8924/((-0.0422*x3)+(0.2595*xA2)+0.6432 *x+-0.0607))-1) 6.0
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Table 3.27 Static FRET line for 2D MFD plots for J(abd) structure.

FRET pair

Static FRET line

Half
width

(D)Y8b/(A)610a/aB-Ac

(0.5328/0.3210)/((3.3649/((-0.0559*x"3)+(0.2470*x"2)+0.8234*x+-0.0763))-1)

6.0

(D)Y8b/(A)626d/ap-Ac

(0.6731/0.4090)/((3.6737/((-0.0495*xA3)+(0.2935*x"2)+0.6043*x+-0.0563))-1)

6.0

(D)Y8b/(A)528d/aB-Ac

(0.6731/0.4730)/((3.6737/((-0.0495*x"3)+(0.2935*x"2)+0.6043*x+-0.0563))-1)

6.0

(D)Y8b/(A)523d/ap-Ac

(0.6731/0.3120)/((3.6737/((-0.0495*x"3)+(0.2935*x"2)+0.6043*x+-0.0563))-1)

2.0

(D)Y8b/(A)ap-Acl2d/6

(0.6731/0.3890)/((3.6737/((-0.0701*x"3)+(0.4451*x"2)+0.3342*x+-0.0884))-1)

7.0

(A)610a/(D)aB-Ac28b/Y

(0.4463/0.3450)/((3.2571/((-0.0544*x"3)+(0.1822*x"2)+1.0093*x+-0.0880))-1)

7.0

(A)628d/(D)ap-Ac28b/Y

(0.4463/0.4730)/((3.2571/((-0.0544*xA3)+(0.1822*x"2)+1.0093*x+-0.0880))-1)

7.0

(A)626d/(D)ap-Ac28b/Y

(0.4437/0.4090)/((3.2535/((-0.0542*x"3)+(0.1788*x"2)+1.0177*x+-0.0887))-1)

9.0

(A)623d/(D)aB-Ac28b/Y

(0.4463/0.3120)/((3.2571/((-0.1134*x"3)+(0.5188*x"2)+0.7560*x+-0.7919))-1)

13.0

(D)57d/(A)aB-Ac22b/Y

(0.7160/0.3210)/((3.9413/((-0.0695*x3)+(0.4928*x"2)+0.1572*x+-0.0788))-1)

8.0

(D)57d/(A)aB-Acl2b/Y

(0.6744/0.3890)/((3.9050/((-0.0600*x"3)+(0.3903*x"2)+0.4176*x+-0.1098))-1)

8.0

(A)Y8b/(D)67a/aB-Ac

(0.6739/0.3330)/((3.8960/((-0.0416*x"3)+(0.2481*x"2)+0.6796*x+-0.0636))-1)

6.0

(D)Y29a/(A)aB-Ac12d/6

(0.5328/0.3890)/((3.3649/((-0.0683*x"3)+(0.3267*x"2)+0.7055*x+-0.1105))-1)

6.0

(D)Y29a/(A)528d/ap-Ac

(0.5328/0.3180)/((3.3649/((-0.0559*x"3)+(0.2470*x"2)+0.8234*x+-0.0763))-1)

8.0

(D)Y29a/(A)626d/aB-Ac

(0.5328/0.4050)/((3.3649/((-0.0803*x"3)+(0.4055*x"2)+0.5873*x+-0.1492))-1)

6.0

(D)Y29a/(A)623d/aB-Ac

(0.5328/0.4600)/((3.3649/((-0.0559*x"3)+(0.2470*x"2)+0.8234*x+-0.0763))-1)

8.0

(D)Y29a/(A)aB-Ac22b/6

(0.5328/0.3210)/((3.3649/((-0.0559*x"3)+(0.2470*x"2)+0.8234*x+-0.0763))-1)

6.0

(A)610a/(D)aB-Ac23b/Y

(0.7389/0.3030)/((3.7911/((-0.0772*x"3)+(0.5514*x"2)+0.0256*x+-0.0259))-1)

8.0

(D)Y24a/(A)623d/ap-Ac

(0.7191/0.3120)/((3.9291/((-0.0826*x"3)+(0.5996*x"2)+-0.0712*x+-0.0363))-1)

10.0

(D)Y24a/(A)626d/aB-Ac

(0.7191/0.4050)/((3.9291/((-0.0826*x"3)+(0.5996*x"2)+-0.0712*x+-0.0363))-1)

10.0

(D)Y24a/(A)528d/ap-Ac

(0.7191/0.4280)/((3.9291/((-0.0826*x"3)+(0.5996*xA2)+-0.0712*x+-0.0363))-1)

11.0

(D)Y24a/(A)aB-Ac22b/6

(0.7184/0.3210)/((3.9318/((-0.0825*xA3)+(0.5986*x"2)+-0.0692*x+-0.0374))-1)

10.0

(D)Y24a/(A)ap-Ac12d/6

(0.7184/0.3890)/((3.9318/((-0.0825*x"3)+(0.5986*x"2)+-0.0692*x+-0.0374))-1)

10.0

(A)610a/(D)aB-Ac22b/Y

(0.7155/0.3030)/((3.8126/((-0.1253*x"3)+(0.9345*x"2)+-0.8126*x+0.2678))-1)

12.0

(A)626d/(D)aB-Ac22b/Y

(0.7340/0.4090)/((3.9101/((-0.0998*x"3)+(0.7466*x"2)+-0.4178*x+0.0933))-1)

13.0

(A)628d/(D)ap-Ac22b/Y

(0.7340/0.4730)/((3.9101/((-0.1181*x"3)+(0.9028*x"2)+-0.7922*x+0.2645))-1)

15.0

(D)Y29a/(A)627d/aB-Ac

(0.5328/0.2680)/((3.3649/((-0.1193*x"3)+(0.6668*x"2)+0.1902*x+-0.2827))-1)

16.0

(A)627d/(D)ap-Ac22b/Y

(0.7162/0.2680)/((3.8109/((-0.1366*xA3)+(1.0301*x"2)+-1.0446*x+0.3907))-1)

13.0

(A)527d/(D)aB-Ac23b/Y

(0.7380/0.2680)/((3.7903/((-0.1440*x"3)+(1.1030*x"2)+-1.2579*x+0.5540))-1)

14.0
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FRET pair

Static FRET line

Half
width

(D)Y24a/(A)627d/aB-Ac

(0.7209/0.2860)/((3.9391/((-0.0407*x"3)+(0.2639*x"2)+0.6053*x+-0.0561))-1)

10.0

(D)Y8b/(A)627d/aB-Ac

(0.6731/0.2680)/((3.6737/((-0.1131*x"3)+(0.7762*x"2)+-0.3314*x+0.0219))-1)

11.0

(D)623d/(A)aB-Ac22b/Y

(0.7153/0.3410)/((3.7724/((-0.0921*xA3)+(0.6532*x"2)+-0.1541*x+0.0031))-1)

10.0

(A)Y24a/(D)623d/ap-Ac

(0.7153/0.3210)/((3.7724/((-0.1189*x"3)+(0.8713*x"2)+-0.6452*x+0.1910))-1)

12.0

(A)626d/(D)aB-Ac23b/Y

(0.7480/0.4050)/((3.8471/((-0.1271*xA3)+(0.9761*x"2)+-0.9772*x+0.3953))-1)

12.0

(D)Y27b/(A)527d/apB-Ac

(0.6251/0.2680)/((3.5887/((-0.0528*x"3)+(0.2879*x"2)+0.6622*x+-0.0611))-1)

20.0

(A)627d/(D)af-Ac28b/Y

(0.4544/0.2680)/((3.2601/((-0.1008*x"3)+(0.4686*x"2)+0.6610*x+-0.3880))-1)

15.0

(A)628d/(D)aB-Ac23b/Y

(0.7480/0.4280)/((3.8471/((-0.0437*x"3)+(0.2953*x"2)+0.5219*x+-0.0466))-1)

10.0

(A)623d/(D)ap-Ac23b/Y

(0.7309/0.3120)/((3.7522/((-0.0461*x"3)+(0.3047*x"2)+0.5163*x+-0.0455))-1)

6.0

(A)68a/(D)aB-Ac22b/Y

(0.7155/0.2760)/((3.8126/((-0.1253*xA3)+(0.9345*x"2)+-0.8126*x+0.2678))-1)

14.0

(A)68a/(D)aB-Ac23b/Y

(0.7377/0.2760)/((3.7901/((-0.1318*x"3)+(0.9986*x"2)+-0.9984*x+0.4027))-1)

14.0

(A)68a/(D)ap-Ac28b/Y

(0.4463/0.2760)/((3.2571/((-0.1099*x"3)+(0.5040*x"2)+0.7316*x+-0.6778))-1)

12.0

(D)y27a/(A)ap-Acl2d/é

(0.7784/0.3890)/((4.0196/((-0.0558*x"3)+(0.4143*x"2)+0.2519*x+-0.0628))-1)

9.0
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3.5.4 PDA analysis

3.5.4.1 Additional Sy/S; histograms

Measurements of J(acd)
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Figure 3.58 Results of PDA analysis for the samples with fluorescence labels on the helices a and c. Left panel: S,/S,

histogram of experimental data (gray area) is fitted (purple solid line) with major population {(Rpa): (blue) and

minor (Rpa)e; population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.59 Results of PDA analysis for the samples with fluorescence labels on the helices c and d. Left panel: S,/S,

histogram of experimental data (gray area) is fitted (purple solid line) with major population {(Rpa)e: (blue) and

minor (Rpa)er population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.60 Results of PDA analysis for the samples with fluorescence labels on the helices c and d. Left panel: S,/S;

histogram of experimental data (gray area) is fitted (purple solid line) with major population {(Rpa)e: (blue) and

minor (Rpa)er population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.61 Results of PDA analysis for the samples with fluorescence labels on the helices a and d. Left panel: S./S;
histogram of experimental data (gray area) is fitted (purple solid line) with major population (Rpa)e1 (blue) and
minor (Rpa)e: population (red), donor only fraction (black) and impurity (green) with global apparent width o.
Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.62 Results of PDA analysis for the samples with fluorescence labels on the helices a and b. Left panel: S,/S;

histogram of experimental data (gray area) is fitted (purple solid line) with major population (Rpa)e: (blue) and

minor (Rpa)e: population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

219




(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.63 Results of PDA analysis for the samples with fluorescence labels on the helices a and d. Left panel: S./S;

histogram of experimental data (gray area) is fitted (purple solid line) with major population (Rpa)e: (blue) and

minor (Rpa)e; population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.64 Results of PDA analysis for the samples with fluorescence labels on the helices b and d. Left panel: S,/S;

histogram of experimental data (gray area) is fitted (purple solid line) with major population {(Rpa): (blue) and

minor (Rpa)er population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).
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Figure 3.65 Results of PDA analysis for the samples with fluorescence labels on the helices b and c. Left panel: S,/S,

histogram of experimental data (gray area) is fitted (purple solid line) with major population (Rpa)e: (blue) and

minor (Rpa)e: population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major
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Figure 3.66 Results of PDA analysis for the samples with fluorescence labels on the helices b and d. Left panel: S./S;
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Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major
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Figure 3.67 Results of PDA analysis for the samples with fluorescence labels on the helices c and d. Left panel: S;/S,

histogram of experimental data (gray area) is fitted (purple solid line) with major population (Rpa)e; (blue) and

minor (Rpa)e: population (red), donor only fraction (black) and impurity (green) with global apparent width o.

Goodness of the fit is judged with weighted residuals (upper left panel). Right panel: fitted distances for the major

(blue solid line) and minor (red solid line) states with their relative amplitudes and confidence intervals (stripped

boxes).

226

3 2
ofd e UHM % =163
3 G =57%
2 (D)B5C/(A)3y-aa26d/u
: !
o
>
3
2
€
=
o U m
10 10030 40 50 60 70 80
| s/s, Rye
3 2
oot et % =17
Nl ! ! G =6.0%
é (D)B14c/(A)sy-Aa26d/
k]
8
2
€
=1
c
10 30 40 50 60 70
L s/s, I
3 2
0 nﬂ'\ﬂ“ﬂﬂ. Uﬂuﬂ“ﬂuﬂﬂuﬂhm“ MWHJ X, =1.42
3 1 R G =47%
é (D)B11c/(A)sy-ra28d/a
k]
8
2
€
=1
c
10 30 40 50 60 70 8
S /s, I

100

° 88383
% State

100

°8883
% State

100

@
=3

S 8
% State

o



3.5.4.2 Tables with fitting parameters

Table 3.28 PDA fitting parameters for J(acd). See Chapter 3.5.4.1 for data and corresponding fits.

Impuri )
FRET pair m”‘}\) E1 ";’ m”g)“ Ay % | 0% | ties ::E”; D°‘;ly' 7
’ ’ Ron A ’
(A)5610a/(D)By-
Abldc/a 49.4 70.1 59.9 5.2 6.0 74.8 3.2 215 1.48
(A)5610a/(D)By-
Ablic/a 46.6 62.4 55.2 3.5 4.6 34.1 1.33
(A)628d/(D)By-
Abl4c/o 63.9 51.6 6.5 48.4 1.13
(A)628d/(D)By-
Ab34a/a 72.3 40.2 6.7 59.8 1.35
(A)626d/(D)By-
Ab34a/a 709 | 850 | 551 | 52 | 48 98 | 085
(A)623d/(D)By-
Ab34a/a 656 | 317 | 537 | 20 | 6.7 663 | 1.12
(A)523d/(D)By-
Abl4a/a 47.9 24.4 4.4 73.7 2.7 72.9 1.80
(A)5234d/(D)By-
Ablla/a 58.5 25.7 52.6 4.9 3.6 69.2 1.3 68.1 1.40
(A)5623d/(D)By-
AbSa/a 55.6 34.3 5.2 70.4 2.2 63.5 1.21
(A)528d/(D)By-
Abl1la/a 742 | 410 | 655 | 37 | 43 552 | 1.21
(11028d/(D)By- 753 | 370 | 650 | 47 | 43 | 101 | 54 | 529 | 1.01
Ab8a/a
(A)628d/(D)By-
Ab5a/a 80.3 27.7 64.7 6.6 6.0 65.7 0.87
(A)a28¢/(D)By-
Ab34a/6 60.1 55.3 5.2 4.7 1.29
(A)310d/(D)By- 56.8 56.2 50.9 5.4 3.1 85.7 12.3 26.1 1.62
Ab8c/a
(A)QZSC_/XE)578/BV 53.7 67.9 5.3 69.5 2.1 30.0 1.57
(A)5626d/(D)By-
Abl4a/o 62.7 73.8 5.4 26.2 1.32
(A)626d/(D)By-
Ablla/a 74.9 46.7 66.6 4.8 5.0 48.5 1.10
(A)626d/(D)By-
AbSa/o 72.1 72.5 4.4 27.5 1.39
(A)626d/(D)By-
Ab5a/a 80.5 57.1 64.5 4.0 5.5 38.9 0.76
(D)&7a/(A)By-
Abl4c /a 40.8 70.8 50.1 4.0 5.1 76.2 1.9 23.3 1.96
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FRET pair m"‘}\) E1 ';' m"g) E2 | A, % | 0,% ITiZirl 't'l’:':“; D°;)'V' 7

’ ’ Ros, A !
(A)éAlggﬁ (/EL)BV' 673 | 589 | 59.6 | 152 | 5.0 259 | 1.20
(A)alzd_/ A?Nd/ Bv| 303 | 601 | 467 | 37 | 46 | 695 | 03 | 268 | 141
(A)ztzlcz;/l)gﬁv' 39.6 | 81.1 61 | 782 | 17 | 172 | 133
(A)ztzzdg/;%ﬁv' 376 | 772 | 442 | 38 | 31| 796 | 17 | 173 | 158
(A)Ziidglg?gﬁv' 572 | 583 | 510 | 50 | 34 | 762 | 48 | 319 | 098
(A)Zzbidgla(%ﬁv' 620 | 641 | 541 | 69 | 3.7 | 828 | 50 | 240 | 095
(A)GAZS;Q/;%BV' 525 | 25.9 49 | 853 | 159 | 582 | 1.56
(A)GAZbGng/;%BV' 515 | 668 | 577 | 92 | 41 | 897 | 44 | 196 | 1.48
(A)Zzbidg/;%ﬁv’ 541 [321| 630 | 78 | 57 | 781 | 77 | 524 | 1.44
(A)ZszcL/;/Dgﬁv- 56.2 | 60.0 56 | 752 | 83 | 317 | 115
(97):/2;;_/ X;) 537 | 279 | 478 | 97 | 62 | 700 | 45 | 580 | 1.54
(A)thldl/;?gﬁv' 435 | 80.7 62 | 741 | 06 | 186 | 1.39
(A)a&égg (/E;)BV' 482 | 83.9 40 | 652 | 07 | 155 | 2.50
(A)thﬂ/ ;%BV' 47.4 | 819 37 | 756 | 16 | 165 | 1.66
(A)Zﬁﬂ%ﬁv' 515 | 826 | 592 | 40 | 35 | 759 | 23 | 110 | 0.92
(D)zﬁj/c (?;BV' 481 | 72.1 47 | 685 | 26 | 253 | 114
éﬁéﬁiﬁi{f& 57.2 | 62.6 4.7 374 | 1.15
((3/;)30;2/?;,/_% 63.0 | 653 4.7 347 | 1.12
(A)Zzbg'ﬂ/l);ﬁv' 644 | 535 | 573 | 163 | 6.0 302 | 08>
(A)GAZJ;Q/;%BV' 505 | 60.4 | 590 | 68 | 41 | 742 | 73 | 254 | 117
(A)Zzgf 4/c(/Do)le_ 489 | 654 | 542 | 120 | 29 | 749 | 104 | 122 | 1.78
(A)SAZJfl/é?O)lBV' 620 | 47.4 | 704 | 81 | 5.0 ana | 1.06
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FRET pair (Rl”f}\)m ":/:' mzjg)gz AL % | 6% ITiZl;rl 't'::';’"; Do.;, V| 2
Roa A

(A)GAZZZ (/Z)BV' 683 | 669 | 540 | 30 | 5.1 301 | 0.79
(A)‘SAz;gﬁ (/Z)BV' 682 | 572 | 559 | 39 | 5.0 389 | 149
(A)6Azzg£ (/Ii)Bv- 59.1 | 669 52 | 839 | 124 | 207 | 176

Table 3.29 PDA fitting parameters for J(bcd). See Chapter 3.5.4.1 for data and corresponding fits.
Impuri
FRET pair ml’)%)m A‘\’/Z’ (RIZE)EZ A, % | 0,% E:: Ir:':?;:ti Do(;ly, b
y

(D)Zg;/éffy' 664 | 573 | 582 | 213 | 50 | 845 | 86 | 128 | 098
(D)gigﬁva' 740 | 91.6 4.7 84 | 142
(Dfaszcé gA/fV’ 780 | 554 | 685 | 302 | 50 144 | 131
(D)Af’:zcé fﬁfv' 787 | 551 | 619 | 263 | 6.0 186 | 147
(D)ii;';ﬁffv' 620 | 694 | 528 | 158 | 60 | 899 | 52 9.5 | 132
(D)zg‘;/(mﬁy' 635 | 875 6.0 125 | 1.07
(D)Zggﬁxﬁy' 680 | 800 | 570 | 37 | 46 163 | 1.33
(D)Aﬁfzcé LA/EV' 687 |83 | 573 | 33 | 46 | 937 | 5.1 53 | 1.05
(D)AB:ZCéSA/fV' 757 | 769 | 613 | 66 | 5.7 16.6 | 1.63
(D)giigﬁ%&v' 469 | 710 34 | 724 | 13 | 278 | 172
(D)ZZ;:Q?;&V_ 597 | 556 | 517 | 46 | 50 | 808 | 144 | 255 | 096
(D)ﬁ;ﬁ;\;&y_ 570 | 69.8 33 | 736 | 56 | 246 | 119
(Df:g gj{fv' 566 | 742 36 | 738 | 40 | 218 | 094
(Df:g gj)fv' 583 | 651 | 507 | 50 | 41 | 808 | 125 | 175 | 1.38
Aasb(/?,i()sz-%c 5 | 01 | 520 42 | 745 | 31 | 449 | 106
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Impuri -
) Rpa)ey | Av | Rpa)e, 0 0 . Impuriti | Donly,
FRET pair A % A Ay % | 0,% | ties es,% % %
Ros A
(D)ov- 506 | 439 | 599 | 50 | 34 | 800 7.8 433 | 118
Aa8b/(A)a26c¢/B
(D)BSC/(A)dy- 545 | 783 | 463 | 20 | 39 | 642 | 52 | 146 | 1.09
Aa8b/a
(D)BL1c/(A)8y- 409 | 657 | 485 | 60 | 48 | 712 2.9 254 | 1.26

Aa8b/a
(D)Bnb{(AA;O‘ZGC/éV 58.2 | 515 | 494 | 30 | 41 | 743 7.3 38.2 | 1.30
(D)Bm’{ (A/-\a)c128c/ | 566 | 703| 471 | 28 | 36 | 742 6.7 202 | 1.38

(D)B14c/(A)dy-

Aagh/o 419 | 575 | 497 10.8 | 6.1 31.7 | 146
(D)BSc/ (/Z):‘lzd/ % | 519 | 825 49 | 76.8 2.9 146 | 1.64
(D)BMC/_ (galzd/ % | 384 | 705| 444 | 63 | 57 | 799 4.1 19.0 | 135
(D)B“C/_(g;o‘lzd/év 426 | 711 | 474 | 128 | 48 | 793 3.5 126 | 1.14

(A)a12d/(D)&y-

Aagb/B 36.6 | 720 | 43.4 49 | 48 23.1 | 146
(A)alzd/_gﬁyb/év 401 | 721 | 458 | 57 | 44 222 | 155
(A)alzd/A(Z)Bsc/ % | 430 |ss1| 584 | 20 | 38 | 781 | 16 | 113 | 128

(D)B28b/(A)by-

Aar3d/ 50.0 | 64.8 48 | 839 | 105 | 247 | 12
(D)B28b/(A)by-

hazed/ 60.8 | 73.9 5.8 261 | 1.15
(D)B28b/(A)by-

Aa28d/ 63.0 | 94.0 58 | 805 0.9 51 | 0.99
(A)O‘ZGC/_ (AD;BZSW % 603 | 666 | 536 | a1 | 36 29.3 | 1.09
(A)alzd/gszswe}v a6 | 857 4.5 143 | 152
(Ajo28c/ (g;ﬁzzab/ % | 614 |711| s39 | 29 | 36 260 | 138

(D)B27b/(A)6y-

Aa23d/o 55.2 | 78.4 5.3 216 | 091
(D)B29b/(A)6y-

Aa28d/o 60.0 | 76.0 | 69.0 159 | 4.2 81 | 146
(D)B29b/(A)6y-

Aa26d/o 57.6 | 821 | 676 9.8 | 4.2 81 | 105
(D)B29b/(A)6y-

Aa23d/o 56.8 | 84.5 4.1 155 | 1.27
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A;

Impuri

Impuriti

Donly,

. mDA)El mDA)Ez o o .
FRET pair ’ A % ,A Ay, % | 0% tleso es,% % ;(f
Rpa,A
(A)alZd/(A)a)BZ%/ST 43.4 84.5 52.9 3.7 4.3 11.7 1.55
(A)B14c/(D)dY-
45.0 35.1 54.0 10.5 5.5 73.5 1.9 52.4 1.45
Aaldb/a
(A)a26c/(D)&y-
Aa7b/B 51.2 48.9 3.9 68.0 7.5 43.7 1.66
(A)a12d/(D)by-
Aa7b/B 42.5 58.0 51.3 6.7 5.2 69.2 2.6 32.6 1.2
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Table 3.30 PDA fitting parameters for J(abd). See Chapter 3.5.4.1 for data and corresponding fits.

Impuri
. (Rpa)g; | Asu | (Rpa)g, 0 0 ties | Impuriti | Donly,
FRET pair A o A Ay % | 0,% Ron es % % Zf
A
(D)v8b/ (/Xfloa/ B 475 | es6 | 555 | 27 | 35 | 764 41 276 | 1.1
(D)v8b/ (/Z)fzw/ B eea 68. 56 | 96.8 12.4 196 | 1.43
(D)v8b/ (/Z)SZSd/ @B 205 | 565 | 605 | 50 | 41 | 934 110 | 274 | 0.96
(D)v8b/ (Z)fz‘g’d/ -1 509 | 315 59 | 76.1 14.8 53.8 | 1.71
(D)Y8b/(A)ap-
Ac12d/8 403 | 538 | 487 | 48 | 56 | 653 46 368 | 1.2
(A)510a/(D)ap-
Ac2Bb/Y 656 | 786 5.1 214 | 15
(A)528d/(D)ap-
AC8b,Y 817 | 519 | 655 | 106 | 5.0 374 | 1.21
(A)526d/(D)op-
Ac28b/Y 804 | 859 | 620 | 67 | 68 75 | 131
(A)523d/(D)ap-
Ac28b)Y 607 | 251 6.0 749 | 1.66
(D)67d/(A)ap-
Ac22bY 411 | 508 | 338 | 117 | 46 | 710 43 332 | 1.84
(D)67d/(A)ap-

Ac12b/Y 397 | 602 | 459 | 64 | 425 | 717 32 301 | 1.79

(A)Y8b/ (22573/ B g6 | 172 5.0 828 | 1.81
(D)Y29a/(A)ap-
Ac12d/8 523 | 15.9 35 | 714 26 815 | 1.47
(D)v29a/(A)828d/ac | o0 o | 55 5.0 82.8 | 1.81
B-Ac
(D)ngas/_(gl&%d/ © 696 | 269 59 | 951 | 29.4 | 437 | 1.06
(D)Y29a/(A)623d/a | oo /| 350 | 601 | 81 | 6.0 509 | 1.1
B-Ac
(D)Y29a/(A)ap-
Ac22b/s 483 | 381 | 573 | 98 | 50 | 751 153 36.8 | 1.65
(A)510a/(D)ap-

Ac23bY 474 | 778 36 222 | 1.64
(D)Y24aB/_(AAl§23d/ C 516 | 284 43 | 772 56 66.0 | 1.67
(D)Y24aB/_(AAl§26d/ @1 507 | 702 | 603 | 35 | 3.7 | 782 20 243 | 1.27
(D)Y24a/(A)528d/a | 530 | 544 | 625 | 71 | 42 | 814 44 342 | 215
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B-Ac

Impuri

. (Rpa) A, | (Rpa) h Impuriti | Donly,
FRET pair X E1 ” 3 E2 | A, % | 0,% tleso es % % Zi
Rpa,A
(D)Y24a/(A)ap-
Ac22b/s 42.6 65.7 3.1 82.3 5.8 28.6 1.57
(D)Y24a/(A)ap-
Ac12d/s 38.0 48.9 42.6 6.1 2.6 92.1 9.0 36.1 1.14
(A)610a/(D)ap-
Ac22b/Y 46.2 66.9 4.6 77.6 10.1 23.0 3.1
(A)626d/(D)aB-
Ac22b/Y 66.2 78.8 5.9 92.8 14.2 7.0 1.9
(A)628d/(D)aB-
Ac22b/Y 72.9 46.9 66.3 10.5 4.4 92.4 17.8 24.7 1.55
(DyY29a/(A)s27d/a | ¢, 77.0 59 | 81.0 53 17.7 | 1.7
B-Ac
(A)627d/(D)ap-
Ac22b/Y 59.4 56.5 4.7 79.5 16.9 26.6 1.21
(A)627d/(D)ap-
Ac23b/Y 63.5 52.5 5.3 76.9 6.0 41.5 1.29
(D)Y24a/(A)627d/a 50.8 377 23 22 L
B-Ac
(D)T8b/(2)2527d/aﬁ- 52.4 66.1 60.2 2.6 2.9 31.3 1.49
(D)623d/(A)aB-
Ac22b/Y 57.4 65.5 4.9 74.1 8.7 25.7 1.33
(A)Y24aB/_(21623d/a 56.7 55.3 454 5.0 4.4 77.7 12.4 27.3 1.07
(A)626d/(D)ap-
Ac23b/Y 70.8 69.4 6.1 30.6 2.1
(D)Y27b/(A)627d/a 579 105 ‘o so. P
B-Ac
(A)627d/(D)ap-
Ac28b/Y 73.2 70.5 61.7 7.3 4.7 22.2 0.89
(A)628d/(D)ap-
Ac23b/Y 68.9 81.1 5.2 18.9 1.03
(A)623d/(D)aB-
Ac23b/Y 57.2 27.4 6.4 80.5 3.6 69.0 1.69
(A)88a/(D)aB-
Ac22b/Y 35.7 47.3 43.7 9.0 4.1 72.9 7.2 36.6 1.27
(A)68a/(D)aB-
Ac23b/Y 39.1 60.1 46.7 10.0 4.3 63.7 4.3 25.6 1.45
(A)68a/(D)aB-
Ac28b/Y 48.4 83.5 56.7 6.3 2.2 10.1 1.24
(D)Y27a/(A)ap-
Ac12d/s 43.8 60.0 52.9 3.8 3.9 36.6 11
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4.1 Introduction

Nucleosome compaction into chromatin fiber is a prerequisite in regulatory functions such as DNA
transcription, replication and repair. Determination of the chromatin structure and dynamic is essential to
understand genome function'®. This intriguing albeit challenging task as chromatin dynamic covers wide
temporal scale from sub-microseconds to hours. Previous studies with x-ray crystallography and cryo-EM
report zigzag chromatin model, with straight linker DNA between two stacks of nucleosome cores (Figure
4.1)'4197 Others'®® support alternative solenoid structural model. Also dynamic rearrangements of the
nucleosome arrays'®® and partial unwrapping of nucleosome-wound DNA*!7-172 have been reported but
detailed information on the dynamic timescale is however poorly understood. It is also interesting to
investigate binding dynamic of chromatin with various partners, e.g. chromatin effectors. Here we
investigate interaction between highly dynamic heterochromatin protein lo (HP1a) with chromatin and
the induction mechanism of chromatin arrangement. There is still limited knowledge of the timescale of
such interaction, mainly due to experimental constraints arising from the megadalton-scale and structural

heterogeneity of chromatin.

To provide insights into structural and dynamic rearrangement we combine confocal microscopy of freely
diffusing molecules in solution with total internal reflection fluorescence (TIRF) microscopy of surface
attached molecules. We employ two fluorescent dye pairs with different distance sensitivities that enable
to register interdye distances up to 150 A. Further combining experimental data with structural modeling
methods we can identify structural heterogeneities and exchange kinetics and present dynamic-register

model of chromatin fiber, modulated by HP1a protein.
4.2 Results

Reconstitution of site-specifically labeled chromatin fibers

One of the key challenges in this work was to label precisely 12-mer nucleosome array. We thus
developed a method to assemble chromatin DNA constructs containing 12 copies of the “601”
nucleosome positioning sequence’* separated by 30 bp linker-DNA. We used preparative ligations of two
recombinant and three synthetic fragments, the latter of which carried the fluorescent labels (Figure 4.1b).
A convergent DNA assembly procedure with intermediate purification steps ensured the efficient and
accurate incorporation of exactly one donor and one acceptor dye into chromatin DNA at defined

positions.
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Tetranucleosome structure 12-mer nucleosome array model

TN1
TN2

TN3

#\ [ | E,/\--biotin

Figure 4.1 (a) Left: Tetranucleosome structure based on ref.’®” showing the 3 dye pairs DA1, DA2 and DA3. Right:
12-mer chromatin fiber as a stack of three tetranucleosome (TN) units, modeled using the cryoEM structure of a
chromatin fiber!®®. The middle tetranucleosome carries the fluorescent labels, whose accessible volume is
displayed. D: donor, A: acceptor labels, N: nucleosomes. (b) Schematic view of the preparative DNA ligation used

to introduce fluorescent labels.

In order to probe different inter- and intra-domain contacts we employ three dye pairs DA1, DA2 and
DA3 in the center of the 12-mer nucleosome array (N1-N12) (Figure 4.1a, b). DAI1 senses stacking
between nucleosomes N5 and N7 at a position close to the H2A-H2B four-helix bundle contacts'®’. DA2
measures inter-nucleosome interactions closer to the dyad (N5 to N7). DA3 reports on dynamic modes
within the linker DNA flanking the central nucleosome (N6). In order to cover possible long inter-dye
distances (up to 150 A) we employed Alexa568 as donor and Alexa 647 as acceptor as this pair has large
Forster Radius Ry = 82 A.

smFRET reveals structural heterogeneity in chromatin fibers

To investigate chromatin structure and dynamics on the millisecond to second timescale we employ
single-molecule total internal reflection fluorescence (smTIRF) microscopy. Briefly, generated time
traces of FRET efficiency (Errer) revealed conformational changes in real-time in presence of Mg?" ions
and systematic increase of Errer with salt concentration for DA1-3. Moreover study of anti-correlated
fluctuations in the time traces of donor and acceptor fluorescence emission indicated structural dynamics.
We report structural motions for DA2 positions (relaxation time fr = 0.2-0.3 s), fast dynamics at the

detection limit for DA1 (& ~ 0.1 s) and quasistatic behavior for DA3 (Figure 2, Publication II).

Chromatin fibers exist in two structural registers
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smTIRF exposed multiscale dynamics featuring multiple FRET species in rapid exchange that is beyond
the method but could be resolved with smFRET with confocal multi-parameter fluorescence detection
(MFD)!'7. This method extends the accessible dynamic timescale to the sub-microsecond range and
resolves structural states with sub-nm accuracy'’*. In this experiment I use one color excitation (OCE)
technique to perform the measurements for chromatin in configurations DA1-3 and analyzed obtained
MFD data as described”. Data revealed a complex population distribution involved in dynamic exchange
(Figure 4.2a) not observed in free DNA or donor-only labeled chromatin fibers (S. Figure 8c, d,
Publication II). Based on this analysis, the data could only consistently be described by two dynamic
FRET-lines (dark and bright blue lines, Figure 4.2a), indicating two coexisting subpopulations of dynamic
chromatin fibers which are distinct within the observation time of ~ 10 ms. Intersections of the dynamic
with the static FRET-lines identify four limiting FRET species involved in the exchange: 4, B, C and D,
indicated by the horizontal lines in Figure 4.2a. Braces (e.g. ') indicate conformational states sharing

indistinguishable FRET efficiencies.

a Alexa568/647 b Alexad88/647
2
(Mg*] 0mM 1.0 mM 4.0mM states [Mg?*] 0 mM 1.0 mM 4.0 mM states
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Figure 4.2 (a) 2D MFD histograms for chromatin fibers DA1-3 (Alexa568/647) at indicated Mg?* concentrations. Red
line: static FRET-line. Dark and bright blue lines (for parameters of all FRET-lines see Supplementary Note, step 2,

Publication Il). Red, orange, yellow and grey lines: FRET species A-D (see also Figure 4.3). (b) 2D MFD histograms
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for chromatin fibers DA1-3 labeled with Alexa488/647 at indicated Mg?* concentrations. Red line: static FRET-line,
Dark and bright blue lines: dynamic FRET-lines. (c) Sub-ensemble fluorescence lifetime analysis for DAl-labeled
fibers (Alexad488/647) at 1 mM MgCl, and Egzer > 0.065. IRF: Instrument response function. (d) Auto- (left panel)
and cross- (right panel) correlation functions of the donor (G) and acceptor (R) emission channels for the same sub-

ensemble as in panel c.

Also a complementary analysis procedure of sub-ensemble fluorescence lifetime analysis corroborated
the FRET species for each labeling pair DA1-3. Similarly, model-free fluorescence correlation analysis
from DA1-3 revealed at least four kinetic species (4-D) (S. Figure 11, Publication II). To conclude, I
demonstrate compact chromatin fibers (Errer > 0.8) in rapid exchange with extended structures (Figure
4.2a) for FRET pairs. Two dynamic FRET-lines point to at least two independent dynamic transitions,
revealing distinct limiting FRET species with high Erzer (compact species, A-C) and with very low Erger
(open species, D), respectively. These transitions immediately reveal two populations of chromatin fibers

with unique internal exchange dynamics but without interchange between the populations at ms timescale.
Revealing structural states in dynamic chromatin fibers

To improve spatial resolution at shorter distances (S. Figure 8b, Publication II) I performed MFD
experiments by replacing donor with Alexa Fluor 488 (Ry = 52 A) and employing pulsed interleaved
excitation (PIE)* technique that allows to select FRET-active bursts only. Intensity-derived Erger and the

average (fluorescence-weighted) donor lifetime <TD( A)> r plots showed FRET distributions were also

located on two dynamic FRET-lines (Figure 4.2b). As a profit, compact states (4, B and C) were now
better resolved, however confirming two distinct fiber populations with fast internal dynamics. To
characterize further the underlying structural states and interchanging dynamics, we integrated
information from TIRF data (Figure 2, Publication II), fluorescence correlation analysis (S. Figure 11,
Publication II) sub-ensemble lifetime analysis (S. Figure 10, Publication II) and from MFD histograms
(Figure 4.2). Sub-ensemble fluorescence lifetime analysis provides a complementary method to directly
resolve the individual FRET efficiencies (and thus Rps-values) within a dynamic ensemble '7®. As an
example I demonstrate analysis for DA1 for FRET-selected species and compute a FRET-induced
fluorescence decay of the donor ep(?) (Figure 4.2c and S. Note, step 3, Publication II). Global analysis of
the decay shows three corresponding FRET-species {4, C}, B and D, closely matching the limiting FRET
states observed in 2D — MFD histograms (Figure 4.2a,b). On the other hand we analyzed autocorrelation
functions for the donor- and acceptor channels, as well as the cross-correlation between donor- and
acceptor fluorescence channels (Figure 4.2d and S. Figure 11, S. Note, step 4, Publication II) to directly

access model-free molecular dynamics. This analysis supports the existence of structural dynamics
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between the FRET species {4, C}, B and D for DA1 and revealed two slow kinetic exchange processes

with relaxation time constants ¢z of 21 ps and 3 ms.
Resolving conformational dynamics in chromatin fibers

In order to characterize the two dynamic populations in chromatin fibers, and to resolve their underlying
structural states we combined previously analyzed data from TIRF measurements, MFD histograms, sub-
ensemble lifetime analysis and fluorescence correlation analysis for DA1-3. We further used this
information for dynamic photon distribution analysis (dynPDA) (S. Note, steps 6-8, Publication IT) '77 that
enables to resolve recovered inter-dye distance and exchange dynamics between the states. Using the
recovered inter-dye distance sets as constraints, we assigned molecular structures to species (4-D), based
on available high-resolution structural data'* and coarse-grained simulations'”® (Figure 4.3b,c, S. Figure
12-13 and S. Note, steps 9-10, Publication II). Distance constraints from DA1 and DA2 demonstrated that
FRET-species A and B correspond to conformational states with defined tetranucleosome units in two
different interaction registers relative to the FRET labels. Register 1 (4) positions the label pairs in the
same tetranucleosome unit (Figure 4.3a, b). This chromatin fiber conformation is consistent with the
reported cryo-EM structure of a 12-mer chromatin fiber'®®. In the contrary for Register 2 (B), FRET pairs
are located across two neighboring tetranucleosome units. Species (C) corresponds to a distorted (twisted)
tetranucleosome state within register 1. Finally, species (D) corresponds to an ensemble of open

chromatin fiber conformations.
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o
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Figure 4.3 (a) Matrix of the inter-dye distances Rps for DA1, DA2 and DA3 obtainted from dynPDA. Species that
cannot be discriminated with a given FRET pair are labeled with the same color and/or a continuous box.
Percentages given in brackets: uncertainties in the observed distances. Red: Precision (ARpa(Rpa)), relevant for
relative Rps. Black: Absolute uncertainty, mainly determined by the uncertainty in R, The registers of
tetranucleosome units are indicated by light grey boxes. (b) Molecular structure model of a chromatin array,
consisting of a stack of 3 tetranucleosomes (register 1) with DA1-positioned dyes in the central tetranucleosome,
based on ref.1%8, The inter-dye distance was evaluated using simulated dye accessible contact volumes (ACV)*"%. (c)
Molecular structure of a chromatin array, consisting of a stack of 2 tetranucleosomes, flanked by two unstacked
nucleosomes at each side (register 2) with DA1-positioned dyes on the two central tetranucleosomes and inter-dye
distance from ACV-calculations. Molecular models for DA2 and DA3 are reported in Supplementary Figures. 12-13,

Publication I1.
A dynamic-register model for chromatin dynamics

To formulate an appropriate kinetic model for chromatin fibers, we applied certain criteria that should

satisfy observed data and be physical meaningful for DA1-3. We list the requirements in (S. Figure 15,
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Publication II) and test suggested trial models. We performed global fits over the Mg?* dependence for
each dataset DA1-3. Model that fulfils all criteria contains two branches: one branch connecting species
(4,C) to (D), the second branch connecting species (B) to (D) (Figure 4.4d-f, S. Figures. 16-18,
Publication II). An analysis of DA1 (Figure 4.4d) indicated that stacked nucleosome (A4, register 1)
exchange with open conformations (D) with a relaxation time 7z = 3.7 = 0.3 ms, B to D, register 2 with
z=60 = 10 ps. DA2 reveals partial nucleosome disengagement (species C) on a 0.5 = 0.06 ms timescale,

followed by a transition to (D) within 2.6 £ 0.5 ms. DA3, finally, reported on linker-DNA fluctuation.
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Figure 4.4 (a-c) dynPDA analysis of MFD data. Red histogram: Experimental data, black line: PDA fit to the kinetic
models corresponding to the indicated state connectivities (Figures 5d-f). Gaussian distributions in orange hues or
grey: Distributions corresponding to FRET-states indicated in Figure 4.3a: A (red), B (orange), C (yellow) D (grey).
Blue hues: Distributions originating from dynamic exchange between FRET species: A<>C (violet), C<>D (dark
blue), B&>D (grey blue). (a) dynPDA analysis of MFD data for DAL (at 4 mM Mg2*) using the kinetic connectivity
outlined in (d). (b) dynPDA analysis of MFD data for DA2 (at 3 mM Mg?*) using the kinetic connectivity outlined in
(e). (c) dynPDA analysis of MFD data for DA2 (at 3 mM Mg?*) using the kinetic connectivity outlined in (f). (d-f)
Kinetic connectivity maps for DA1-3 used for dynPDA, which describe the experimental data. The indicated time

constants are given for 2 mM Mg?*.
HP1a induces a dynamically compacted chromatin structure

Finally we investigate how heterochromatin protein 1o (HP1a) affects the internal structure and dynamics

of chromatin fibers. We thus reconstituted DA1 and DA2 chromatin fibers containing either unmethylated
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(H3K9me0) or chemically produced H3K9me3 (S. Figure 19a,b, Publication II) and measured smFRET in
the presence of 1 uM HP1a using TIRF microscopy (Figure 4.5a,b). The results demonstrate that binding
of HPla results in dynamically compacted chromatin. It also stabilizes nucleosome stacking primarily
towards the center of the chromatin fiber, where the FRET efficiency reaches the value (Errer> 0.8) of the
limiting species 4, B resolved by MFD measurements (Figure 4.2a). Phosphorylated HP1a increased the
compacting effect by stabilization of nucleosome binding and by strengthening HP1a. interactions beyond

the dimer (Figure 4.5c, d).
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Figure 4.5 (a) FRET traces for DA1, containing no modification or H3K9me3 in the presence of 1uM HP1a and the
absence of Mg?*. (b) FRET trace for DA2, containing no modification or H3K9me3 in the presence of 1uM HP1a. (c)
FRET populations for DA1, showing H3K9me3 dependent compaction by HP1a and phosphorylated HP1a (pHP1a).
(d) FRET populations for DA2, demonstrating close contacts induced by HP1a / pHP1a. (c-d) Error bars: s.e.m. For
the number of traces, parameters of the Gaussian fits, see Supplementary Note and Supplementary Table 5,

Publication II..
4.3 Conclusions

Combining confocal microscopy of freely diffusing molecules in solution with TIRF revealed structural
and dynamic information about chromatin fibers. In this work we propose a dynamic-register model to
describe higher-order chromatin structure and demonstrate multiscale chromatin dynamics across five
orders of magnitude in time. We show that in a chromatin fiber a nucleosome can, at any time, engage in

tetranucleosome contacts with only one of its two neighbors within the two-start helix that result in at
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least two interchanging interaction registers. Neighboring tetranucleosomes can exchange their interaction

register, by concerted unfolding, followed by refolding in the alternative register.

We also report that tetranucleosome contacts alternate between different registers on the 100-ms
timescale. And finally, the effect of HPla on the chromatin fibers depending on the presence of
H3K9me3 is studied. Study reveals that such chromatin effectors stabilize specific conformations from

the rapidly exchanging ensemble, thereby enacting a biological output.
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Chapter 5 Conclusions

FRET method has been identified as significant in structural biology to study structural conformations
and dynamical exchange. The establishment of methodological guidance facilitates research recognition
within the community and promotes quality control and data exchange among the researches. Chapter 2
demonstrates the consistency of FRET method implementation among worldwide community. Here |
report that by following proposed step-by-step procedure FRET efficiency value between the labs can be
reported with standard deviation AE= £0.5. All correction parameters that distort recorded signal are
discussed in great detail and their contribution to the error propagation of experimental uncertainty are
discussed. In addition to the methodology utilized fluorescent dyes on different linkers were characterized

by conducting time-resolved experiments, reporting fluorescence anisotropy, lifetime and quantum yield.

Single-molecule FRET experiments together with computational structural modeling were successfully
implemented to resolve spatial models of various RNA three-way junctions. Experimental data was
analyzed with MFD and experimental distances were recovered with PDA approach. They were later used
as modeling restraints in the structural analysis. Also like in Chapter 2, thorough error analysis of all
experimental parameters was done and finally propagated to the distance uncertainty. Finally resolved
structures with different sequence were compared by diverse geometric means and it has been shown that
studied RNAs are similar in shape but manifest different coaxial stacking or no stacking at all. Additional
advantage of the fluorescence experiments are probing dyes at various microenvironment. With 14

different labeling positions I demonstrated that fluorophores exhibit site-specific fluorescence properties.

In Chapter 4 two sm-FRET methods were united to resolve structural and dynamical process of
chromatin fiber. It was possible to disentangle two distinct registers and formulate an underlying kinetic
scheme. Based on these results, individual tetranucleosomes can open on millisecond timescale, whereas
interaction between neighbors is detected in the microsecond time regime. Finally, interaction of the
chromatin fiber with HP1a reveals increase of the compactization, as HP1a stabilizes inter-nucleosome

contacts during interaction.

To conclude, in this work I did not only study the nucleic acids at different structural level (Chapter 2
Chapter 3 and Chapter 4) but also refined the method (Chapter 3) and contributed to the

methodological development in the community (Chapter 2).
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Abbreviations and nomenclature

3WJ
APD

o

AV

ER|D (Aem)
&6|p (Aem)
FPS
Foe

Frig

Three way junction
Avalanche photodiode
Emission crosstalk
Accessible volume
Background signal in red detector given donor excitation
Background signal in red detector given donor excitation
Background signal in green detector given donor excitation
Background signal in green detector given donor excitation
Deoxyribonucleic acid
Time-averaged FRET efficiency
FRET efficiency
emission spectral coefficient
emission spectral coefficient
FRET position and screening
Fluorescence signal in green detector given donor excitation
Fluorescence signal in red detector given donor excitation
Donor fluorescence signals
Donor fluorescence signals
Acceptor fluorescence signals
Acceptor fluorescence signals

fluorescence signals of the donor with parallel polarization

fluorescence signals of the donor with perpendicular polarization
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FRET Forster resonance energy transfer

Dr p Fluorescence quantum yield of the donor

Dr 4 Fluorescence quantum yield of the acceptor
g g-factor

g6 Detection efficiency of the green detector
gR Detection efficiency of the red detector

Correction factor that includes detection efficiency ratio and

Y fluorescence quantum yield ratio
HF High FRET
IRF Instrument response function
J Spectral overlap integral
K> orientation factor
A Wavelength [nm]
L, and I, compensating factors for the? signal depolarization by the objective due
to the high numerical aperture
LF Low FRET
MFD Multiparameter fluorescence detection
MLE maximum likelihood estimator
n Refractive index
Ngos degree of freedom
PDB Protein data base
PDA Photon distribution analysis
(Rp4)E FRET-efficiency weighted average distance from PDA
Rup distance between mean donor and acceptor positions
r(t) Time resolved anisotropy
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To

Rh101
Rh110
Ro
RMSD
RNA
o
S6l6
S¢
SrIG
SR
Sp and s,
TCSPC
(T)x
(to)r
0(0)
©-SPAD
MO)

XZ

®

Residual anisotropy
Steady state fluorescence anisotropy
Fundamental anisotropy
Rotation correlation time
Rhodamine 101
Rhodamine 110
Forster radius
Root-mean-square distance
Ribonucleic acid
Half width of Gaussian distribution
Total uncorrected signal in green detector given donor excitation
Total uncorrected signal in green detector given donor excitation
Total uncorrected signal in red detector given donor excitation
Total uncorrected signal in red detector given donor excitation
Trapped fraction of the donor/acceptor
Time correlated single photon counting
Species weighted averaged fluorescence lifetime

Fluorescence weighted donor lifetime in presence of acceptor

Fluorescence donor lifetime

Single Photon Avalanche Diode detector
Fraction of the i’ component
Goodness of the fit

circular convolution
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Single- ule Forster r e energy tr (smFRET) is increasingly being used to determine distances, structures, and
dy ics of bi lecules in vitro and in vivo. However, generalized protocols and FRET standards to ensure the reproducibility
and accuracy of measurements of FRET efficiencies are currently lacking. Here we report the results of a comparative blind
study in which 20 labs determined the FRET efficiencies (E) of several dye-labeled DNA duplexes. Using a unified, straightfor-
ward method, we obtained FRET efficiencies with s.d. between +0.02 and +0.05. We suggest experimental and computational
procedures for converting FRET efficiencies into accurate distances, and discuss potential uncertainties in the experiment and
the modeling. Our quantitative assessment of the reproducibility of intensity-based smFRET measurements and a unified cor-
rection procedure represents an important step toward the validation of distance networks, with the ultimate aim of achieving

reliable structural models of biomolecular systems by smFRET-based hybrid methods.

RET, also known as fluorescence resonance energy transfer, is
a well-established method for studying biomolecular confor-
mations and dynamics at both the ensemble’* and the single-
molecule level’"°. In such experiments, the energy transfer between
donor and acceptor fluorophores is quantified with respect to their
proximity’. The fluorophores are usually attached via flexible linkers
to defined positions of the system under investigation. The transfer
efficiency depends on the interdye distance, which is well described
by Forster’s theory for distances> 30 A", Accordingly, FRET has
been termed a ‘spectroscopic ruler’ for measurements on the molec-
ular scale’, capable of determining distances in vitro, and even in
cells”, with potentially dngstrom-level accuracy and precision. In its
single-molecule implementation, FRET largely overcomes ensem-
ble-averaging and time-averaging and can uncover individual spe-
cies in heterogeneous and dynamic biomolecular complexes, as well
as transient intermediates’.
The two most popular smFRET approaches for use in determin-
ing distances are confocal microscopy of freely diffusing molecules

in solution and total internal reflection fluorescence (TIRF)
microscopy of surface-attached molecules. Various fluorescence-
intensity- and lifetime-based procedures have been proposed with
the aim of determining FRET efficiencies''**’. Here we focus on
intensity-based measurements in which the FRET efficiency E is
determined from donor and acceptor photon counts and subse-
quently used to calculate the interfluorophore distance according
to Forster’s theory.

So far most intensity-based smFRET studies have characterized
relative changes in FRET efficiency. This ratiometric approach is
often sufficient to distinguish different conformations of a biomol-
ecule (e.g., an open conformation with low FRET efficiency versus
a closed conformation with high FRET efficiency) and to determine
their interconversion kinetics. However, knowledge about distances
provides additional information that can be used, for example, to
compare an experimental structure with known structures, or to
assign conformations to different structural states. In combination
with other structural measurements and computer simulations,

A full list of affiliations appears at the end of the paper.
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FRET-derived distances are increasingly being used to generate
novel biomolecular structural models via hybrid methods™ ¢,

However, it is difficult to compare and validate distance measure-
ments from different labs, especially when detailed methodological
descriptions are lacking. In addition, different methods for data
acquisition and analysis, which often involve custom-built micro-
scopes and in-house software, can have very different uncertainties
and specific pitfalls. To overcome these issues, here we describe gen-
eral methodological recommendations and well-characterized stan-
dard samples for FRET that can enable researchers to validate results
and estimate the accuracy and precision of distance measurements.
This approach should allow the scientific community to confirm the
consistency of smFRET-derived distances and structural models. To
facilitate data validation across the field, we recommend the use of
a unified nomenclature to report specific FRET-related parameters.

The presented step-by-step procedure for obtaining FRET
efficiencies and relevant correction parameters was tested in a
worldwide, comparative, blind study by 20 participating labs. We
show that, for standardized double-stranded DNA FRET samples,
FRET efficiencies can be determined with an s.d. value of less
than +0.05.

To convert the measured smFRET efficiencies to distances, we
used the Forster equation (equation (3); all numbered equations
cited in this paper can be found in the Methods section), which
critically depends on the dye-pair-specific Forster radius, R,. We
discuss the measurements required to determine R, and the associ-
ated uncertainties. Additional uncertainty arises from the fact that
many positions are sampled by the dye relative to the biomolecule to
which it is attached. Therefore, specific models are used to describe
the dynamic movement of the dye molecule during the recording
of each FRET-efficiency measurement’>”’, The investigation of the
uncertainties in FRET-efficiency determination and the conversion
into distance measurements enabled us to specify uncertainties for
individual FRET-derived distances.

Results

Benchmark samples and approaches. We chose double-stranded
DNA as a FRET standard for several reasons: DNA sequences can
be synthesized, FRET dyes can be specifically tethered at desired
positions, the structure of B-form DNA is well characterized, and
the samples are stable at room temperature long enough that they
can be shipped to labs around the world. The donor and acceptor
dyes were attached via C2 or C6 amino linkers to thymidines of
opposite strands (Supplementary Fig. 1). These thymidines were
separated by 23 bp, 15 bp (Fig. 1), or 11 bp (Supplementary Fig. 1,
Supplementary Table 1, and Supplementary Note 1). The attach-
ment positions were known only to the reference lab that designed
the samples. The samples were designed in such a way that we were
able to determine all correction parameters and carry out a self-
consistency test (described below).

In this study we used Alexa Fluor and Atto dyes because
of their high quantum yields and well-studied characteristics
(Supplementary Note 2). Eight hybridized double-stranded FRET
samples were shipped to all participating labs. In the main text, we
focus on four FRET samples that were measured by most labs in
our study:

« 1-lo: Atto 550/Atto 647N; 23-bp separation

o 1-mid: Atto 550/Atto 647N; 15-bp separation

o 2-lo: Atto 550/Alexa Fluor 647; 23-bp separation

o 2-mid: Atto 550/Alexa Fluor 647; 15-bp separation

In revision, 13 labs evaluated two additional samples:

«  1-hi: Atto 550/Atto 647N; 11-bp separation
«  2-hi: Atto 550/Alexa Fluor 647; 11-bp separation

670

0 20 40 60 80 100

RMPJnedel (A)

Fig. 1| Schematic of the FRET standard molecules. Double-stranded DNA
was labeled with a FRET pair at 15-bp or 23-bp separation for the “lo” and
“mid" samples, respectively (sequences are provided in the Methods).
The accessible volumes (AVs) of the dyes (donor, blue; acceptor, red)

are illustrated as semi-transparent surfaces and were calculated with
freely available software®. The mean dye positions are indicated by

darker spheres (assuming homogeneously distributed dye positions;
Supplementary Note 3). The distance between the mean dye positions is
defined as Rypmoqe- Calculated values for Ryp, 06, and the errors obtained by
varying parameters of the AV model are shown (Supplementary Note 3).
The B-DNA model was generated with Nucleic Acid Builder version
04/17/2017 for Amber?’.

In this nomenclature, the number refers to the dye pair, and
lo, mid, and hi indicate low-efficiency, medium-efficiency, and
high-efficiency configurations, respectively. The results with
other FRET pairs (Alexa Fluor 488/Alexa Fluor 594 and Alexa
Fluor 488/Atto 647N) at these positions, per lab, for all samples
and for different methods, are reported in Supplementary Fig. 2
and Supplementary Note 2.

To avoid dye stacking’*’, we designed the DNA molecules such
that the dyes were attached to internal positions sufficiently far from
the duplex ends. As a first test for the suitability of the labels, we
checked the fluorescence lifetimes and time-resolved anisotropies
(Supplementary Table 2) of all donor-only and acceptor-only sam-
ples. The results indicated that there was no significant quenching
or stacking and that all dyes were sufficiently mobile at these posi-
tions (Supplementary Note 2).

Most measurements were carried out on custom-built setups
that featured at least two separate spectral detection channels for
donor and acceptor emission (Supplementary Figs. 3 and 4). Results
obtained with different fluorophores (samples 3 and 4) and differ-
ent FRET methods (ensemble lifetime™, single-molecule lifetime’®,
and a phasor approach®) are presented in Supplementary Fig. 2 and
Supplementary Notes 1 and 2.

A robust correction procedure to determine absolute fluo-
rescence intensities is needed. The ideal solution is a ratiometric
approach that, for intensity-based confocal FRET measurements,
was pioneered by Weiss and coworkers and uses alternating two-
color laser excitation (ALEX) with microsecond pulses'””. In this
approach the fluorescence signal after donor excitation is divided
by the total fluorescence signal after donor and acceptor excitation
(referred to as apparent stoichiometry; see equation (16)), to correct
for dye and instrument properties'’. The ALEX approach was also
adapted for TIRF measurements”. To increase time resolution and
to enable time-resolved spectroscopy, Lamb and coworkers intro-
duced pulsed interleaved excitation with picosecond pulses™.

Procedure to determine the experimental FRET efficiency (E).
In both confocal and TIRF microscopy, the expectation value of the
FRET efficiency (E) is computed from the corrected FRET efficiency
histogram. In this section, first we outline a concise and robust pro-
cedure to obtain (E). Then we describe distance and uncertainty
calculations, assuming a suitable model for the interdye distance
distribution and dynamics®'**. Finally, we derive self-consistency
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Fig. 2 | Stepwise data correction for 1-lo and 1-mid samples. a-d, Workflow for correction of the confocal data for background (a — b); leakage (factor

a); and direct excitation (8) (b — ¢), excitation, and detection factors (8, y) (¢ — d). e-h, Workflow for correction of TIRF data for background and
photobleaching by selection of the prebleached range (e — f); leakage; and direct excitation (f — g), detection, and excitation factors (g — h). The
efficiency histograms show a projection of the data with a stoichiometry between 0.3 and 0.7. The general terms “stoichiometry” and “FRET efficiency” are
used in place of the corresponding specific terms for each correction step. Donor (D)-only, FRET, and acceptor (A)-only populations are specified.

arguments and comparisons to structural models to confirm the
accuracy of this approach.

Our general procedure is largely based on a previous approach'’,
with modifications to establish a robust workflow and standardize
the nomenclature. Intensity-based determination of FRET effi-
ciencies requires consideration of the following correction factors
(details in the Methods section): background signal correction (BG)
from donor and acceptor channels; a, a factor for spectral cross-talk
arising from donor fluorescence leakage in the acceptor channel; 8,
a factor for direct excitation of the acceptor with the donor laser;
and a detection correction factor (y). The optimal way to determine
these factors is to alternate the excitation between two colors, which
allows for determination of the FRET efficiency (E) and the relative
stoichiometry (S) of donor and acceptor dyes, for each single-mole-
cule event. This requires the additional excitation correction factor
S to normalize the excitation rates.

The following step-by-step guide presents separate instructions
for confocal and TIRF experiments; notably, the order of the steps
is crucial (Methods).

Diffusing molecules: confocal microscopy. Photon arrival times from
individual molecules freely diffusing through the laser focus of a
confocal microscope are registered. Signal threshold criteria are
applied, and bursts are collected and analyzed. From the data, first
a 2D histogram of the uncorrected FRET efficiency (E,,) versus
the uncorrected stoichiometry ('S,,,) is generated (Fig. 2a). Then the
average number of background photons is subtracted for each chan-
nel separately (Fig. 2b). Next, to obtain the FRET sensitized acceptor
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signal (F,p), one must subtract the donor leakage (&I pe,) and
direct excitation (8"I,,ps.,) from the acceptor signal after donor
excitation. As samples never comprise 100% photoactive donor
and acceptor dyes, the donor-only and acceptor-only populations
are selected from the measurement and used to determine the
leakage and direct excitation (Fig. 2c). After this correction step,
the donor-only population should have an average FRET efficiency
of 0, and the acceptor-only population should have an average
stoichiometry of 0.

The last step deals with the detection correction factor y and
the excitation correction factor f. If at least two species (two dif-
ferent samples or two populations within a sample) with different
interdye distances are present, they can be used to obtain the ‘global
y-correction. If one species with substantial distance fluctuations
(e.g., from intrinsic conformational changes) is present, a ‘single-
species y-correction’ may be possible. Both correction schemes
assume that the fluorescence quantum yields and extinction coef-
ficients of the dyes are independent of the attachment point. The
correction factors obtained by the reference lab are compiled in
Supplementary Table 3. The final corrected FRET efficiency his-
tograms are shown in Fig. 2d. The expected efficiencies (E) are
obtained as the mean of a Gaussian fit to the respective efficiency
distributions. After correction, we noted a substantial shift of the
FRET-efficiency peak positions, especially for the low-FRET-effi-
ciency peak (E ~ 0.25 uncorrected to E ~ 0.15 when fully corrected).

Surface-attached molecules: TIRF microscopy. The correction pro-
cedure for TIRF-based smFRET experiments is similar to the
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(summarized in Supplementary Table 4). Example correction factors are given

procedure for confocal-based experiments. In the procedure used
for ALEX data®, a 2D histogram of the uncorrected FRET efficiency
versus the uncorrected stoichiometry is generated (Fig. 2¢). The
background subtraction is critical in TIRF microscopy, as it can con-
tribute substantially to the measured signal. Different approaches
can be used to accurately determine the background signal, such as
measuring the background in the vicinity of the selected particle or
measuring the intensity after photobleaching (Fig. 2f). After back-
ground correction, the leakage and direct excitation can be calcu-
lated from the ALEX data as for confocal microscopy (Fig. 2g).

Again, determination of the correction factors § and y is criti-
cal’®. As with confocal microscopy, one can use the stoichiometry
information available from ALEX when multiple populations are
present to determine an average detection correction factor (global
y-correction). In TIRF microscopy, the detection correction fac-
tor can also be determined on a molecule-by-molecule basis, pro-
vided the acceptor photobleaches before the donor (individual
y-correction). In this case, the increase in the fluorescence of the
donor can be directly compared to the intensity of the acceptor
before photobleaching. A 2D histogram of corrected FRET effi-
ciency versus corrected stoichiometry is shown in Fig. 2h.

In the absence of alternating laser excitation, the following
problems occasionally arose during this study: (i) the low-FRET-
efficiency values were shifted systematically to higher efficiencies,
because FRET-efficiency values at the lower edge were overlooked
owing to noise; (ii) the direct excitation was difficult to detect and
correct because of its small signal-to-noise ratio; and (iii) accep-
tor bleaching was difficult to detect for low FRET efficiencies.
Therefore, we strongly recommend implementing ALEX in order to
obtain accurate FRET data.

Nine of the twenty participating labs determined FRET effi-
ciencies by confocal methods for samples 1 and 2 (Fig. 3a). Seven
of the twenty participating labs determined FRET efficiencies by
TIRF-based methods (Fig. 3b). The combined data from all labs for
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in Supplementary Table 3.

measurements of samples 1 and 2 agree very well, with s.d. for the
complete dataset of AE<+0.05. This is a remarkable result, con-
sidering that different setup types were used (confocal- and TIRE-
based setups) and different correction procedures were applied
(e.g., individual, global, or single-species y-correction).

Distance determination. The ultimate goal of this approach is to
derive distances from FRET efficiencies. The efficiency-to-distance
conversion requires knowledge of the Forster radius, R,, for the
specific FRET pair used and of a specific dye model describing the
behavior of the dye attached to the macromolecule’”. In the fol-
lowing, we describe (i) how R, can be determined and (ii) how to
use a specific dye model to calculate two additional values, R, and
Ry Ry is the apparent distance between the donor and the accep-
tor, which is directly related to the experimental FRET efficiency
(E) that is averaged over all sampled donor-acceptor distances Ry,
(equation (5)), but it is not a physical distance. Ry, is the real dis-
tance between the center points (mean positions) of the accessible
volumes and deviates from Rz, because of the different averaging
in distance and efficiency space. Ry, cannot be measured directly
but is important, for example, for mapping the physical distances
required for structural modeling™.

R, is a function of equation (7) and depends on the index of
refraction of the medium between the two fluorophores (n,,),
the spectral overlap integral (J), the fluorescence quantum yield
of the donor (@), and the relative dipole orientation factor (x?)
(an estimate of their uncertainties is provided in the Methods
section). Our model assumes that the FRET rate (ky) is much
slower than the rotational relaxation rate (k,,,) of the dye and that
the translational diffusion rate (ky) allows the dye to sample the
entire accessible volume within the experimental integration time
(1/kyy), that is, ko >> keggr>> kg >> ki The validity of these
assumptions is justified by experimental observables discussed in
the Methods.
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The determined Forster radii for samples 1 and 2 are given in
Supplementary Table 4. Note that literature values differ mainly
because donor fluorescence quantum yields are not specified and
the refractive index of water is often assumed, whereas we used
11, = 1.40 here. Our careful error analysis led to an error estimate of
7% for the determined R, which is relatively large (mainly owing to
the uncertainty in &?).

We used the measured smFRET efficiencies and the calculated
Forster radii to compute the apparent distance Rz, from each lab’s
data (equation (5)). Figure 4a,b shows the calculated values for these
apparent distances for samples 1 and 2 for each data point in Fig. 3.
The average values for all labs are given in Supplementary Table 4,
together with model values based on knowledge of the dye attach-
ment positions, the static DNA structure, and the mobile dye model
(Supplementary Note 3). Considering the error ranges, the experi-
mental and model values agree very well with each other (the devia-
tions range between 0 and 8%).

Although this study focused on measurements on DNA, the
described FRET analysis and error estimation are fully generalizable
to other systems (e.g., proteins), assuming mobile dyes are used.
What becomes more difficult with proteins is specific dye labeling,
and the determination of an appropriate dye model, if the dyes are
not sufficiently mobile (Supplementary Note 3). R ;, corresponds to
the real distance Ry, only in the hypothetical case in which both
dyes are unpolarized point sources, with zero accessible volume
(AV). In all other cases, Ry, is the only physical distance. It can
be calculated in two ways: (i) if the dye model and the local envi-
ronment of the dye are known, simulation tools such as the FRET
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Positioning and Screening tool® can be used to compute Ry, from
R for a given pair of AVs; or (ii) if the structure of the investigated
molecule is unknown a priori, a sphere is a useful assumption for
the AV. In both cases, a lookup table is used to convert R to Ry,
for defined AVs and R, values (Supplementary Note 5). Our results
for these calculations, given as distances determined via the former
approach, are shown in Fig. 4c,d and Supplementary Table 4. The
respective model values are based on the center points of the AVs
depicted in Fig. 1 and given in Supplementary Table 4 (details in
Supplementary Note 3).

Distance uncertainties. We estimated all uncertainty sources aris-
ing from both the measurement of the corrected FRET efficiencies
and the determination of the Forster radius, and propagated them
into distance uncertainties. We discuss the error in determining
the distance between two freely rotating but spatially fixed dipoles,
Ry, with the Forster equation (equation (26)). Figure 5a shows how
uncertainty in each of the correction factors (a, y, and 8) and the
background signals (BGp, BG,) is translated into the uncertainty
of R, (Supplementary Note 6). The uncertainty of Ry, is similar
but depends on the dye model and the AVs. The solid gray line in
Fig. 5a shows the sum of these efficiency-dependent uncertain-
ties, which are mainly setup-specific quantities. For the extremes
of the distances, the largest contribution to the uncertainty in Ry,
arises from background photons in the donor and acceptor chan-
nels. In the presented example with R, = 62.6 A, the total uncertainty
ARy, based on the setup-specific uncertainties is less than 4 A for
35A< Ry, <90 A. Notably, in confocal measurements, larger inten-
sity thresholds can decrease this uncertainty further. The uncer-
tainty in Ry, arising from errors in R, (blue line in Fig. 5b) is added
to the efficiency-related uncertainty in Ry, (bold gray line in Fig. 5b)
to estimate the total experimental uncertainty in Ry, (black line in
Fig. 5b). The uncertainties for determining R, are dominated by the
dipole orientation factor x* and the refractive index n,,, (Methods).
Including the uncertainty in R,, the error ARp, ., for a single
smFRET-based distance between two freely rotating point dipoles is
less than 6 A for 35 A <Ry,, <80 A. The uncertainty is considerably
reduced when multiple distances are calculated and self-consistency
in distance networks is exploited’. Besides background contribu-
tions, an Ry, shorter than 30 A may lead to larger errors due to (i)
potential dye-dye interactions and (ii) the dynamic averaging of the
dipole orientations being reduced owing to an increased FRET rate.

Comparing distinct dye pairs. To validate the model assumption of
a freely rotating and diffusing dye, we developed a self-consistency
argument based on the relationship between different dye pairs that
bypasses several experimental uncertainties. We define the ratio R
for two dye pairs as the ratio of their respective Rz, values (Methods,
equation (30)). This ratio is quasi-independent of R, because all
dye parameters that are contained in R, are approximately elimi-
nated by our DNA design. Therefore, these ratios should be similar
for all investigated dye pairs, which we indeed found was the case
(Supplementary Table 4). When comparing, for example, the low- to
mid-distances for three dye pairs with E>0.1, we obtained a mean
R,y 0f 1.34 and a maximum deviation of 2.7%. This is a relative error
of 2.3%, which is less than the estimated error of our measured dis-
tances of 2.8% (Fig. 5a). This further demonstrates the validity of
the assumptions for the dye model and averaging regime used here.
This concept is discussed further in the Methods.

Although calculated model distances are based on a static model
for the DNA structure, DNA is known not to be completely rigid™.
We tested our DNA model by carrying out molecular dynamics sim-
ulations using the DNA molecule (without attached dye molecules;
Supplementary Note 7) and found that the averaged expected FRET
efficiency obtained with the computed dynamically varying slightly
bent DNA structure led to comparable but slightly longer distances
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than for the static model. The deviations between the models and
data were reduced (Supplementary Table 4) for those cases where
we observed larger deviations with static models.

Discussion

Despite differences in the setups used, the reported intensity-based
FRET efficiencies were consistent between labs in this study. We attri-
bute this remarkable consistency (AE < +0.05) to the use of a general
step-by-step procedure for the experiments and data analysis.

We also showed that the factors required for the correction of
FRET efficiency can be determined with high precision, regardless
of the setup type and acquisition software used. Together the mea-
surement errors caused an uncertainty in Ry, of less than 5%,
which agrees well with the variations between the different labs.
Ultimately, we were interested in the absolute distances derived
from these FRET efficiencies. Figure 5 shows that any distance
between 0.6 R, and 1.6 R, could be determined with an uncertainty
of less than +6 A. This fits well with the distance uncertainty mea-
sured across the labs and corresponds to a distance range from 35 to
80 A for the dye pairs used in sample 1. This estimation is valid if the
dyes are sufficiently mobile, as has been supported by time-resolved
anisotropy measurements and further confirmed by a self-consis-
tency argument. The s.d. for sample 2 was slightly larger than that
for sample 1 (Fig. 5a), which could be explained by specific photo-
physical properties. The values for samples 3 and 4 (Supplementary
Table 4) showed similar precision, considering the smaller number
of measurements.

For the samples 1-hi and 2-hi, which were measured after each
lab verified its setup and procedure, the precision was further
increased by almost a factor of two (Supplementary Table 4), pos-
sibly owing to the thorough characterization during this study.

We also tested the accuracy of the experimentally derived dis-
tances by comparing them with distances in the static model. For
every single FRET pair we found excellent agreement between 0.1%
and 4.1% (0.4-2.4 A) for sample 1 and agreement mostly within the
range of experimental error between 3.1% and 9.0% (2.7-5.5A) for
sample 2. The deviations could be even smaller for dynamic DNA
models. For sample 2, which had the cyanine-based dye Alexa Fluor
647 instead of the carbopyronine-based dye Atto 647N as an accep-
tor, the lower accuracy could be explained by imperfect sampling
of the full AV or dye-specific photophysical properties (details are
presented in Supplementary Table 2). It was shown previously that
cyanine dyes are sensitive to their local environment* and therefore
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require especially careful characterization for each newly labeled
biomolecule.

For future work, it will be powerful to complement intensity-
based smFRET studies with single-molecule lifetime studies, as the
picosecond time resolution could provide additional information
on calibration and fast dynamic biomolecular exchange. In addi-
tion, it will be important to establish appropriate dye models for
more complex (protein) systems in which the local chemistry may
affect dye mobility (Supplementary Note 4). However, when used
with mobiles dyes (which can be checked via anisotropy and life-
time experiments; Supplementary Note 2), the dye model here is
fully generalizable to any biomolecular system®’.

The results from different labs and the successful self-consistency
test clearly show the great potential of absolute smFRET-based dis-
tances for investigations of biomolecular conformations and dynam-
ics, as well as for integrative structural modeling. The ability to
accurately determine distances on the molecular scale with smFRET
experiments and to estimate the uncertainty of the measurements
provides the groundwork for smFRET-based structural and hybrid
approaches. Together with the automated selection of the most infor-
mative pairwise labeling positions® and fast analysis procedures*’,
we anticipate that snFRET-based structural methods will become an
important tool for de novo structural determination and structure
validation, especially for large and flexible structures with which the
application of other structural biology methods is difficult.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41592-018-0085-0.
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Nomenclature and definitions. See Supplementary Table 5 for a summary of the
following section.

The FRET efficiency E is defined as

F,
E= AID o
FDU)+FA|D
where Fis the signal. The stoichiometry S is defined as
Fpp+Fyp @
Fpp+ Fyp+ Fya
The FRET efficiency for a single donor-acceptor distance Ry, is defined as
1+R5, /RS @
The mean FRET efficiency for a discrete distribution of donor-acceptor
distances with the position vectors Ry, ;) and Ry is calculated as
I v v 1
=ty @
nm TS 1+ IR, =Ry /Ry

The apparent donor-acceptor distance Rz is computed from the average FRET
efficiency for a distance distribution. It is a FRET-averaged quantity that is also
referred to as the FRET-averaged distance (R, ) (ref. 7):

Ry =R(E)=Ry(E”' = 1) 5)

The distance between the mean dye positions with the position vectors Ry,
and R, ; is obtained by normalization of sums over all positions within the
respective AVs:

n

1 1
Rytp = [{(Rp) =Ry ) = | — Z Rpy=—
L mia

M=

Ry (6)

Definitions of abbreviations in subscripts and superscripts are as follows:

« D or A: donor or acceptor
o AID: acceptor fluorescence upon donor excitation (similarly for D|D, A|A, etc.)
«  Aem|Dex: intensity in the acceptor channel upon donor excitation (similarly
for Dem|Dex, Aem|Aex, etc.)
< app: apparent, that is, including systematic, experimental offsets
«  BG: background
«  DO/AO: donor-only/acceptor-only species
«  DA: FRET species
o i-iii: (i) the uncorrected intensity; (ii) intensity after BG correction; (iii) inten-
sity after BG, a, and & corrections
The four correction factors are defined as follows.
Leakage of donor fluorescence into the acceptor channel:
(DO)
_CER
- (DO)
Sap 1= ("Egy )
Normalization of excitation intensities I and cross-sections ¢ of the acceptor
and donor:

Srip
q= R0

= O Lpex
0p6 Ipex
Normalization of effective fluorescence quantum yields, '@, = a,®;, and
detection efficiencies g of the acceptor and donor, where 4, is the fraction of
molecules in the bright state and @, is the fluorescence quantum yield without
photophysical (saturation) effects:

eff,
Pra

Sria
r= Ef(d)l:,

&aip
Direct acceptor excitation by the donor excitation laser (lower wavelength):
ii g (AO),
oo Mok ('S
(A0)
Oar Taex 1= "S;pp ')
where I is the experimentally observed intensity; F indicates the corrected
fluorescence intensity; ®, , and @, are the fluorescence quantum yield of the
acceptor and the donor, respectively; gy, and g, represent the detection efficiency
of the red detector (R) if only the acceptor was excited or green detector (G) if the
donor was excited (analogously for other combinations); and 6, | is the excitation
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cross-section for the acceptor when excited with green laser (analogously for the
other combinations).

The Forster radius (in angstroms) for a given J in the units shown below is
given by

2
Dy
4

nlm

J

M~'em ™ 'nm'

R 0.2108
Zo_p. B
A i

with the dipole orientation factor k> = (cos 0y,—3 cos @, cos 6,) > and the spectral
overlap integral (in cm™ M~ nm*)

J= ff,j(z)e,\(z)ﬁd/l
0

with the normalized spectral radiant intensity of the excited donor (in nm™'),
defined as the emission intensity F per unit wavelength,

(1) with / F()di=1
0

and the extinction coefficient of the acceptor (in M~ cm™), £, (1), and the refractive
index of the medium between the dyes, 7,,,.
Samples. Altogether, eight different FRET samples were designed with the acceptor
dyes positioned 15 or 23 bp away from the donor dyes. The exact sequences and
dye positions are given in Supplementary Table 1 and Supplementary Note 1. We
ordered them from IBA GmbH (Géttingen), which synthesized and labeled the
single DNA strands and then carried out HPLC purification. Here the dyes were
attached to a thymidine (dT), which is known to cause the least fluorescence
quenching of all nucleotides™.

Most labs measured the four DNA samples listed in Supplementary Table 1.
Therefore, we focus on these four samples in the main text of this paper. The
additional samples and the corresponding measurements are described in
Supplementary Note 1, Supplementary Fig. 2, and Supplementary Table 4. A buffer
consisting of 20 mM MgCl,, 5mM NaCl, 5mM Tris, pH 7.5, was requested for all
measurements, with de-gassing just before the measurement at room temperature.

The linker lengths were chosen in such a way that all dyes had about the same
number of flexible bonds between the dipole axis and the DNA. Atto 550, Alexa
Fluor 647, and Atto 647N already have an intrinsic flexible part before the C-linker
starts (Supplementary Fig. 1). In addition, the DNAs were designed such that the
distance ratio between the high-FRET-efficiency and low-FRET-efficiency samples
should be the same for all samples, largely independent of R,.

Details on all used setups and analysis software are presented in Supplementary
Note 8.

General correction procedure. The FRET efficiency E and stoichiometry S are
defined in equations (1) and (3). Determination of the corrected FRET E and S is
based largely on the approach of Lee et al."” and consists of the following steps: (1)
data acquisition, (2) generation of uncorrected 2D histograms for E versus S, (3)
background subtraction, (4) correction for position-specific excitation in TIRF
experiments, (5) correction for leakage and direct acceptor excitation, and (6)
correction for excitation intensities and absorption cross-sections, quantum yields,
and detection efficiencies.

Data acquisition. The sample with both dyes is measured, and three intensity time
traces are extracted: acceptor emission upon donor excitation (I, Aem|Dex)’ donor
emission upon donor excitation (Ip,yp.,)» and acceptor emission upon acceptor
excitation (I Aemmex)-

For the confocal setups, a straightforward burst identification is carried out in
which the trace is separated into 1-ms bins. Usually a minimum threshold (e.g.,
50 photons) is applied to the sum of the donor and acceptor signals after donor
excitation for each bin. This threshold is used again in every step, such that the
number of bursts used may change from step to step (if the y correction factor is
not equal to 1). Some labs use sophisticated burst-search algorithms. For example,
the dual-channel burst search*** recognizes the potential bleaching of each dye
within bursts. Note that the choice of burst-search algorithm can influence the y
correction factor. For standard applications, the simple binning method is often
sufficient, especially for well-characterized dyes and low laser powers. This study
shows that the results do not depend heavily on these conditions (if they are
applied properly), as every lab used its own setup and procedure at this stage. The
number of photon bursts per measurement was typically between 1,000 and 10,000.

For the TIRF setups, traces with one acceptor and one donor are selected,
defined by a bleaching step. In addition, only the relevant range of each trajectory
(i.e., prior to photobleaching of either dye) is included in all subsequent steps. The
mean length of the time traces analyzed by the reference lab was 47 frames (18.8s)
for the 185 traces of sample 1-lo and 15 frames (6s) for the 124 traces of sample
2-lo measured at an ALEX sampling rate of 2.5 Hz. For sample 1, bleaching was
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donor limited, whereas bleaching for sample 2 was acceptor limited, which explains
the significant difference in frame lengths. For details on the analysis from the
reference lab, see ref. *’.

2D histogram. A 2D histogram (Fig. 2a,e) of the apparent (uncorrected)

stoichiometry, 'S, , versus the apparent FRET efficiency, 'E, , , defined by
equations (8) and (9), is generated, where
- Tyemipex T Ipem|pex ®
o Tyemipext Ipempex T Taemjaex
I
in Aem|Dex
Epp=r— )

Tyemipex T Ipemipex

Background correction. Background I*®® is removed from each uncorrected
intensity 'I separately, thus leading to the background-corrected intensities
"L 1S,y and "Ey

i i (BG)
IDcm\Dcx7 Incmmcx_lncmmcx
i _ i (BG)
Liemiaex™ Taemiaex™Laem|aex (10)
iig i _®%)
Aem|Dex = {Aem|Dex ™! Aem|Dex

For confocal measurements, one can determine the background by averaging
the photon count rate for all time bins that are below a certain threshold, which
is defined, for example, by the maximum in the frequency-versus-intensity plot
(the density of bursts should not be too high). Note that a previous measurement
of only the buffer can uncover potential fluorescent contaminants, but may differ
substantially from the background of the actual measurement. The background
intensity is then subtracted from the intensity of each burst in each channel
(equation (10)). Typical background values are 0.5-1 photon/ms (Fig. 2b).

For TIRF measurements, various trace-wise or global background corrections
can be applied. The most common method defines background as the individual
offset (time average) after photobleaching of both dyes in each trace. Other
possibilities include selecting the darkest spots in the illuminated area and
subtracting an average background time trace from the data, or using a local
background, for example, with a mask around the particle. The latter two
options have the advantage that possible (exponential) background bleaching is
also corrected. We did not investigate the influence of the kind of background
correction during this study, but a recent study showed that not all background
estimators are suitable for samples with a high molecule surface coverage®.

To summarize, a correction of the background is very important but can be
done very well in different ways.

Position-specific excitation correction (optional for TIRF). The concurrent excitation
profiles of both lasers are key for accurate measurements (Supplementary Fig. 5).
Experimental variations across the field of view are accounted for by a position-
specific normalization:

h&\y)

1,(6y) (11)

iip _ i
(profile) ‘AemlAex = {Aem|Aex

where I(x', y') and I,(x, y) denote the excitation intensities at corresponding
positions in the donor or acceptor image, respectively. Individual excitation profiles
are determined as the mean image of a stack of images recorded across a sample
chamber with dense dye coverage.

Leakage (a) and direct excitation (5). After the background correction, the leakage
fraction of the donor emission into the acceptor detection channel and the

fraction of the direct excitation of the acceptor by the donor-excitation laser are
determined. The correction factor for leakage (a) is determined by equation (12),
using the FRET efficiency of the donor-only population (“D only” in Fig. 2b,f). The
correction factor for direct excitation (f) is determined by equation (13) from the
stoichiometry of the acceptor-only population (“A only” in Fig. 2b,f).

iir; (DO)
L Ea””no) (12)
)
( us(/\o)>
o (13)

i (AO):
=S )

where “Ej;o) and i‘Sj;‘pO ) are calculated from the background-corrected intensities “I
of the corresponding population, donor-only or acceptor-only, respectively.
This correction, together with the previous background correction, results in the

donor-only population being located at E = 0, $ = 1 and the acceptor-only
population at § = 0, E=0...1. The corrected acceptor fluorescence after donor
excitation, F, ,, is given by equation (14), which yields the updated expressions for
the FRET efficiency and stoichiometry, equations (15) and (16), respectively.

Fyp= "IAem\Dex*a "Inem\uefé “IArmh\ex (14)

i Fyp
= i (15)

Fypt "Tpemipex

=—AD? TemDex 16
o Fyp+ Toempex® Taemjaex (o
In principle, the leaked donor signal could be added back to the donor
emission channel”’. However, this would require precise knowledge about spectral
detection efficiencies, which is not otherwise required, and has no effect on the
final accuracy of the measurement. As the determination of & and & influences
the y and f§ correction in the next step, both correction steps can be repeated in an
iterative manner if required (e.g., if the y and /8 factors deviate largely from 1).

y and f correction factors. Differences in the excitation intensities and cross-section,
as well as quantum yields and detection efficiencies, are accounted for by use of
the correction factors y and f5, respectively. If the fluorescence quantum yields

do not depend on efficiencies or if such dependence is negligible (homogeneous
approximation), mean values of efficiencies ( mE;E;;”) and of stoichiometries

( '”S;EPA)) are related by equation (17):

-1
S = Wb+ (=p)p MEGY) a7

So, in the homogeneous approximation, y and f correction factors can be
determined by fitting of FRET populations to the histogram of '“S;;A) versus
“‘Ea(;’pm with the line defined by equation (17). As this method relies on the
analysis of i"S_(;’A) and "E, “(:;,A) values obtained from multiple species, we term this
method global y-correction. Such a fit can be performed for all FRET populations
together, for any of their subsets, and, in principle, for each single-species
population separately (see below). Alternatively, a linear fit of inverse < ‘“SLEEP’\)>
versus< “‘Ea(;’p")> with y-intercept a and slope b can be performed.

In this case, f=a+b—1 and y= (a—1)/(a+b-1).

Error propagation, however, is more straightforward if equation (17) is used.
If there is a complex dependence between properties of dyes and efficiencies, the
homogeneous approximation is no longer applicable. In this case, the relationship
between ‘“Sa(;") and “‘E:E ) for different populations (or even subpopulations
for the same single species) cannot be described by equation (17) with a single
y correction factor. Here, y can be determined for a single species. We call
this ‘single-species y-correction. This works only if the efficiency broadening
is dominated by distance fluctuations. The reason for this assumption is the
dependency of these correction factors on both the stoichiometry and the distance-
dependent efficiency. In our study, global and local y-correction yielded similar
results. Therefore, the homogeneous approximation, with distance fluctuations
as the main cause for efficiency broadening, can be assumed for samples 1 and 2.
Systematic variation of the y correction factor yields an error of about 10%.

Alternatively, determination of y and /3 factors can be done trace-wise, as in,
for example, msALEX experiments®, where the y factor is determined as the ratio
of the decrease in acceptor signal and the increase in donor signal after acceptor
bleaching. We call such an alternative correction individual y-correction’”. The
analysis of local distributions can provide valuable insights about properties of the
studied system.

After y and f§ correction, the corrected donor (acceptor) fluorescence after
donor (acceptor) excitation Fy;, (F, ,) amounts to

Fop=v “IDcmchx (18)
1.
Fya=— Tyemjaex (19)
| B |

Fully corrected values. Application of all corrections leads to the estimates of
real FRET efficiencies E and stoichiometries S from the background-corrected
intensities "I. The explicit expressions of fully corrected FRET efficiency and
stoichiometry are

i ii i
[ Lyemipex™@ Ipempex—0 IAem\Aex]

— x (20)
7 [ empex] + [ Taempes=@ Toemipex=8 Taempaex]

= 4l “IDem|DEx] +[ “IAem|DEx_a “IDcm\Dcx_ls “IAEm|AEx] @1
rl uIDem|Dex] + [ aemipex=® Tpemipes=0 "Tnempae] +1/B1 Iyempaex]
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Plots of the E-versus-S histogram are shown in Fig. 2d,h. Now, the FRET
population should be symmetric to the line for $=0.5. The donor-only
population should still be located at E=0, and the acceptor-only population
should be at $=0. Finally, the corrected FRET efficiency histogram is generated
from events with a stoichiometry of 0.3 <$ < 0.7 (histograms in Fig. 2). The
expected value of the corrected FRET efficiencies E is deduced as the center
of a Gaussian fit to the efficiency histogram. This is a good approximation for
FRET efficiencies in the range from about 0.1 to 0.9. In theory, the shot-noise
limited efficiencies follow a binomial distribution if the photon number per
burst is constant. For extreme efficiencies or data with a small average number
of photons per burst, the efficiency distribution can no longer be approximated
with a Gaussian. In this case and also in the case of efficiency broadening
due to distance fluctuations, a detailed analysis of the photon statistics can be
useful 44,

Uncertainty in distance due to R,. According to Forster theory', the FRET
efficiency E and the distance R are related by equation (3). In this study, we focused
on the comparison of E values across different labs in a blind study. Many excellent
reviews have been published on how to determine the Forster radius R,'*'"**, and
a complete discussion would be beyond the scope of the current study. In the
following, we estimate and discuss the different sources of uncertainty in R, by
utilizing standard error propagation (see also Supplementary Note 6 and ref. ).
R, is given by equation (7).

The 6th power of the Forster radius is proportional to the relative dipole
orientation factor &% the donor quantum yield @ 1,, the overlap integral J, and n™*,
where  is the refractive index of the medium:

Ry ~i%-@ppyJon™ (22)

For Fig. 5b, we used a total Forster radius related distance uncertainty of 7%,
which is justified by the following estimate. Please note that the error in the dipole
orientation factor is always specific for the investigated system, whereas the errors
in the donor quantum yield, overlap integral and refractive index are more general,
although their mean values do also depend on the environment.

The refractive index. Different values for the refractive index in FRET systems
have been used historically, but ideally the refractive index of the donor-acceptor
intervening medium n,, should be used. Some experimental studies suggest that
the use of the refractive index of the solvent may be appropriate, but this is still
open for discussion (see, e.g., the discussion in ref. ).

Ry (m) ~ny! (23)

In the worst case, this value n,, might be anywhere between the refractive
index of the solvent (n,,,,=1.33) and a refractive index for the dissolved
molecule (n<n,=1.52) (ref. *°), that is, 1., < 1, < 1. This would result in
a maximum uncertainty of An,,<0.085. As reccommended by Clegg™, we used
,,, = 1.40 to minimize this uncertainty (Supplementary Table 6). The distance
uncertainty propagated from the uncertainty of the refractive indices can then be
assumed to be

An,
AR, (n) ~ ngﬁ <0.04-R, (9)
n

The donor quantum yield @, is position dependent; therefore we measured
the fluoresence lifetimes and quantum yields of the free dye Atto 550 and the 1-hi,
1-mid, and 1-lo donor-only labeled samples (Supplementary Table 2).

In agreement with the work of Sindbert et al.”, the uncertainty of the quantum
yield is estimated at A®',;, = 5%, arising from the uncertainties of the ®, values of
reference dyes and the precision of the absorption and fluorescence measurements.
Thus, the distance uncertainty due to the quantum yield is estimated as

Ry A®p,

ARy(®p )~ =2
0( FVD) 6 (DF,D

=0.01-R, (25)

The overlap integral ] was measured for the unbound dyes in solution
(Atto 550 and Atto 647N), as well as for samples 1-lo and 1-mid. This resulted in
a deviation of about 10% for / when we used the literature values for the
extinction coefficients. All single-stranded labeled DNA samples used in this
study were purified with HPLC columns providing a labeling efficiency of at
least 95%. The labeling efficiencies of the single-stranded singly labeled DNA
and of the double-stranded singly labeled DNA samples were determined by the
ratio of the absorption maxima of the dye and the DNA and were all above 97%.
This indicates an error of the assumed exctinction coefficient of less than 3%.
Thus, the distance uncertainty due to the overlap spectra and a correct absolute
acceptor extinction coefficient can be estimated by equation (26). However,
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the uncertainty in the acceptor extinction coefficient might be larger for other
environments, such as when bound to a protein.
Ro4A]

AR L i =0.025-R, (26)

In addition to the above uncertainty estimation, the J-related uncertainty
can also be obtained through verification of the self-consistency of a -factor
network’. Finally, we found little uncertainty when we used the well-tested dye Atto
647N. Fluorescence spectra were measured on a Fluoromax4 spectrafluorimeter
(Horiba, Germany). Absorbance spectra were recorded on a Cary5000 UV-VIS
spectrometer (Agilent, USA) (Supplementary Fig. 6).

The K2 factor and model assumptions. The uncertainty in the distance depends
on the dye model used”. Several factors need to be considered, given the model
assumptions of unrestricted dye rotation, equal sampling of the entire accessible
volume, and the rate inequality k., >> kpger >> kg >> kipee

First, the use of k¥*=2/3 is justified if k,,,>> kg1, because then there is
rotational averaging of the dipole orientation during energy transfer. k,,, is
determined from the rotational correlation time p, < 1 ns, and kyyy, is determined
from the fluorescence lifetimes 1 ns < 7,;< 5 ns. Hence the condition k., >> Ky is
not strictly fulfilled. We estimate the error this introduces into x* from the time-
resolved anisotropies of donor and acceptor dyes. If the transfer rate is smaller than
the fast component of the anisotropy decay (rotational correlation time) of donor
and acceptor, then the combined anisotropy, r, is given by the residual donor and
acceptor anisotropies (1, ., and r, ., respectively):

Taco Do (27)
In theory, the donor and the acceptor anisotropy should be determined at the
time of energy transfer. If the transfer rate is much slower than the fast component
of the anisotropy decay of donor and acceptor, the residual anisotropy can be
used (Supplementary Fig. 7)°. Also, the steady-state anisotropy values can give
an indication of the rotational freedom of the dyes on the relevant time scales, if
the inherent effect by the fluorescence lifetimes is taken into account (refer to the
Perrin equation, r(z) =r,/(1+ (z/¢)), where r is the observed anisotropy, r, is the
intrinsic anisotropy of the molecule, 7 is the fluorescence lifetime, and ¢ is the
rotational time constant; Supplementary Table 2 and Supplementary Fig. 8).
If the steady-state anisotropy and r. are low (<0.2), one can assume (but not
prove) sufficient isotropic coupling (rotational averaging), that is, k*=2/3, with an
uncertainty of about 5% (ref. °):

c

AR, (k% 1,<0.2) % 0.05- R, (28)

Spatial sampling. In addition, it is assumed that both dyes remain in a fixed
location for the duration of the donor lifetime, that is, kgpgy >> kg Where kg is
defined as the inverse of the diffusion time through the complete AV. Recently
the diffusion coefficient for a tethered Alexa Fluor 488 dye was determined to be
D=10 A%ns (ref. ). Therefore, ky; is smaller than k. For short distances (<5 A)
the rates become similar, but the effect on the interdye distance distribution within
the donor’s lifetime is small, as has been observed in time-resolved experiments.
‘We also assumed that, in the experiment, the efficiencies are averaged over all
possible interdye positions. This is the case when ky>> k., which is a very
good assumption for TIRF experiments with k;, > 100 ms, and also for confocal
experiments with k,, values around 1 ms.
Overall uncertainty in R, Time-resolved anisotropy measurements of samples
1 and 2 resulted in combined anisotropies less than 0.1. Therefore, we assumed
isotropic coupling to obtain Ry, The Ry, values matched the model distances very
well, further supporting these assumptions. Finally, an experimental study of
distributions also yielded typical errors of 5% (ref. ).

The overall uncertainty for the Forster radius would then result in

AR Dy T K%)= / ARy(n)* + AR\(®pp)* + AR (J)? + AR(x*)* $0.07 @

‘R,

The absolute values determined for this study are summarized in
Supplementary Table 6. Please note that the photophysical properties of dyes vary
in different buffers and when the dyes are attached to different biomolecules.
Therefore, all four quantities that contribute to the uncertainty in R, should be
measured for the system under investigation. When supplier values or values from
other studies are applied, the uncertainty can be much larger. The values specified
here could be further evaluated and tested in another blind study.

Comparing distinct dye pairs. Even though time-resolved fluorescence anisotropy
can show whether dye rotation is fast, the possibility of dyes interacting with the
DNA cannot be fully excluded. Thus, it is not clear whether the dye molecule is
completely free to sample the computed AV (free diffusion), or whether there are
sites of attraction (preferred regions) or sites of repulsion (disallowed regions). To
validate the model assumption of a freely rotating and diffusing dye, we define the
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ratio R, for two apparent distances measured with the same dye pair (e.g., when
comparing the low- to the mid-distance):

Ripyto
rel =

R () mid

_ Rowo . 1/E,—1
Romia | 1/Epia=1

2, T (30)
K1oPp 10]1o mid 1/E—1
2 4
Kmia®p midhniato | 1/Emia=1
1/E,—1
=f-s #
| 1/E a1

For comparison of the other apparent distances, the ratio is adapted
accordingly. Computed values relative to the mid-distance are shown in
Supplementary Table 4. Note that R, values are (quasi) independent of R, for the
following reasons: first, the donor positions in the lo, mid, and hi constructs are
kept constant between samples 1, 2, 3 and 4, respectively. Therefore, the following
assumptions can be made: (i) the ratios of the donor quantum yields are identical;
(ii) the ratios of the spectral overlaps J for the lo, mid, and hi samples of one and
the same dye pair should be the same; (iii) for a given geometry (Fig. 1)
the refractive indices #,, of the medium between the dyes should also be very
similar; and (iv) the ratios of the orientation factors x> should be nearly equal, as
the measured donor anisotropies are low for the lo, mid, and hi positions. Second,
the acceptor extinction coefficients cancel each other out, as the acceptor is at
the same position for the lo, mid, and hi constructs within a sample. Thus, the
different dye pairs and the model used in this study should all give similar values
for R,,,. Therefore, we compared the R, values for different dye pairs to determine
whether for a particular dye pair the model assumptions are in agreement with the
experimental data. Given our relative error in the determined distance of at most
2.8% (Fig. 5a), this is actually the case for all dye pairs investigated.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Code availability. All custom code used herein is available from the authors upon
reasonable request.

Data availability. All data are available from the corresponding authors upon
reasonable request. The raw data for Fig. 2 are available at Zenodo (https://doi.
org/10.5281/zenodo.1249497).
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Supplementary Figure 1

DNA sample and utilized dyes.

Left: DNA model with dye accessible volumes of the donor (blue) and acceptor (red) that were used in this
study, indicating lo-, mid- and hi-FRET samples. Right: Structural formula of the dyes used in this study. Based
on dyes from Molecular Probes / Thermo Fisher Scientific (Waltham, USA) and Atto-tec (Siegen, D).
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Supplementary Figure 2

FRET efficiencies of all labs for all measured samples as indicated.

FRET efficiencies of all labs for all measured samples as indicated. Sample 1 to 4 (see Supplementary Table 1
and Supplementary Note 1) are color coded (red, blue, green, yellow) for all data points from intensity-based
techniques. For a table of Ry and Ry,p and sample size for these measurements see Supplementary Table 4.
Ensemble lifetime, single molecule lifetime and phasor approach derived data is shown in black. The FRET
efficiencies (means and s.d.) for these measurements (depicted in black, sample size n) are: E;, = 0.21 + 0.05
(n=6); E;p = 0.51+0.08 (n = 6); E,q = 0.25+ 0.06 (n = 4); E,, = 0.59 + 0.07 (n = 4); E;, = 0.10 +
0.04 (n = 3); E5, = 0.26 + 0.03 (n = 3); E;q = 012+ 0.10 (n = 3); E;q = 0.42 + 0.02 (n = 3). The leff
figure depicts all measurements from the main study, the right figure depicts all measurements from the later
measurements of two additional samples (1-hi, 2-hi).
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Supplementary Figure 3

Schematics of a typical confocal setup with alternating laser excitation / pulsed interleaved excitation and color-|
sensitive detection. The most important elements are specified: Objective (O), dichroic mirror (DM), pinhole
(P), spectral filter (F), avalanche photo diode (APD) and electronic micro- or picosecond synchronization of]
laser pulses and single photon counting (Sync).
Elements used for the correction factors in Table 2 (main text) were: F34-641 Laser clean-up filter z 640/10
(right after Laser 640 nm); DM;: F43-537 laser beam splitter z 532 RDC ; DMy: F53-534 Dual Line beam
splitter z 532/633; DM3: F33-647 laser- laser beam splitter 640 DCXR; Fg: F37-582 Brightline HC 582/75; Fg:
F47-700 ET Bandpass 700/75; Objective: Cfi plan apo VC 60xWI, NA1.2; Detectors: MPD Picoquant (green),
tau-SPAD, Picoquant (red); Pinholes: 100 pm; ; Laser power at sample: ~ 100 WW; Beam diameter =~ 2 mm;
Diffusion time of Atto550 and Atto647N around 0.42 ms and 0.50 ms, respectively. For details on all used
setups and analysis software, see Supplementary Note 8.
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Supplementary Figure 4

Schematic designs of an objective-type (a) and a prism-type TIRF setup (b).

Green and red lasers are used to excite donor and acceptor dyes, respectively. M, mirror. L, lens. DM, dichroic|
mirror. Obj, objective. AD, achromatic doublet lens. Sl, tunable slit. F, filters. Det, detector (e.g. electron
multiplying charge-coupled device camera, EMCCD). The inset shows a side view of the objective with the
out-of-plane (45°) mirror below. SC, sample chamber. Ir, iris. St, translation stage, Pr, prism. The dashed black
line in (a) indicates the on-axis path to the objective, in contrast to the displayed off-axis path for TIR
illumination. Elements used for the correction factors in Table 2 (main text) were: Dichroic before objective:
F53-534 (AHF), Dichroics in detection: F33-726 and F33-644 (AHF). Band pass filters in detection: BP F39-|
572 and BP F37-677 (AHF). SI: SP40 (Owis), Objective: CFl Apo TIRF 100x, NA 1.49 (Nikon). Camera:
EMCCD, iXonUIltra, Andor. Lasers: 532nm, Compass 215M (Coherent) and 635nm, Lasiris (Stoker Yale).
Note that we have used a Dichroic in the fluorescence excitation and emission path that reflects the higher
wavelength, but this does not have any effect on the FRET efficiency measurement and related determination of
correction factors. For details on all used setups and analysis software, see Supplementary Note 8.
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Supplementary Figure 5

Correcting for differences in the excitation intensity in TIRF microscopy.

)Accounting for the differences in the excitation intensity profiles of the green and red laser across the field of
\view. The individual excitation profiles are determined as the mean image of a stack of images recorded while
moving across a dense layer of dyes. In contrast to the uncorrected case (“before”), a position specific
normalization creates narrower and more symmetric SE-populations (“after”). The standard corrections
described in the main text are performed subsequently.
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Supplementary Figure 6

Computation of the spectral overlap integral J

Computation of the spectral overlap integral J for the FRET pair Atto550-Atto647N in sample 1. Normalized
donor fluorescence and acceptor absorption spectra normalized to the maximum (left scale). Spectral overlap
density j(4) (right scale) to compute the spectral overlap integral J [cm™*M~'nm*] with | = fomj(/l) dA and
i(1) = Fp(A)e (M)A, The extinction coefficient e, of Atto647N was assumed to be 150000 M~*cm™ at the
maximum as provided by the manufacturer. The donor fluorescence and the acceptor absorption spectra were|
recorded in two laboratories in at least three independent experiments. Spectra with a flat baseline were
selected. The computation was performed once.
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Supplementary Figure 7

Time-resolved anisotropies and FRET

The time-resolved anisotropies of dyes bound to a larger object (e.g. DNA or protein) normally consist of a fast
decay from rotational relaxation of the dipole (left) and of a slow decay from translational relaxation (right).
Ter = 1/kpger: time of energy transfer; r, o residual anisotropy of dye A. (Figure from ref. %), The data
exemplarily shown is from a single measurement.

! Hellenkamp, B., Wortmann, P., Kandzia, F., Zacharias, M. & Hugel, T. Multidomain Structure and Correlated
Dynamics Determined by Self-Consistent FRET Networks. Nat. Meth. 14, 174-180 (2017).
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Supplementary Figure 8

(a) Dynamic average, which applies in the case of the fluorophore movements being faster than the rate of]
energy transfer. There the rate of energy transfer has to be calculated taking into account the average over all
possible distances and orientations. (b) Intermediate case, called the isotropic average, where the orientational
\variation of the fluorophores is faster than the rate of energy transfer while the positional variation is slower (c)
Static case, where the fluorophore movements are much slower than the rate of energy transfer. In this case
each distance and respective fluorophore orientation has to be taken into account with its individual transfer|
efficiency. These efficiencies then are averaged by the measurement process. (Figure from ref. 2).

2 Wozniak, A. K., Schroder, G. F., Grubmiiller, H., Seidel, C. A. M. & Oesterhelt, F. Single-Molecule FRET Measures
Bends and Kinks  in DNA. Proc. Natl. Acad. Sci. USA 105, 18337-18342 (2008).
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Supplementary Table 1. The main focus in the manuscript are the 1 and 2 samples. The so-called
donor strand (D-strand) is labeled with donor dye and acceptor strand (A-strand) with acceptor dye.
The labeling sites of the donor and acceptor are shown in green and in red on the sequence

respectively. See Supplementary Note 1 for further samples.
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Base
osition Dyes
Name | P° Sequence
(Linker), | (Donor/Acceptor) q
strand
T31(C2), 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG
L D-strand Atto550 NHS Ester/ - 37
-lo ’_
T31(C2), Atto647N NHS 3 'CT(.: GAC TTT CAC AGC TCA AAC ARA CTC ACA AAC AGA CC
A-strand - 5’ -biotin
T23(C2), 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG
Lomid D-strand Att0550 NHS Ester/ | = 3"
-mi T31(C2), Atto647N NHS 3/- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC
A-strand - 5’ - biotin
T 19(C2), 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG
Lhi D-strand Att0550 NHS Ester/ | = 3
- T31(C2), Atto647N NHS 3/- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC
A-strand - 5’ - biotin
T31(C2), 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG
2-lo: D-strand Atto550 NHS Ester/ - 37
T31(C2), Alexa647 NHS Ester 3'—VCT_C GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC
A-strand - 57 - biotin
T23(C2), 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG
2-mid: D-strand Atto550 NHS Ester/ - 37
T31(C2), Alexa647 NHS Ester 3'—VCT_C GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC
A-strand - 57 - biotin
T 19(C2), 5/- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG
2-hi: D-strand Atto550 NHS Ester/ - 37
T31(C2), Alexa647 NHS Ester 3’—'CT(.? GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC
A-strand - 5’ - biotin
3
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Supplementary Table 2: Spectroscopic parameters of the dyes in samples 1 and 2. Residual
anisotropy r.,, combined anisotropy r., fluorescence quantum yields of donor and acceptor @rp
and @ 4, respectively (determined according to the procedure detailed in the online methods), and
species average fluorescence lifetimes (7), for the samples 1 (Atto550 /Atto647N) and the samples

2 (Atto550 /Alexa647). All measurements were done in 20mM MgCl,,5mM NaCl,5mM TRIS at
pH 7.5 measurement buffer.

288

Samole 1 1-lo 1-lo 1-mid 1-mid 1-hi 1-hi
P (Atto550) | (Atto647N) | (Atto550) | (Atto647N) | (Atto550) | (Atto647N)
Ba(sfiﬁl‘(’;t)‘on T31,(C2), | T31(C2), | T23(C2), | T31(C2), | T19(C2), | T31(C2),
’ D-strand A-strand D-strand A-strand D-strand A-strand
strand
Residual
anisotropy 74« 0.08 0.07 0.11 0.07 0.13 0.07
or rp [a]
Combined 0.07 0.09 0.10
anisotropy r.
Steady state 0.11 0.09 0.13 0.09 0.15 0.09
anisotropy rs
Lifetime (1), /
ns 3.76 3.62 3.81 3.62 3.74 3.62
(SD: 2%) [b]
g:gffﬁ;‘:gfd 0.76£0.015 0.65 0.77£0.015 0.65 0.76£0.015 0.65
Do B s [c] [d] [c] [d] [c] [d]
fraction bright ~11[e] ~11[e] ~11[e] ~11[e] ~11[e] ~11[e]
a [g]
Ry [A] 62.6
(Dr.p) 0.765+0.015
e [Mem’] 150000
J[em nm* M) 5.180-10"
Nim 1.40
© 2/3
Samole 2 2-lo 2-lo 2-mid 2-mid 2-hi 2-hi
P (Atto550) | (Alexa647) | (Atto550) | (Alexa647) | (Atto550) | (Alexa647)
Ba(sfigl‘zzg‘o“ T31,(C2), | T31(C2), | T23(C2), | T31(C2), | T19(C2), | T31(C2),
’ D-strand A-strand D-strand A-strand D-strand A-strand
strand
Residual
anisotropy 7.4, 0.08 0.05 0.11 0.05 0.13 0.05
or p, . [a]
Combined 0.06 0.07 0.10
anisotropy r.
Steady state 0.11 0.15 0.14 0.14 0.15 0.14
anisotropy rs
Lifetime (7). /ns
(SD: 2%) [b] 3.76 1.19 3.81 1.19 3.74 1.19
Fl
UOTESCENCE | 2940.015 | 0.39+0.015 | 0.7740.015 | 0.39+40.015 | 0.77+0.015 | 0.39+0.015
quantum yield | =g [d] [c] [d] [c] [d]
Dpp or Dy [g]
4
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fraction bright ~ 0.75+0.02 ~1 0.85+0.02 ~1 0.86+0.02

a [g] [e] [f] [e] [£] [e] [f]

Ry [A] 68.0

(Pr.p) 0.765

£ [MTem™] 270000
J[em” nm* M1 8.502:10"

i 1.40
K 2/3

[a] The depolarization time of all species are given together with their amplitudes in Supplementary Table N2.2.
[b] The fluorescence lifetimes of all species are given together with their species fractions in Supplementary Table
N2.1.
[c] Measured relative to Rhodamine 6G in a steady state spectrometer in air-saturated Ethanol with @ gjs6= 0.95. In
the same measurement we obtained for the free dye @ 440550 = 0.8£0.014 and 74550= 3.60 ns £2 % , which
corresponds to the values given by the manufacturer.
[d] The following reference values for the free dyes in solution were used from the manufacturers to scale the
fluorescence quantum via the fluorescence lifetime of the free dye:
Dr ano6478 = 0.65; Tanosarn= 3.5 18 P jexacs7 = 0.33£0.015; Tysera647= 1.0 ns. The parameters of Alexa647 agree
nicely with the values for free Cy5 @, ,s= 0.32£0.015 and @, ¢,5= 0.38+0.015 CyS5-labelled dsSDNA !
A fluorescence lifetime analysis to relate the quantum yield @'rand lifetime 7’ specified by the manufacturer to the
measured lifetime 7 and quantum yield @p:

Oy =@ -t/
Here, we assume that the manufacturer @'z is correct, that the radiative constant is unchanged and that the lifetime
decay is monoexponential. For many dyes in distinct environments, this might not be the case.
[e] The excitation irradiance is usually low enough (especially in TIRF experiments) to avoid the population of dark
states (triplet and radical states). The fraction of bright species a;, can be determined by fluorescence correlation
spectroscopy.
[f] Cyanine dyes exhibit saturation effects due to cis-trans isomerization 2. Moreover, Widengren et al 3 have shown
that that the fraction of bright trans state a, depends slightly on the FRET efficiency. In this study, we determined aj,
by fluorescence correlation analysis of the FRET-sensitized acceptor signal in a confocal setup.
[g] Note that the correction factor y was experimentally determined in this work. For completeness, we want to point
out that the definition of y in Online Methods section 1 can be used to compute the ratio of the detection efficiencies
gria/gapp to check the detection performance of the setup provided the effective fluorescence quantum yields D are
known. Therefore we list the steady fluorescence quantum yields @ and the fraction of bright species ;.
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Supplementary Table 3: Typical correction factors for sample 1 (Atto550-Atto647N) at given
setups (reference lab). For the instrumental details of the setups see Supplementary Figures 3 and
4.

Factor Experiment type
confocal TIRF
a 0.11 0.07
g 1.80 0.85
y 1.20 1.14
J 0.11 0.065

Supplementary Table 4: Summary of resulting mean efficiencies (E), apparent distance Rg),
mean position distance Ryp and corresponding model distances Rgz™**” (Supplementary Note 3)
and dynamic model distances Rz“"*" "% (Supplementary Note 7) and the experimental ratio
R = R(E)(i)/R(E)("’id) and the model R,./""’= R(E)(’"”dem) / R(E)(’"“de]"”id) for all intensity based
measurements. The errors (standard deviations) report on the precision of the measurements and
not their accuracy. Literature values differ mainly because the refractive index of water is often
assumed, while we used n;,, = 1.40 here (see Online Methods, Section 4.1). Note that these errors
only include the statistical variations of the FRET efficiencies, but do not include the error in the
Forster radii, thus these errors represent the precision of the measurement, but not the accuracy.
Including the knowledge of the dye attachment positions, a static structure of the DNA and this
particular dye model, we computed also model values as described in Supplementary Note 3, which
are also given here.

del)
Sample | N [ (E) [ Ro[Al [RgIAl| Rgy |Ray |Ret| Rea | Rup | Ru™™
(model) (dynamic (model) [ A] [ A]
[A] model)
[A]
o 19 | 0.15+0.02 83.4+2.5 | 83.5+2.4 | 83.9 138 | 1.42 85.4+2.7 | 84.2+2.1
1-mid 19 [056£0.03 | () o 4 | 60.3£13 | 58716 [ 60.3 1 1 58.2+1.7 | 55.8423
L-hi 13 | 0.76+0.015 51.840.7 | 51.6+2.9 | 51.9 0.86 | 0.88 47.0£1.0 | 46.6+3.2
o 19 | 0.21+0.04 85.4+3.4 | 83.9+22 | 84.2 134 | 1.41 86.9+3.7 | 84.2+2.4
>-mid 19 [0.60£0.05 | (o s | 637423 [ 59.6£13 [ 61.0 1 1 613+2.9 | 55.8+2.6
2 hi 13 | 0.78+0.025 55.041.3 | 52.3+1.9 | 52.6 0.86 | 0.88 50.1+1.8 | 46.6+1.8
3-lo 7| 0042002 1 493[a] | g9 5103 | grasng | B 85.745.3 | 84.0+2.1
1.49 | 1.46
3-mid 7 | 0.24£0.04 60.142.3 | 56.4+1.6 | 384 1 1 61.142.9 | 55.742.3
4-lo 4| 0.13£0.06 | STOM] | 596165 | 826104 | B3 131 | 143 82.9+6.8 | 83.8+2.1
4-mid 4 | 0.41x0.04 60.7£1.7 | 57.6+1.6 | 595 ! 1 60.442.3 | 555423

[a] The R, for these samples have been taken from the literature and converted from a refractive index of n;,, = 1.33
to n;, = 1.40:

Sample 3: Ry=49.3 A from ref. *

Sample 4: Ry=57.0 A from ref.
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Supplementary Table 5: Nomenclature and definitions. Since the nomenclature for FRET-based

experiments is not consistent, we propose and use the following terms in this manuscript.

Central Definitions:

T
Fpip + Fapp
_ Fypt+Eyp
Fpip + Faip + Faja
1

E=— "+
1+RE,/RS

n m

(E) 1 1

= 6
M1+ |Ragy — Rpw | /RS
_ 1
Riey = R((E)) = Ry((E) T —1)'/s

Rup = [(Rp) — (Ragp)|

FRET efficiency
Stoichiometry

FRET efficiency for a single donor acceptor distance
RDA

Mean FRET efficiency for a discrete distribution of
donor acceptor distances with the position vectors

RD(i) and RA(]-)

The apparent donor acceptor distance is computed
from the average FRET efficiency for a distance
distribution. It is a FRET averaged quantity which
was also referred to as FRET-averaged distance
(Rpa)E (ref h.

Distance between the mean dye positions with the
position vectors (RD(i)> and (RAU))

(S))

(2

(3)

(C))

(5

(6)

n m
1 1
= ;Z Rp@) = ;Z Rag)
i=1 j=1
Subscripts:
Dor4 Concerning donor or acceptor
AlD Acceptor fluorescence given donor excitation,
D|D,A|A4 accordingly
Intensity in the acceptor channel given donor
Aem|Dex excitati?),n, Dem|Dex, Aem|Aex, afcordingly
app apparent, i.e. including systematic, experimental
offsets
Superscripts:
BG Background
DO/ A0 Donor-only species/ Acceptor-only species
DA FRET species
Indicates (i) the uncorrected intensity; (ii) intensity
i -iii after BG correction; (iii) intensity after BG, alpha and
delta corrections
Correction Factors:
ii ;;(DO)
a = gki = (Ej?im(’l)z)) Leakage of D fluorescence into A channel
2
9oip 1 —("Egp,’)
_ Oar Lpex Normalization of excitation intensities, /, and cross-
- 7 sections, o, of A and D
0p|6 Ipex
Normalization of effective fluorescence quantum
Iria Effq)F , yields, ”ﬂdﬁpfah " D, aqd detection efﬁci-encies, g of
= eff—‘ A and D. gy is the fraction of molecules in the bright
Geip 7 Op p state and @ is the fluorescence quantum yield

without photophysical (saturation) effects.
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(A0
_ UA|G IDex — <uSlg.pp)>
O4lR IAex 1- (iiS‘g‘zg))

Direct acceptor excitation by the donor excitation
laser (lower wavelength)

Primary Quantities:

1
F

T
®p 4 or P

>

R O pKc?
1 = 02108 ° (=2 ]
4
Nim
k% = (cos@up — 3 cosBp cosf,y)?

J= f F () e (A4

M~-1cm~lnm*

Fp(A) with [,° Fp(A) dA =1

&)

n!m

8R|4 OF £G|D

OAlG

Experimentally observed intensity
Corrected fluorescence intensity
Fluorescence lifetime [ns]

Fluorescence quantum yield of A and D, respectively

Fluorescence anisotropy
Inter-dye distance [A]
Forster radius [A], for a given J in units below

Dipole orientation factor

Spectral overlap integral [cm™ M ™'nm*] (see
Supplementray Figure 6)

Normalized spectral radiant intensity of the excited
donor [nm™], defined as the derivative of the emission
intensity F with respect to the wavelength.

Extinction coefficient of A [M™ cm™]

Refractive index of the medium in-between the dyes
Detection efficiency of the red detector (R) if only
acceptor was excited or green detector (G) if donor
was excited. Analogous for others.

Excitation cross-section for acceptor when excited
with green laser. Analogous for the others.

O

Supplementary Table 6: Typical parameters for sample 1 and sample 2 that define R, (Seidel
lab). For their determination see Online Methods section 4.

dye pairs Pd Him @rp | g4 [Mlem™] [ J[em™™M'nm®] | Ry [A]
Att0550- e

Atto647N 2/3 1.40 0.765 150000 5.180-10 62.6
Att0550- i

Alexab647 2/3 1.40 0.765 270000 8.502-10 68.0
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Supplementary Note 1: Further samples

Base
osition | Dyes (Donor/
Name | P° Sequence
(Linker), Acceptor) q
strand
T31(C6) Alexa488
3-lo D_S[rand’ Tetrafluorophenyl 5/ - GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-3’
ester/ 3’/- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-5'
13;15233 Atto647NNHS ~ — Piotin
3mid:  T23(C6), Alexadss , ,
Dostrand  Fetrafluorophenyl 57~ GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-3
ester/ 3’/- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-5'
TA3_ :I(rcaizj Atto647NNHS ~ ~biotin
4-lo: T31(C6), Alexa488
Dostrand  Tetrafluorophenyl 57— GAG CTG ARA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-3’
ester/ 3’/- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-5'
&3:&2:21 Alexa594NHS ~ — biotin
4-mid: T 23(C6 Alexad88
(Ce), , ,
D-strang  Letrafluorophenyl 57— GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG-3
Ester/ 3/- CTC GAC TTT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC-5'
TA%:frCa:Z{ Alexa594 NHS ~ ~— biotin

Even for samples 3 and 4 the precision of the hi-samples, where all individual FRET efficiencies
were in a sensitive range of the specific dye pairs, is very good (2 - 4 %). Moreover, the
experimental and model values of the low- and hi-samples agree very well with each other (the
deviations range between 2 and 10 %). This suggests that we do not have dye artifacts for all four
FRET pairs. The results obtained for the different FRET pairs will be important in the future to
judge key aspects of different fluorophore properties.

NHS: N-hydroxysuccimidylester (mixed isomers according to the manufacturer)
TFP: (tetrafluorophenyl) ester (pure isomer according to the manufacturer)
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Supplementary Note 2: Time-resolved experiments

Global fit of the time-resolved polarized and magic angle fluorescence ensemble data

All polarization resolved fluorescence decay curves (F, (t), F,, (t)) with the Polarizer / Analyzer
settings (Vertical, V' /Horizontal, H) of singly labeled molecules were studied in ensemble
experiments in the Seidel lab by high-precision time correlated single-photon counting and were
fitted jointly with corresponding magic angle (M) fluorescence decay fia(f) =(f(z)). To reduce the
number of parameters in the fits we used the so called homogenous approximation ®. We assumed
that de-excitation and depolarization of dyes are independent, i.e. in each donor de-excitation state
dyes are characterized by the same set of depolarization times. For this case we can write model
functions for the decay of the excited state population f{z) and the fluorescence anisotropy 7(?):

frv(@®) = f®[1 + 2r(D)] @.1)
fru(@®) = fO[1 —7r(®)] _ (2.2)
with f(£) =%, x; e™/% andr(t) =%, bV e t/Ps

Here, 7is the fluorescence lifetime and p is the depolarization times. x; is (with }; x® = 1) the
species fraction of molecules having the lifetime 7; and the factor b; is fraction of molecules having
b(])

the depolarization time p; where the fundamental anisotropy 7y is given by 3, =1, and the

residual anisotropy is given by b = r, . A maximum of three species for i and j were necessary to
obtain satisfactory fits judged by ..

To fit real experimental decays IRF, background and amplitudes of the V'V, VH signals are
accounted as:

Fyy(t) = Fo - IRFyy (O ®fyy (1) + Byy (2.3)

Fyu () = gyvvuFo - IRFyy () Of () + Byy 24

Where g,y is a correction factor for a polarization dependent detection efficiency, £ - amplitude

scaling factor, IRF,,(t), IRF,,(t) - instrument response functions and B,,, B, - background

values. The “® ” sign designates circular convolution.

The fit results for fluorescent signal in parallel and perpendicular polarization planes with respect
to the vertically polarized excitation light with their rotation correlation times and amplitudes for
D-only and A-only labeled DNA are presented in Supplementary Tables N2.1 and N2.2. The
measured data and fitted curves with their weighted residuals are presented in the first column of
the Supplementary Figure N2.1. Typical magic angle fluorescence decays are shown in the right
column of the Supplementary Figure N2.1.

As expected !, the amplitude b, for the fast depolarization motion with p; is approximately a factor
2 larger for dyes where the transition dipole moment is more perpendicular to the linker (disc case:
Alexa 488 and Alexa594) than for dyes with a more parallel the transition dipole moment (cone
case: Atto550, Atto647N and Alexa647) (compare Supplementary Figure 1 and Supplementary
Table N2.2). Note that some dyes (e.g. Alexa488 and Alexa594) depolarize especially fast, because
they have a large fraction of the fastest depolarization time such that ko, >> kprer might be satisfied

10
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for even higher FRET efficiencies. The depolarization of these dyes is best described by a disc
model 2.

Supplementary Table N2.1: Fluorescence lifetimes 7;and their amplitudes x; for all studied Donor-
only (DO) and Acceptor-only samples (AO). The quality of the fit was judged by .. [a,b]

Base
o Sample

position 77 [ns] 72 [ns] 73 [ns] 2
(Linker), | DYelel | (@Oor | = 3" 1 ) x| @cInsl | 2rld]

strand A0)
T31(C2), Do (DO), | 074 | 347

Doatand | A0s50 |50 (TN | L | ey | 444(038)| 376 1.03
T 23(C2), I-mid (DO), | 0.86 | 3.54

Dt | A0550 | G0N 008 | ey | 459034 | 381 1.02
T 19(C2), I-hi (DO), | 050 | 3.02

bostand | Atoss0 |35 (BN | oL | 05 | 4310660) | 374 1.05
1351&;3331 Atto647N ;:&8’ (g'gj) ((3)"5“2)) 419(044) | 3.62 1.03
TALED | Alexasa? | 2:(A0) (g'gg) ((1)';3) 190 0.05)| 1.19 1.00
S Slt(rgf()i Alexad88 | 3-lo (DO) (g'gg) (é'gg) 411092)| 391 1.03
TR0 | Alexadss | 3-mid (DO) (g'gz) (g'gg) 413(092)| 392 1.08
T 31 (C6), 031 | 376

L0 | Alexas94 | 4-40) 003 | o6h | 45033 391 0.99

[a] in 20mM MgCl,, SmM NaCl, 5SmM TRIS at pH 7.5 measurement buffer.

[b] typical errors: average lifetime: t: + 0.02 ns. Three lifetime: shortest lifetime t; £ 20% (with x,~ 15%), 1, + 10%
(with x, ~ 25%), T3 £ 3% (with x3 ~ 15%).

[c] Spectral settings:

Atto550 (fluor. max 574 nm): excitation wavelength 552 nm, emission wavelength 580 nm (bandpass 5.4 nm).
Atto647N (fluor. max 664 nm): excitation wavelength 635 nm, emission wavelength 665 nm (bandpass 9.2 nm).
Alexa647 (fluor. max 665 nm): excitation wavelength 635 nm, emission wavelength 665 nm (bandpass 8.1 nm).
Alexa488 (fluor. max 525 nm): excitation wavelength 485 nm, emission wavelength 520 nm (bandpass 9.2 nm).
Alexa594 (fluor. max 617 nm): excitation wavelength 590 nm, emission wavelength 617 nm (bandpass 8.1 nm).
Note that the fluorescence lifetime analysis exhibited signatures of solvent relaxation. Therefore, we use wide
bandpasses.

[d] ){ZV was computed from a non-linear least squares fit of the corresponding model function to TCSPC data. Thus,

X rrefers to a single data set.

11
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Supplementary Table N2.2: Rotation correlation times p; with correspondent amplitudes b; for
Donor-only (DO) (r9= 0.38) and Acceptor-only (AO) (rp=0.38) samples. The 1o confidence range
for the longest correlation time is indicated in square brackets. The fit model is described by eqs
2.1-2.2 with the model functions eqs. 2.3-2.4. The quality of the fit was judged by y°.

Base position dye f;gl:)l: pilns]  pz[ns] pslns] (16 conf) %
(Linker),strand AO) (by) (b2) (bs =ry) [b] [c]
R S R L e
TR
RV 1 O S S ST
IO e LA 0 i,
T R
TS - A
THCOD ey smamo 02 M DL,
T T

[a] Only VV, VH depolarization curves used for fitting in this case.
[b] Due to fluctuations in the G-factor determinations we have small systematic errors; i.e. p; > 20 ns and not the

fitted value

[c] )(2 » was computed from a non-linear least squares fit of the corresponding model function to. Thus, ){2 - refers to a

single data set.

12
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Supplementary Figure N2.1: Left pannels: Typical fluorescent signal in parallel and
perpendicular polarization channels (magenta and orange) with the corresponding fits (black) for
1-lo (DO), 2-lo (DO), 1-(AO) samples with weighted residuals on the top. Right panels: the
corresponding magic angle fluorescence decay curves with weighted residuals on the top. The fit
results are displayed in Supplementary Tables N2.1 and N2.2 using fit procedure described by eqs
2.1-2.2 with the model functions eqs 2.3-2.4. The quality of the non-linear fit of the corresponding
model function to TCSPC data was judged by y’,. Thus, 5, is a measure for the goodness of fit to
a single data set.

Species average lifetime determination

Magic angle fluorescence decays were described with three fluorescence lifetimes 7; and the
species fractions x; and thus species averaged lifetime (7), was calculated as:

(D, = %171 + X7 + X373 2.5)

Experimental deviations obtained during lifetime-based experiments
The lifetime-based measurements had a significantly lower precision and accuracy than intensity-
based measurements. The following factors might be responsible for the observed deviations in the
fluorescence lifetime-based FRET experiments:
1. The precision propagates differently for intensity based and time-resolved techniques. In
intensity-based FRET measurements the relative error of a normalized donor-acceptor
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distance changes less with increasing distance. The precision of time-resolved FRET
measurements is highest for small DA distances (the minimum is Rp4/Rp = 0.7) which were
not the focus of this study .

2. Time-resolved techniques strongly depend on a representative (chemically equivalent)
Donor-only reference sample that is crucial for resolving large distances accurately.

3. If in the ensemble measurements the FRET sample contains also molecules, which are
labeled with a donor, it becomes very difficult to resolve species with low FRET
efficiencies.

4. The accuracy of time-resolved FRET measurements depends on an appropriate fit model.
It is crucial to consider the heterogeneity of the donor lifetimes and dye-linker distributions
(eq. 27 in ref. ®). Moreover, the analysis model should allow fitting a variable fraction of
donor-only species, which was needed for all provided samples. Altogether, this results in
complex fit models which are not widely used in the FRET community because they are
difficult to implement in commercial software. In contrast, some groups analyzed the donor
decays by a simple series of exponentials, which results in a systematic shift of the obtained
FRET parameters.

Thus, all four effects in time-resolved FRET measurements contributed to the fact that the precision
and accuracy of the distances recovered especially for all lo-samples was markedly lower than that
of intensity-based methods.

In contrast, the FRET efficiencies and inter-dye distances of the 1-hi and 2-hi samples were

recovered very accurately by the Seidel lab as predicted by Ref ® (Fig. 11), because the effects 1-
3 do not apply anymore.
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Supplementary Note 3: AV simulations to compute donor acceptor distances

The model for the double-stranded B-DNA is generated using the Nucleic Acid Builder version
04/17/2017 for Amber ® (see Figure 1, main text). For modelling the dye molecule, we use a
geometrical approach that considers sterically allowed dye positions within the linker length from
the attachment point with equal probability. This defines the accessible volume (AV)’. The dye
molecules are modeled as ellipsoids (approximated by three radii; AV3-Model) and AVs are
generated using the FPS software'’. For the distance computation a dye pair specific Forster Radius
is used; i.e., it is assumed that within the AV the dye molecule samples all positions isotropically,
however, for a single excitation it is at a fixed position. Moreover, it is assumed that dye rotation
is so fast, that all possible orientations are sampled during the fluorescence lifetime and thus the
factor (x2) = 2/3 (isotropic coupling).

The boundary tolerance (called ‘allowed sphere’ in the FPS software) is used to ignore small
residues that are fixed in the PDB-model, but flexible in solution. The larger this value, the larger
the structural parts that are ignored for the AV generation. The labelling position is the C7 of the
thymine (the C-atom of the thymine’s methyl group). All mean geometric dyes parameters are
estimated with ChemDraw software (see Supplementary Table N3.1). Further used parameters are:
Boundary tolerance 0.5, accessible volume grid (rel.) 0.2; Min. grid [A] 0.4, Search nodes: 3 and
E samples: 200.

Supplementary Table N3.1: Recommended dye parameters for the AV simulations with AV3-
model.

linker length | linker width R1 R2 R3

[A] [A] AL | A1 | IA]

ﬁg;gfég 20.5 45 50 | 45 1.5
/(itTt;)CSEE) 20.4 45 7.1 50 | 15
Adlgngg 4 20.0 45 81 | 32 | 26
52;56247 21.0 45 110 | 47 | 15
Aftggf;N 20.4 45 72 | 45 1.5

Error estimation. For each sample the distances between mean dye positions (Rj3%¢!) and
expected experimentally observed apparent distance R('g‘)’d"l are calculated (see Supplementary
Table 4). The error for the model distances is estimated by varying the linker lengths (from 10 to
21 A), linker width (from 4.0 to 5.0 A), the dye model (single sphere with the radius 6 A (AV1
model) and ellipsoid with three radii R1=7.1 A, R2=4.5 A and R3=1.8 A (AV3 model) and the
boundary tolerance between dye and DNA (0.5 and 1.5 A). The standard deviation of all DA
distances computed by FPS was used as error.
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Supplementary Note 4: FRET efficiency measurements and distance
determinations in more complex systems, e.g. proteins.

The described determination of FRET efficiencies and their transformation into distances is fully
generalizable to more complex systems like protein samples. However, uncertainties can arise from
insufficient dynamic averaging of dye position and orientation, which might be caused by static or
dynamic site specific dye quenching as well as transient interactions between the dye molecule and
its local environment. This can (and should) be tested for each dye pair by measuring the time-
resolved anisotropies of donor-acceptor labelled samples. As a result of such tests, dye pairs with
insufficient dynamic averaging (a combined anisotropy of donor and acceptor > 0.2) can either be
removed from the analysis'"' or described using different dye models'*"* (see also Online Methods).
If this is done, the described error analysis is also fully transferable to protein systems. Note that
the determined distance uncertainties (Fig. 5 and Online Methods) already include an estimated
error for insufficient dynamic averaging.

Significant challenges arise from the need to label proteins with both donor and acceptor dyes. In
systems where intermolecular distances are required, e.g. between different polypeptides
(exchangeable homo dimers or hetero dimers), or between a protein and its bound DNA substrate,
a single unique site on the protein for dye attachment is sufficient. In the case of homo dimers, the
samples with two donors or two acceptors (about 25 % each) that will remain after the exchange,
can be selected out following the ALEX procedure described in the main text. A single unique
reaction site is often achieved using a unique reactive cysteine residue coupling to a maleimide-
derivative of the chosen dye. However, this requires that other native, reactive cysteines are
mutated (often to serine) and that the resulting ‘cys-lite’ protein remains active. For proteins with
native reactive cysteines that cannot be removed by mutagenesis, incorporation of an unnatural
amino acid carrying a completely orthogonal chemistry for dye attachment, or incorporation of
specific peptide tags that can be site specifically labelled using enzymatic dye transfer reactions'®
are possible strategies.

Intramolecular FRET measurements can be more challenging, given the need to put both the donor
and acceptor on the same molecule. The stochastic labelling of double cysteine mutants, leads to
at least four labelled populations (AD, DA, DD, AA). A key strength of the presented ALEX
method is the ability to separate the FRET species (DA, AD) from donor-only (DD) or acceptor-
only (AA) labelled species. The difference between mixed populations of donors attached at two
different positions (i.e. DA vs AD) can be an issue for the width of the measured FRET distribution
but becomes smaller with increasing linker lengths and presumably depends on the spatial
separation of the dyes. For linkers comparable to the ones used in this study the standard deviation
was previously determined to be ~0.8 A (Ref®, Fig. 13). For some systems the differential reactivity
of the two cysteines can be exploited to enable a biased labelling of the system'®. Even a moderate
(threefold) difference in local reactivity can yield highly specific double-labeling with sequential
addition of the maleimide-dye derivatives. Alternatively, a combination with unnatural amino acids
with mutually orthogonal reactivities can be incorporated'” (for a review see ref'®).

Future work will involve a comparative blind study using protein samples. This will be an even
larger study and the next step towards having FRET-based structures in the PDB. Yet it is important

to note that the current study is essential as the pre-requisite to a future protein study, as it e.g.
presents all the procedures unified across the field for the first time.
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Supplementary Note 5: R, to Ry conversion

For the conversion between R and Ryp we distinguish two cases, a known and unknown
environment of the dye molecule:

Case 1, the local environment of the dye molecule is known. Here, we use average (apparent)
distances from different data-sources, i.e., R from experiment, and Ryp from coarse-grained-
structural modeling to generate conversion functions. Typically, we use coarse-grained simulations
to approximate accessible volumes (AVs) for biomolecules '°. These AVs are translated / rotated
and the average apparent DA distance (R and the distance Ryp are calculated, which introduces
noise. The resulting conversion tables are approximated by third order polynomials. Here we used
the AVs for the samples 1,2,3,4 low and high FRET correspondingly. For the polynomial Ry =
(ap+ a; Ry +a: R<E>2 +as R(E>3 ) the coefficients are given in the Supplementary Table N5.1 for all
FRET pairs.

Note that the conversion functions are specific for the chosen dye pair because they depend on the
Forster Radius of the FRET pair and the used dye parameters for the AV simulation. The
differences between AVs in different molecular environments (DNA or protein) become smaller
the less restricted the dye is. The offset of the conversion function depends on the size of the dye
spheres and the linker lengths.

Supplementary Table N5.1. Conversion polynomial for Ryp= (a9 + a; R +az R<E>2 +a; R<E>3)
using the dye pair specific Ry and specific AVs of the samples 1, 2, 3 and 4, respectively. Note that
these polynomials are only valid for this specific geometry and dyes.

Fl?aﬁi:rT [I;{] ay [A] ax a |AT" as A"
e | 626 418 2.13 0.92:10” 240 10°
Alevaeds | 659 403 1.99 074107 1.67 10°
g‘;’;zzgi 493 -33.8 283 -1.89 -102 6.17 10°

Case 2, the local environment of the dye molecule is not known. Here, we make the most general
assumption that the AV can be approximated by a sphere with its radius estimated from the size of
the dye and linker length (slightly smaller than the dye and linker length). This allows us to estimate
the conversion of Rz to Ryp by performing Monte Carlo simulations'®. In the Monte Carlo
simulation, we place 10,000 positions uniformly distributed within a sphere of 18 A radius for both
dyes. For a given distance of the mean position of these spheres (Ryp) we calculate the respective
FRET efficiencies via the Férster formula with an orientation factor of x” = 2/3. The mean of these
values is an unbiased estimate for the expected value of the FRET efficiency. We vary the mean
position distance from 0.5 Ry to 1.5 Ry and fit the resulting means with a third order polynomial
(coefficients ay, a;, a, and asz). For convenience the conversion coefficients for a large range of
used Forster radii were determined and given here in Supplementary Table N5.2.

The equivalence of both approaches is demonstrated in Supplementary Figure N5.1 for the dye
pair Atto550-Atto647N.
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Supplementary Table N5.2.: Coefficients for the conversion polynomials Rz to Ryp for case 2.
These are valid for the specified Forster radius Ry.

Ro[Al [ap[Al [a; [ alA1" [ aslA]7

50 -33.6 | 1.65]3.25:10° | -7.26:10°
51 340 |1.70 ] 1.55-10° | -5.68-10°
52 33.0 |1.64]22510°]-5.85-10°
53 317 |1.57]2.93-10° ] -5.91:10°
54 328 | 1.64]127-10° | -4.65-10°
55 -32.0 | 1.61]1.43-10° | -4.46-10°
56 -30.0 |1.511]2.78-10° | -4.98-10°
57 -30.0 | 1.51]2.19-10° | -4.39-10°
58 -30.0 | 1.52]1.73-10° | -3.91-10°
59 277 |1.4213.03-10° | -4.37-10°
60 29.1 [1.49]1.55-10°]-3.42:107
61 275 | 1421236107 ] -3.67-10°
62 265 [1.37]2.77-10°] -3.74-10°
63 273 [1.421]1.67-10°]-2.99-10°
64 25.6 |1.35]2.56:10° | -3.28-10°
65 -26.1 | 1.38]1.88-10° | -2.83-107
66 264 [1.39]1.42-10°]-2.50-10°
67 249 |1.331]2.07:10° | -2.69-107
68 241 [1.30]227-10° ] -2.68-10°
69 242 [1.311]1.90-10°]-2.39-107
70 233 | 1.281]2.29-10° | -2.49-10°
71 244 [133]130-10°]-1.95-10°
72 234 |1.29]1.80-10° | -2.11-107
73 226 |1.27]1.86:10° | -2.04-107
74 -23.0 | 1.28]1.53-10° | -1.84-107
75 224 [1.26]1.62:10° | -1.80-10°
76 218 | 1.24]1.70-10° | -1.77-107
77 216 |1.24]1.5810° | -1.66-10°
78 218 | 1.25]1.2810° | -1.47-107
79 212 | 1.23]1.44-10° | -1.49-107
80 212 [1.241132:10°] -1.41:10°
81 205 [1.22]1.43-10°]-1.39-10°
82 203 [1.21]1.40-10°] -1.34-107
83 205 | 1.22]1.17-10° | -1.20-107
84 -19.8 [1.20 | 1.36:10° | -1.24:10°
85 203 |1.22]0.96:10° | -1.05-107
86 -19.5 | 1.19] 1.20-10° | -1.10-107
87 -19.1 | 1.18]1.22:10° | -1.08-107
88 -19.0 | 1.18 ] 1.15-10° | -1.02-107
89 -19.0 | 1.18 ] 1.04-10° | -0.95-10°
90 -18.8 [ 1.18]0.99-10°]-0.91-10°
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We tested that the polynomials derived using case 1 or case 2 yield almost identical conversion
functions (Supplementary Figure N5.1).

120 4

100 -
—— casel

—— case2
80 -

60 -

R, /A

40 -

20

0 T T T T T
20 40 60 80 100 120

R g, /A

Supplementary Figure N5.1. Polynomial Ryp= ag+ a; Ry +a: R<E>2 +as R<E>3 for the dye pair
Atto550-Atto647N with AVs for DNA (case 1: Ry = 62.6A) and with the approximation by a
sphere (case 2: Ry = 62.0 A). Interpolated points in steps of 1 A.

19

303



Publication I

Supplementary Note 6: Error propagation

Based on the measurements of sample 1-lo and 1-hi, we performed an error propagation using AE
=0.033 (which was the precision for these two best investigated samples). Figure 5 follows from
the following distance uncertainty:

2 _ 2
AR(Ry, ARy, AE|R) = J(%;;EJ-ARO)Z + (%.M)z = \/(%-AR,,)Z + (% (1 + (%)6) (:40) *Ro -AE) 6.1)
In the following, we performed more detailed error propagation with disentangled error sources.
We estimate the uncertainties of all quantities separately and propagate them towards an
uncertainty in the distance. The overall uncertainty in the distance is given by:

AR (RO,ARO,y, By, (F), 018D IS L AB, Aa|R) = \/AR,%O + ARZ + AR}y + AR}y, + ARZ + AR}

Dem|Dex’ ="Aem|Dex’

6.2
E?Vith) the following error contribution for the Forster radius:
ARpo(R) = R (6.3)
And the followirolg error contribution for the gamma factor:
AR,(R) =% A7V (6.4)

And the following error contribution for the background in the donor channel after donor

excitation:
(BG)

_ E & 6 i 6 _AIDemlDex
ARygp(R) == [y (1 + (R) ) ta (1 + (Ro) )] e (6.5)
And the following error contribution for the background in the acceptor channel after donor:

_ R R\® . AIXZ%M
BRyga(r) = =% (1+ (£)) - Hemioes 6.6)

And the following error contribution for the direct excitation factor of the acceptor with the green
laser:

ARs(R) = —%p (1 + (5)6) ‘A8 6.7)

6 Ro
And the following error contribution for the leakage factor of donor fluorescence in the acceptor
channel:

6

AR,(R) = —%(:;0) -Aa (6.8)
Please note that for determination of background we set y = f=1 and a =3 = 0.This represents
the ideal values. Further parameters and uncertainties are taken from the reference lab: Ay/y = 0.1,

(Fy =50, M50 =1, AL{ow) = 1,A8/8 =0.1, Aa/ar=0.1, ARy= 0.07. See Online Methods,
Section 1 and 3 for the nomenclature and details on the Forster radius. (F) is the average sum of
the corrected donor and acceptor fluorescence.

The above error analysis is based on Rp, and may be further propagated to the apparent donor-
acceptor distance Ry and the distance between the mean positions of the dyes, Ryp, when the
above model assumption of a freely rotating and diffusing dye is applied. This becomes very
involved and does not show significant deviations from Figure 5 in the main text.
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Supplementary Note 7: MD simulations

While the analysis in this paper used a static model for the double-stranded DNA structure, there
is plenty of experimental and theoretical evidence that DNA is not completely rigid 2**. Therefore,
we performed Molecular dynamics (MD) simulations of the DNA molecule to explore its rigidity
using the latest force fields which were reported to be consistent with experimental observables of
the conformational flexibility of dsSDNA.

The all-atom MD simulations were performed with the Amberl6 suite of programs # using the
bscl force field ®. The initial structure of the B-DNA molecule, which was generated by 3D-DART
(see main text), was placed in an octahedral box of TIP3P water molecules 2 such that the distance
between the edge of the water box and the closest DNA atom was at least 11 A. MgCl, and NaCl
were added to achieve concentrations of 20 mM and 10 mM, respectively. For Na* and CI', the
parameters by Joung and Cheatham *® were used, while for Mg®* the parameters by Li et al. >’ were
used.

Each system was then prepared based on a protocol used earlier **. The simulation system was
minimized by 200 steps of steepest descent and subsequently 50 steps of conjugate gradient
minimization. The minimized system was heated from 100 to 300 K over 50 ps, and subsequently
the solvent density was adjusted for 150 ps by NPT-MD simulation. During the previous two steps,
harmonic force restraints were applied on all solute atoms with force constants of 5 kcal mol™ A=
These harmonic force restraints were gradually reduced to 1 keal mol™' A% during 250 ps of NVT-
MD simulation. This step was followed by 50 ps of NVT-MD simulation without positional
restraints. Subsequently, we performed five independent MD simulations of 250 ns length each.
The time step for all MD simulations was 2 fs. Coordinates were extracted from the simulations
every 20 ps. The traces of the RMSD as a function of calculation time show that the calculations
have converged (Supplementary Figure N.7.1).

We used the FPS program '° to calculate FRET efficiencies for the structural ensemble of the MD
simulation, i.e. for each structure the AVs with the spatial dye (D and A) distributions is calculated
and the average FRET efficiency is computed.

The ensembles from the MD simulations suggest that the DNA is not completely rigid, but exhibits
some bending motion (Supplementary Figure N.7.2). The obtained distributions of FRET
efficiencies show that the ensembles from the MD simulations yield comparable, but slightly lower
mean FRET efficiencies and thus longer distances than for the static model (Supplementary Figure
N.7.3, Supplementary Table N.7.1).
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A Aligned to all nucleotides B Aligned to the first five base pairs
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Supplementary Figure N.7.1: RMSD calculated over the simulation time for the five simulations
performed. The RMSD was calculated with respect to the straight DNA molecules, which served
as starting structure, considering all atoms for the calculation after aligning the structures to the
straight DNA using all atoms (A) and only the first five base pairs (B). For better visibility, the
lines were smoothed with a sliding average window of length 200 ps.

Supplementary Figure N.7.2: Structural ensembles from the MD simulations. The starting
structure (red surface representation) was overlaid with conformations extracted from the MD
simulations using the first 5 base pairs of the DNA. The five independent MD simulations are
shown as differently colored ribbons (green, blue, orange, magenta, and cyan). For visibility,
snapshots extracted every 2 ns were used for this representation. A: Side view; B: Top view.
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Supplementary Figure N.7.3: Distribution of FRET efficiencies calculated for the conformation
extracted from the MD simulations for the four samples (A: Atto550/Atto647N, B:
Atto550/Alexa647, C: Alexa488/Atto647N, D: Alexa488/Alexa594). The five colors (green, blue,
orange, magenta, and cyan) correspond to the five independent MD simulations performed.
Vertical dashed lines indicate the mean of the distribution, while the red arrows below the X-axis
indicate the values calculated for the starting structure.
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Supplementary Table N.7.1: Comparison of FRET efficiencies (£)4, and corresponding DA
distances Ryz®" calculated from the five MD simulations to the values from experiments ((E)exp,
R<E>(ex") ')and the static model with (E)gic.

Sample | (Eyy™ | (Bdaaie™ | (Edep™ | Re™ A1 | Ri™”[A]"
Atto550/Atto647N
1-lo 0.15 0.15 0.15+0.02 83.9 83.4+25
1-mid 0.56 0.58 0.56 £0.03 60.3 603+1.3
1-hi 0.75 0.77 0.76 £0.02 51.9 51.7+0.9
Atto550/Alexa647
2-lo 0.22 0.22 0.21+£0.04 84.2 854+34
2-mid 0.66 0.68 0.60 = 0.05 61.0 63.7+23
2-hi 0.82 0.83 0.78 £0.03 52.6 55.1+1.6
Alexad488/Atto647N
3-lo 0.04 0.04 0.04 +£0.02 83.1 89.5+123
3-mid 0.27 0.29 0.24 +0.04 58.4 60.1+£2.3
Alexa488/Alexa594
4-lo 0.09 0.09 0.13 +£0.06 83.5 79.6 +6.2
4-mid 0.44 0.47 0.41 £0.04 59.5 60.7+1.7

[a] Calculated as average over the five simulations (the standard deviation is in all cases below
0.008).

[b] Calculated for the static starting structure.

[c] From measurements (cf. Supplementary Table 4).

[d] Calculated from (E )4, using Formula (5) in the main text. The SD is not significant
(determined by an error propagation from [a].

[e] Calculated from experiments (cf. Supplementary Table 4).
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Supplementary Note 8: Description of setups and analysis software
(in alphabetic order)

Birkedal lab (TIRF)
Single-molecule FRET experiments were performed on surface-immobilized molecules using a

prism-based total internal reflection microscope with a set up similar to Supplementary Figure 4b.
About 5 pM labeled molecules were immobilized inside a coverslide chamber and imaged using
alternating laser excitation with 532 and 648 nm diode lasers (Cobolt) or with 514 and 630 nm
lasers (Coherent). Fluorescence from the donor and acceptor fluorophores was spatially separated
using a wedge mirror (Chroma Technology Corp.) and detected with two color channels onto an
EMCCD camera (iXON 3 897, Andor). Details of the experimental setup and immobilization
procedures are published elsewhere®.

Movies were recorded with a 200 ms integration time per frame and analyzed using the iSMS
software®. The newest version of the software is available at www.isms.au.dk.

Bowen lab (TIRF)

Samples were imaged using a prism-based Total Internal Reflection Fluorescence microscope
constructed on an IX71 base with a 60x, 1.2 NA water-immersion objective (Olympus, Center
Valley, PA)*". Alternating laser excitation, with mechanical shutters (Uniblitz, Rochester, NY),
was used to confirm the presence of both a donor and acceptor dye in all molecules used for
analysis. Samples were excited with: a laser diode at 635 nm (Newport Corporation, Irvine, CA)
for Alexa 647 and Atto 647N; a diode pumped solid-state laser at 532 nm (Newport Corporation,
Irvine, CA) for Atto 550; or a laser diode at 473 nm (Photop Technologies Inc. Chasworth, Ca) for
Alexa 488. Emission from donor and acceptor was separated using an Optosplit ratiometric image
splitter (Cairn Research Ltd, Faversham UK). For experiments with Atto 550 and Alexa 647 (or
Atto 647N), we used a 645 nm dichroic mirror with a 585/70 band pass filter for the donor channel
and a 670/30 band pass filter for the acceptor channel. For experiments with Alexa 488 and Atto
647N, we used a 593 nm dichroic mirror with a 550/100 band pass filter for the donor channel and
a 700/75 band pass filter for the acceptor channel (all filters from Chroma, Bellows Falls, VT). The
replicate images were relayed to a single iXon DU-897 EMCCD camera (Andor Technologies,
Belfast, UK) at a frame rate of 10 Hz.

Data was processed in home written MATLAB scripts to cross-correlate the replicate images and
extract time traces for diffraction limited spots with intensity above baseline®®. Single molecules
were verified by selecting only events showing single step photobleaching to baseline. The y
correction was individually calculated for each selected molecule based upon the relative changes
in intensities before and after the photobleaching event.

Cordes Lab (confocal)
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Measurements were performed on a confocal setup, as shown in Supplementary Figure 3, but with
the addition of a fiber coupling between the laser combining dichroic mirror DM1 and the second
dichroic mirror DM2 to improve and clean the beam profile®.

Elements used were: ZET532/10x (Chroma/AHF) and ZET640/10x (Chroma/AHF) laser clean-up
filter (right after Laser 532 and 640 nm); polarization maintaining single-mode fiber P3-488PM-
FC-2 (Thorlabs); DM2: Dual line beam splitter ZT532/640rpc (Chroma/AHF); DM3: laser-laser
beam splitter H643 LPXR (AHF); FG: BrightLine HC 582/75 (Semrock/AHF) ; FR: Longpass 647
LP Edge Basic (Semroch/AHF); Objective: Super achromat objective UPLSAPO60XW
(Olympus) ; Detectors: SPAD SPCM-AQRH-64 (Excelitas); Pinholes: 50 pum; Laser power at
sample: =~ 60 pW for 532 nm and = 25 pW for 640 nm; Beam diameter ~ 12 mm.

Laser-APD synchronization and readout is performed with NI-Card PCI-6602 (National
Instruments) and a LabView (LabVIEW 2009) based home written software®.

Analysis was also done with a LabView based home written software.

Craggs lab (confocal)

Setup is similar to Supplementary Figure 3, with the following specifications: Lasers used are 515
nm and 635 nm — LuxX plus, precoupled (No DM;). DM; is a Chroma ZT532/640rpc excitation
dichroic. The objective O is a Olympus x60 objective UPLSAPO 60XO (WD = 0.17 mm). The
lense L is a Edmond Optics 49793 (50 mm focal length). The pinhole PH is a 20 pm (Newport
PNH-20). The dichroic DM3 is a 640 nm longpass (Chroma NC395323 — T640lpxr). The Fg is a
Semrock: FF01-582/75-25. The Fr a Semrock: FF01-679/41-25. The APD an Excelitas SPCM-
AQRH-14.

The following description is from Bennet et a
smFRET data were acquired using a custom built confocal microscope and alternating laser
excitation. Two dioide lasers (515 nm and 635 nm — LuxX plus) were directly modulated (100 us,
duty cycle 45%) and combined into an optical fibre. The output beam was collimated and then
cropped to 2.5 mm diameter by an iris. The beam was directed into the back of the objective
(Olympus UPLSAPO 60x NA = 1.35 oil immersion) using a dichroic mirror (Chroma ZT532/640
rpc 3 mm) with the fluorescence emission collected by the same objective, focussed onto a 20 um
pinhole and then split (dichroic mirror: Chroma NC395323 — T640lpxr) for detection by two
avalanche photodiodes (SPCM-AQRH-14 and SPCM-NIR-14, Excilitas). Photon arrival times
were recorded by a national instruments card (PCle-6353), with the acquisition controlled using
custom software (LabView 7.1).

1.3%

Gratton lab (confocal)

The measurements were done on a modified Olympus FV1000 laser scanning confocal microscope.
It is similar to Supplementary Figure 3. Our excitation source was a 20 MHz supercontinuum laser
(SC390, Fianium Inc). A filter-wheel with eight interference bandpass filters was used to select
desired excitation wavelengths. In our measurements, one set data was collected with the excitation
from 530-550nm and the emission from 560-620nm. The other set data was collected with the
excitation from 483-493nm and the emission from 505-525nm. An Olympus60x water objective
(Olympus UPlanSApo, NA=1.2) was used to focus the laser beam and collect the emission signal.
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The internal PMT was modified to send the signal out to a FastFLIM system (ISS Inc), which was
synchronized with the 20MHz frequency output from the laser.

Data was then collected and analyzed by SimFCS (available from http://www.1fd.uci.edu/).

Ha lab (TIRF)

Measurements were done on a setup similar to Supplement Figure 4. Instead of using lenses and
dichroic mirrors in the excitation pathway to combine the lasers, half-wave plates and a polarizing
beam splitter cube were used. The collected fluorescence then passes a slit as shown, and is split
with a dichroic and redirected through a lens using only mirrors, so that the two images are put
beside each other on the camera chip.

Dichroics in detection: FF640-FDi01-25%36 (Semrock). Filters in detection: BLP02-561R-25 (F1,
Semrock) and ZET633TopNotch (F2, Chroma). Objective: water immersion, 60 x/1.2 NA
(Olympus). Camera: EMCCD (iXon 897, Andor). Lasers: 532 nm (Compass 315M, Coherent) and
633 nm (06-MLD, Cobolt).**

Data were analyzed by custom-made MatLab codes.

Hendrix lab (confocal)

Our multi-parameter fluorescence detection setup equipped with pulsed interleaved excitation is
conceptually identical to the confocal microscope presented in Supplementary Figure 3. Emission
from a pulsed 483-nm laser diode (LDH-P-C-470, Picoquant, Berlin, Germany) was cleaned up
(Chroma ET485/20x, F49-482, AHF Analysentechnik, Tiibingen, Germany), emission from a
635-nm laser diode (LDH-P-C-635B, Picoquant) was cleaned up (Chroma z635/10x, Picoquant)
and both lasers were alternated at 26.67 MHz (PDL 828 Sepia2, Picoquant), delayed ~18-ns with
respect to each other and combined via a 483-nm-reflecting dichroic mirror in a single-mode optical
fiber (coupler: 60FC-4-RGBV11-47, fiber: PMC-400Si-2.6-NA012-3-APC-150-P, Schifter und
Kirchhoff GmbH, Hamburg, Germany). After collimation (60FC-L-4-RGBV11-47, SuK GmbH),
the linear polarization was cleaned up (Codixx VIS-600-BC-WO01, F22-601, AHF) and the light
was reflected on a 3-mm thick excitation polychroic mirror (Chroma zt470-488/640rpc, F58-PQ08,
AHF) upward and into the back port of the microscope (IX70, Olympus Belgium NV, Berchem,
Belgium) via two mirrors and upward to the sample (3-mm thick Full Reflective Ag Mirror,
F21-005, AHF, mounted in a TIRF Filter Cube for BX2/1X2, F91-960, AHF) to the objective
(UPLSAPO-60XW, Olympus). Sample emission was transmitted focused through a 75-pum pinhole
(P75S, Thorlabs, Munich, Germany) via an achromatic lens (AC254-200-A-ML, Thorlabs),
collimated again (AC254-50-A-ML, Thorlabs) and spectrally split (Chroma T560lpxr, F48-559,
AHF). The blue range was filtered (Chroma ET525/50m, F47-525, AHF) and polarization was split
(PBS251, Thorlabs). The red range was also filtered (Chroma ET705/100m, AHF) and polarization
was split (PBS252, Thorlabs). Photons were detected on four avalanche photodiodes (Perkin Elmer
or EG&G SPCM-AQR12/14), which were connected to a time-correlated single photon counting
(TCSPC) device (SPC-630, Becker & Hickl GmbH, Berlin, Germany) over a router (HRT-82,
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Becker & Hickl) and power supply (DSN 102, Picoquant). Signals were stored in 12-bit first-in-
first-out (FIFO) files.

All analyses of experimental data were performed in the software package PAM®. The software is
available as source code, requiring MATLAB to run, or as pre-compiled standalone distributions
for Windows or MacOS at http://www.cup.uni-muenchen.de/pc/lamb/software/pam.html or hosted
in Git repositories under http://www.gitlab.com/PAM-PIE/PAM and http:/www.gitlab.com/PAM-
PIE/PAMcompiled. Sample data is provided under http://www.gitlab.com/PAM-PIE/PAM-
sampledata. A detailed manual is found under http://pam.readthedocs.io.

Hohlbein lab (TIRF)

Our setup is conceptually identical to the TIRF microscope presented in Supplementary Figure 4
(for TIRF)*". For excitation, we used a fibre-coupled laser engine (Omicron, Germany) equipped
with four lasers of different wavelengths (405 nm, 473 nm, 561 nm, and 642 nm). A home-written
LabVIEW program independently controlled the laser intensities and triggered the camera. The
single mode fibre generated a Gaussian shaped beam profile and a point source output at the other
end of the fibre. The divergent light is collimated (f = 100 mm, Thorlabs, Germany) and a second
lens focuses (f = 200 mm, Thorlabs, Germany) the light back into the back focal plane of a 100x
NA 1.49 TIRF objective (Nikon, Japan). A polychroic mirror (zt405/473/561/640rpc, Chroma,
USA) and a multibandpass filter (zet405/473/561/640m, Chroma, USA) are used to block any laser
light in the emission path. After spatial filtering of the fluorescence with a two-lens system
consisting of two tube lenses (f = 200 mm, Thorlabs, Germany) and an adjustable slit (Thorlabs,
Germany), the light was spectrally split using two dichroic mirrors (zt561rdc and zt640rdc,
Chroma) and a mirror into three beams corresponding to a blue, green, and red fluorescence
detection channel. The three beams were then focused (f = 300 mm) on an Ixon Ultra 897 emCCD
camera with 512 x 512 pixel (Andor, Northern-Ireland) that was operated in a photon-counting
mode.

For image analysis we used a modified version of TwoTone, a freely available, MATLAB-based
software package, which identifies molecules and measures the photon counts by fitting the
molecular point spread functions to two dimensional Gaussians™.

Hiibner lab (confocal)

The setup was similar to Supplementary Figure 3 with the following components. Donor and
acceptor excitation was done with a cw laser at 532 nm (GCL-005-L-LK, Crystalaser, Reno, NV)
for the donor and a 635 nm pulsed laser diode (LDH-P-635+Sepia -PDL-808, Picoquant GmbH,
Germany) using 100 ps pulses at 10 MHz for the acceptor. Lasers were put through a glass fiber
(SMC-460, Schifter und Kirchhoff) and collimated with UPLSAPO 4X collimation lens.
Combining the lasers was accomplished with dichroic mirror QS55LP (Chroma, DM1). Dichroic
DM2 was a Z532/633 (Chroma). Fluorescence collection and focusing was done with a CFI Plan
Apo VC 60XWI (Nikon) objective. Lenses L1 and L2 focussing the fluorescence on a 50 pm
pinhole (P50H, Thorlabs) were two tube lenses (=200 mm, MXA20696, Nikon). Fluorescence
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separation was done with dichroic 640DCXR (Chroma, DM3). For fluorescence clean-up the filters
FF01-582/75 (Semrock) were used for donor and HQ650/100 (Chroma) for acceptor fluorescence.
The signal was then collected with SPCM-AQRH-14 (Excelitas) APDs. TCSPC electronics were
a TimeHarp 200 (Picoquant).

For the measurements a home written software based on LabView (National Instruments) and for
the data reduction an Igor Pro (Wavemetrics) based home written software was used.

Kapanidis lab (confocal)

smFRET experiments were carried out on a custom-built confocal microscope®*’, as shown
schematically in Supplementary Figure 3. The setup was modified to allow ALEX of donor and
acceptor fluorophores. Custom-written LabVIEW software was used to register and evaluate the

detected signal.
Data analysis was carried out using custom-written Matlab software*'.

Lamb lab (confocal)

Single-molecule FRET experiments with pulsed-interleaved excitation (PIE) and multiparameter
fluorescence detection (MFD) were performed on a homebuilt confocal microscope as described
previously*®. In addition to the schematic shown in Supplementary Figure 3, a polarizing beam
splitter is installed after the confocal pinhole to split the signal by polarization before the dichroic
mirror (640DCXR, AHF Analysentechnik). Pulsed-interleaved excitation was performed at
532 nm (PicoTA 530, PicoQuant) and 640 nm (LDH-D-C640, PicoQuant) at a repetition rate of
26.67 MHz with a delay of ~18 ns and a laser power of 100 pW. Fluorescence emission was filtered
(donor: Brightline HQ582/75, acceptor: Brightline HQ700/75, AHF Analysentechnik), focused on
avalanche photodiodes (SPCM-AQR, Perkin-Elmer) and recorded on single-photon-counting cards
(SPC-154, Becker&Hickl). Data analysis was performed using the PAM software package written
in MATLAB (The MathWorks)™. Single-molecule events were identified using a sliding-time-
window burst search algorithm with a countrate threshold of 10 kHz, a time window of 500 ps and
a minimum photon number of 100. To remove photoblinking and -bleaching events, the ALEX-
2CDE filter was applied using an upper threshold of 10 (ref. ).

Lee lab (confocal
We performed smFRET measurement using a home-built confocal microscope, similar with the
setup described in Supplementary Figure 3, which has been well described in our previous

44,45

works™™. The alternation of two lasers (ALEX) was achieved using acoustic-optic modulators.

The data acquisition and analysis were performed using a home-built software based on LabVIEW

program as described before®.

Lemke lab (confocal)

The setup was as described in Supplementary Figure 3 and previously in detail in refs. , with
the following elements changed. Lasers were a LDH 485 (Picoquant) and a SuperK Extreme (NKT
Potonics) filtered with a 572/15 bandpass alternating at 26,6 Mhz and combined onto the laser path
with DM 1= R488-Di01. Dichroic Mirror DM2 was a ZT 488/561/660 (AHF) and for DM3 a zt

47,48

29

313



Publication I

561 RDC-UF (Chroma) and a FF650-D01 (Semrock) were used in sequence for three detection
channels. For the three detection channels the filters 525/50 ET (Semrock), 620/60 ET (Chroma)
and 700/75 ET (Chroma) were used. The analysis was done using self-written code in IgorPro
(Wavemetrics) following procedures described in detail in refs. “**°.

Levitus Lab (confocal)

Fluorescence intensity decays were acquired at room temperature using the timecorrelated single
photon counting technique. A fiber supercontinuum laser (Fianium SC450) was used as the
excitation source. The laser provides 6 ps pulses at a variable repetition rate, set at 20 MHz. The
laser output was sent through an acousto-optical tunable filter (Fianium AOTF) to obtain 552 nm
excitation. Fluorescence emission was collected at a 90° angle and detected using a double-grating
monochromator (Jobin-Yvon, Gemini-180) and a microchannel plate photomultiplier tube
(Hamamatsu R3809U-50). The emission monochromator was set to 580 nm. The polarization of
the emission was collected at the magic angle relative to the excitation. A single photon counting
card (Becker-Hickl, SPC830) was used for data acquisition. The IRF was measured with a 3%
Ludox scattering solution (Sigma-Aldrich, MO) and had a fwhm of approximately 80 ps when
measured at 552 nm. The data were deconvoluted and fitted with a sum of exponential terms using
software written in-house (ASUFIT). The quality of the fit was evaluated based on the residuals.

Michaelis lab (Confocal)

The confocal setup used for this study has been described in detail recently”'. It resembles the one
depicted in supplementary figure 3, but with the major addition of polarization sensitivity. A
polarizing beam splitting cube positioned after the collimating lens behind the pinhole splits the
light into its components parallel and perpendicular with respect to the excitation light. Each of the
two resulting beams is then split by a dichroic mirror and focused onto an APD after passing an
emission filter, similar to what is shown in supplementary figure 3. Differing from Schwarz et al.
2018, a different polychroic mirror was used during the initial measurements of samples 1-lo, 1-
mid, 2-lo and 2-mid (Triple Line zt488/532/658, AHF Analysentechnik AG, Tiibingen, Germany).
The setup also provides an additional 488nm laser line and the filters and dichroic mirrors can be
exchanged in order to perform smFRET experiments with a 488nm-excitable donor and a 647nm-

excitable acceptor (e.g. samples 3-lo and 3-mid described in supplementary note 6).

For data analysis, an earlier version of the software package PAM (PIE analysis with MATLAB)
was used >°. The newest version of the software is available via https://gitlab.com/PAM-PIE/PAM.

Michaelis lab (TIRF)

All TIRF-measurements were conducted using a custom-build prism-type TIRF setup which has
been described in detail recently®’. The setup is similar to the setup described in Supplementary
Figure 4, only with some minor additions namely an acousto-optic tunable filter (AOTFnC-VIS,
AA Opto-Electronic) and an IR-laser based auto-focus system. The AOTF allows for the
selection of the excitation wavelength and the control of laser intensity and duration.
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The acquired data was analyzed using a custom-written software called SM-FRET which was
described in detail*”.

Sanabria Lab (confocal)

The home built confocal system and data analysis at the Sanabrias’ lab was recently described in
detail®***, It is similar to the one described in Supplementary Figure 3, but with four detectors and
different spectral windows. Differences are briefly described below. The microscope body is an
Olympus IX-73 with a 60X, 1.2 NA collar (0.17) corrected Olympus objective. It uses Pulsed
Interleaved Excitation (PIE)** with diode lasers at 485 nm and 640 nm (PicoQuant, Germany)
operated at 40 MHz with 25 ns interleaved time. The power at the objective was 120 pW at 485
nm and 39 uW at 640 nm. Emitted photons were collected through the same objective and spatially
filtered through a 70 um pinhole to limit the effective confocal detection volume. Fluorescence
emission is separated into parallel and perpendicular polarization components at two different
spectral windows using band pass filters ET525/50 and ET720/150 (Chroma Technology Co.) for
donor and acceptor, respectively. In total, four photon-detectors are used—two for donor (PMA
Hybrid model 40 PicoQuant, Germany) and two for acceptor (PMA Hybrid model 50, PicoQuant,
Germany). To insure temporal data registration of the 4 synchronized input channels, we used a
HydraHarp 400 TCSPC module (PicoQuant, Germany) in Time-Tagged Time-Resolved mode.
Data analysis uses Multiparameter Fluorescence Detection software suit developed at the Seidel’s
lab (http://www.mpc.hhu.de/software/software-package.html).

Schlierf Lab (confocal)

Observations of single-molecule fluorescence were made on a custom-built dual-color and dual-
polarization confocal setup based on an inverted microscope (Eclipse Ti-E, Nikon, Tokyo, Japan)
as previously described in*>*®. Briefly, donor and acceptor fluorophores were excited with linearly
polarized 530-nm and 640-nm picosecond pulsed laser sources (LDH-P-FA-530L and LDH-D-C-
640, both from PicoQuant, Berlin, Germany) driven in pulsed interleaved excitation mode at a total
repetition rate of 50 MHz. The laser beams were coupled to a polarization-maintaining single-mode
optical fiber (P3-488PM-FC-2, Thorlabs, NJ, USA), collimated (60FC-T-4-RGBV42-47, Schifter
und Kirchhoff, Hamburg, Germany), and focused by a water immersion objective (CFI Plan Apo
WI 60x, NA 1.2, Nikon). Emitted fluorescent light was collected by the same objective, separated
from the excitation light by a dual-edge dichroic mirror (zt532/642rpc, Chroma, Bellows Falls, VT,
USA), and focused on a 50-pum pinhole (Thorlabs). Donor and acceptor photons were spectrally
separated by single-edge dichroic mirrors (FF650-Di01, Semrock, USA) after a polarizing beam
splitter (CM1-PBS251, Thorlabs), band-pass-filtered (FF01-582/75, Semrock, Rochester, NY,
USA; ET700/75M, Chroma), and focused onto four single-photon-counting avalanche diodes (t-
SPADs, PicoQuant). Photons were registered by four individual time-correlated single-photon
counting modules (Hydra Harp, PicoQuant) with a time resolution of 16 ps. Synchronization with
the lasers for alternating excitation was accomplished with the aid of a diode laser driver (PDL828,
PicoQuant).
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Data analysis was performed with custom-written Matlab scripts (Mathworks, USA) and single-
molecule events were identified from the acquired photon stream by a burst search algorithm as
described in*"*®. The analysis software is available upon request.

Schuler Lab (confocal)

A commercial confocal instrument (MT200, PicoQuant, Berlin) or a custom-built instrument™.
were used for the measurements. Both instruments were equipped with an UplanApo 60%/1.20-W
objective (Olympus), a 100-um confocal pinhole, and HydraHarp 400 counting electronics
(PicoQuant, Berlin). They were operated with pulsed interleaved excitation (20 MHz) in a
configuration similar to that shown in Supplementary Figure 3 with the following components.

In the MT200 setup a 485-nm pulsed diode laser (LDH-D-C-485, Picoquant) was used for donor
excitation, and a SC-450-4 supercontinuum fiber laser (Fianium) filtered with a z582/15 bandpass
filter (Chroma) for acceptor excitation. Dichroic mirror DM2 was a BS R405/488/594 (Semrock)
and DM3 a 585DCXR (Chroma). Donor fluorescence was filtered with a ET 525/50 (Chroma) and
recorded with a SPCM-AQRH-14 (PerkinElmer Optoelectronics) APD. Acceptor fluorescence was
filtered with an HQ 650/100 (Chroma) and recorded with a SPCM-AQR-14 APD (PerkinElmer
Optoelectronics) APD.

In the custom built setup, the donor was excited with a SC-450-4 supercontinuum fiber laser
(Fianium) filtered with a BrightLine HC 520/5 band-pass filter (Semrock) and acceptor excitation
was done with a 635nm pulsed diode laser (LDH-D-C-635M, PicoQuant). In this instrument, the
dichroic mirrors here were a zt405/530/630rpc (Chroma) for DM2 and a 635DCXR (Chroma) for
DM3. Donor fluorescence was filtered with an ET585/65m (Chroma) and recorded with a T-SPAD
(PicoQuant). Acceptor fluorescence was cleaned up with LP647RU and HC750/SP (Chroma)
filters and recorded with an SPCM-AQR-14 APD (PerkinElmer Optoelectronics). Data were
analyzed using custom-developed software written in C++ and Mathematica.

Seidel Lab

Ensemble Time Correlated Single Photon Counting (eTCSPC)

Fluorescence lifetime decays were recorded by FT300 setup (PicoQuant, Germany) using a white
light laser from NKT Photonics (Germany) with repetition rate 20 MHz for excitation. All samples
were measured in Quartz Ultra-Micro-cuvettes (Helma #105.252.85.40), with a total sample
volume of 20ul. A Ludox scattering solution was used to record the instrument response function
(IRF). The detailed measurement conditions for the experiments are provided in the Table N8.1.
Table N8.1: Settings for Picoquant FT300 setup

Settings/dye Atto 550 Alexa 488 Atto 647N Alexa647 Alexa 594
Excitation, nm 552 485 635 635 590
Emission, nm 580 520 665 665 617
Bandpass, nm 5.4 9.2 9.2 8.1 8.1

Excitation filter none ZET 488/10x | ZET 635/20x | ZET 635/20x none
Emission filter | FGL 570 FGL 515 FGL 645 FGL 645 FGL 610
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Confocal setup 1 (for samples labelled with Alexa488-Atto647N)

The general scheme of the setup is described by Sisamakis et al*® (see Fig. 18.5 therein). All sample
solutions were measured in NUNC chambers (Lab-Tek, Thermo Scientific, Germany) with 300 uL.
sample volume. The fluorescent donor molecules (Alexa 488) are excited by a pulsed diode laser
(LDH-D-C 485, PicoQuant), at 485 nm operated at 64 MHz, 110 uW at the sample in one color
excitation experiment or at 32 MHz in PIE experiment, 110uW at the sample. The laser light is
guided into the epi-illuminated confocal microscope (Olympus 1X71, Hamburg, Germany) by
dichroic beamsplitter FF500/646-Di01 (Semrock, USA) focussed by a water immersion objective
(UPlanSApo 60x/1.2w, Olympus Hamburg, Germany). In PIE experiments the fluorescent
acceptor molecules (Atto647N ) are additionally excited by 635 nm pulsed diode laser (LDH-D-C
640, PicoQuant). The emitted fluorescence is collected through the objective and spatially filtered
using a pinhole with typical diameter with 100 pm. Then, the signal is split into parallel and
perpendicular components via a polarizing beam splitter and then at two different spectral windows
(e.g. “green” and “red”) and then split again using 50/50 beam splitters resulting in a total of eight
detection channels. Additionally green (HQ 520/35 nm for Alexa488 ) from AHF, Tiibingen,
Germany and red (HQ 720/150 nm for Atto647N) bandpass filters (AHF, Tiibingen, Germany) are
placed in front of the detectors to provide the registration only of the fluorescence photons coming
from the acceptor and donor molecules. Detection is performed using eight avalanche photodiodes
(4 green channels: t-SPAD (PicoQuant, Germany) and 4 red channels: AQR 14 (Perkin Elmer).
The detector outputs were recorded by a TCSPC module (HydraHarp 400, PicoQuant).

Confocal setup 2 (for samples labelled with Atto550-Atto647N)

The confocal setup 2 is similar to the confocal setup 1 described above. It has the following
components (only the differences are mentioned):

Confocal microscope: Olympus IX71 (Hamburg, Germany).

Objective: Olympus UPlanSApo 60x/1.2w (Hamburg, Germany).

Dichroic Beamsplitter: F68-532 zt532/640NIRrpo (AHF, Tiibingen, Germany).

Fluorescence dichroic beamsplitter: T640lpxr (AHF, Tiibingen, Germany).

Diode lasers: 530 nm (LDH-P-FA 530B, PicoQuant) and 640 nm (LDH-D-C 640, PicoQuant), both
with a repetition rate 32 MHz and with a power 75.5 uW and 16.7 pW at the sample, respectively.
Bandpass filters: green ET595/50 and red HQ730/140.

2 green and 2 red detectors: both SPCM-AQRH 14 (Excelitas, USA).

Confocal setup 3 (for samples labelled with Alexa488-AlexaS94)

The confocal setup 3 is similar to the confocal setup 1 described above. It has the following
components (only the differences are mentioned):

Confocal microscope (Olympus 1X70, Hamburg, Germany).

Dichroic beam splitter: QS05LP (AHF, Tiibingen, Germany).

Fluorescence dichroic beamsplitter: 595 LP DCXR (AHF, Tiibingen, Germany).

Diode lasers: 495 nm (PicoQuant, Germany) with a repetition rate of 32 MHz and a power at the
sample of 110 pW.

Bandpass filters: green HQ520/66, red HQ630/60.

33

317



Publication I

2 green and 2 red detectors: SPCM-AQRH 14 (Perkin Elmer).
TCSPC module SPC 132 (Becker&Hickl, Germany).

The recorded data were analyzed with a home-written LabView software that was developed in the
Seidel lab and is described in ref. *°. The software is available on the homepage of the Seidel group
(http://www.mpc.hhu.de/software/software-package.html).

To analyze the recorded fluorescence bursts, a burst search algorithm according to reference ® was
applied. The confocal setups were calibrated by the PIE measurements as described in this work or
by FRET-lines relating the donor fluorescence lifetime to the intensity-based FRET efficiency as
described in ref. .

Tinnefeld lab (confocal)

The measurements were carried out on a custom-built confocal microscope ** based on an IX 71
(Olympus) similar to the setup shown in Supplementary Figure 3 with alternating laser excitation.
Pulsed Lasers (637 nm, 80 MHz, LDH-D-C-640; 532 nm 80 MHz, LDH-P-FA-530B; both
PicoQuant) were powered by a Sepia 2 (PicoQuant) unit. Both lasers were combined by a dichroic
mirror (640 LPXR, AHF). In addition to the setup shown in Supplementary Figure 3, the lasers
were alternated by an acousto optical tunable filter (AOTFnc-VIS, AA optoelectronic) and coupled
into a single mode fiber (P3-488PM-FC-2, Thorlabs) to obtain a Gaussian beam profile. After a
linear polarizer (LPVISE100 A, Thorlabs) and lambda quarter plate (AQWPO5M 600, Thorlabs),
circular polarized light was obtained. After a dual band dichroic beam splitter (z532/633, AHF),
the light was focused by an oil-immersion objective (UPLSAPO 100XO, NA 1.40, Olympus). The
emitted light was collected by the same objective and focused on a 50 pm pinhole (Linos).
Subsequently, the fluorescence was split by a dichroic mirror (640DCXR, AHF) into a green
(Brightline HC582/75, AHF; RazorEdge LP 532, Semrock) and red (Bandpass ET 700/75m, AHF;
RazorEdge LP 647, Semrock) detection channel. Two SPADs (-SPAD 100, PicoQuant) accounted
for the detection. The SPAD signals were registered by a TCSPC card (SPC-830, Becker&Hickl).
The setup was controlled with custom-made LabView (National Instruments) software. Recorded
data were analyzed with a LabView software ®. To analyze the recorded fluorescence bursts, a
burst search algorithm according to reference * was applied.

Weninger lab (TIRF)
The microscope is similar to that in Supplementary Figure 4 *'. Briefly, we illuminate immobilized
samples at the surface of a quartz microscope slide with prism-type total internal reflection of laser

beams at the quartz/buffer interface. Alternating illumination of 532 nm or 640 nm allows
sequential excitation of donor and acceptor dyes when using Atto 550, Alexa 647 and Atto 647N.
Fluorescence emission is collected by a 1.20 N.A. water-immersion microscope objective
(Olympus UIS2 UPlanSApo 60x/1.20 W). The fluorescence image is spectrally divided with a
Dualview splitter (DV2, Photometrics) incorporating a 645dcxr dichroic mirror with a 585/70
bandpass filter (donor) and a 700/75 bandpass filter (acceptor) (all from Chroma Technology
Corp.). The spectrally divided image is detected with an emCCD (Cascade 521B, Photometrics)
operating at 10 Hz.
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We use home-written analysis software implemented in MATLAB (MathWorks)*. Immobilized
single molecules are detected in a ten-frame averaged image as pixels of maximum intensity above
an empirically determined threshold (typically based on the statistics of all pixels in the field of
view as 7 standard deviations above the average), separated by five or more pixels from any
neighboring maxima. Fluorescence intensity for a single molecule is extracted from each frame of
a movie as the sum of the 4 brightest pixels in a 3x3 pixel region centered on the local maximum.
Before a FRET experiment, we acquire a spectrally split image of a field of immobilized,
fluorescent 100 nm diameter polystyrene spheres that emit broadly into both channels to build a
mapping between donor and acceptor channels using the MATLAB image processing toolbox
command cp2tform. This mapping is applied to movies containing FRET data to obtain donor and
acceptors intensities from immobilized single molecules. Background for each detected molecule
is calculated locally as the median value of the 16x16 pixel region around the identified peak pixel.
The background value is subtracted from the single molecule intensity values. The background
value is verified by requiring the background-subtracted intensity time-trace for a single molecule
emission return to zero upon a single step photobleaching event. Leakage between donor and
acceptor channels is measured separately using singly labeled samples. FRET efficiency is then
calculated as described in the main text.
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The dynamic architecture of chromatin fibers, a key determinant of genome regulation, is
poorly understood. Here, we employ multimodal single-molecule Férster resonance energy
transfer studies to reveal structural states and their interconversion kinetics in chromatin
fibers. We show that nucleosomes engage in short-lived (micro- to milliseconds) stacking
interactions with one of their neighbors. This results in discrete tetranucleosome units with
distinct interaction registers that interconvert within hundreds of milliseconds. Additionally,
we find that dynamic chromatin architecture is modulated by the multivalent architectural
protein heterochromatin protein 1la (HP1a), which engages methylated histone tails and
thereby transiently stabilizes stacked nucleosomes. This compacted state nevertheless
remains dynamic, exhibiting fluctuations on the timescale of HP1a residence times. Overall,
this study reveals that exposure of internal DNA sites and nucleosome surfaces in chromatin
fibers is governed by an intrinsic dynamic hierarchy from micro- to milliseconds, allowing the
gene regulation machinery to access compact chromatin.
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hromatin is critical to gene regulatory processes, as it

dictates the accessibility of DNA to proteins such as

transcription factors (TFs) and gene expression machin-
ery!. The elucidation of the structure and dynamics of chromatin
is a challenge spanning orders of magnitude in spatial (A to
micrometers) and temporal (sub-microseconds to hours) scales?.
Genomic approaches have enabled researchers to probe the
structure of chromatin in vivo®™>, albeit as static snapshots and
averaged over cellular populations. High-resolution structural
studies on reconstituted chromatin provided models of chromatin
as a two-start helix with two intertwined stacks of nucleosomes
and compact tetranucleosomes as basic units (Fig. 1a)%7. Within
such a two-start fiber context, inter-nucleosome interactions are
mediated by the H4 tail contacting the H2A acidic patch!, and b;f
a contact between the C-terminal helices of H2A and H2B®”.
Other experiments have supported solenoid chromatin structural
models® or mixed, heterogeneous populations’, depending on

a Tetranucleosome structure

linker DNA length and the presence of linker histones. As
observed in the cryo-EM structure of a chromatin fiber (Fig. 1a),
tetranucleosomes arrange in a defined interaction register (i.e.,
defining which nucleosomes interact with each other).

Irrespective of the local architecture, chromatin structure is
highly dynamic: Mononucleosomes exhibit partial unwrapping of
nucleosome-wound DNA!®13 which modulates binding site
accessibility for TFs'*!> and controls the rate of transcription by
RNA polymerase'®. Dynamic rearrangements beyond the
nucleosome were observed using fluorescence approaches in tri-
nucleosomes!” and using force spectroscopy on chromatin fibers
under tension'$2!, However, structural rearrangements in
unperturbed chromatin fibers, and the timescales thereof, remain
unresolved.

Heterochromatin protein la (HP1la, CBX5), a defining com-
ponent of transcriptionally silent heterochromatin, has been
shown to interact with H3 tri-methylated at lysine 9 (H3K9me3)
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Fig. 1 smFRET system to detect real-time chromatin conformational dynamics. a Left: Tetranucleosome structure based on ref. © showing the three dye
pairs DA1, DA2, and DA3. Right: 12-mer chromatin fiber as a stack of three tetranucleosome (TN) units, modeled using the cryo-EM structure of a
chromatin fiber’. For exact dye positions, see Supplementary Fig. 1. The middle tetranucleosome carries the fluorescent labels, whose accessible volume is
displayed. D donor, A acceptor labels, N nucleosomes. b Schematic view of the preparative DNA ligation used to introduce fluorescent labels. € Scheme of
the TIRF experiment to measure intra-array smFRET. d Microscopic images showing FRET data of single chromatin arrays at 4 mM Mg2*, scale bar: 5 um. e
Trace from dynamic compaction of chromatin fibers by influx of 4 mM Mg2*. f DA1 chromatin fibers compact dynamically by influx of 4 mM Mg2* at 5's as
reported by a rapid increase in FRET. Displayed: Overlay of indicated number of traces from single fibers. Only traces exhibiting a FRET change were
included in the analysis (65%). g DA1 chromatin decompacts rapidly upon removal of Mg?* by injection of low-salt buffer/EDTA. Only traces exhibiting a

FRET change were included in the analysis (74%)
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Fig. 2 Multi-perspective smTIRF-FRET reveals dynamic chromatin compaction. a Single-molecule traces (donor: orange, acceptor: red, FRET: blue) for DA1
at 0 mM Mg2* (bottom), 4 mM Mg2* (top) until either donor or acceptor dye photobleaching. For analysis methods, see Supplementary Note, step 1b
FRET traces for DA2, same conditions as in a. ¢ FRET traces for DA3, same conditions as in a. d FRET populations observed for DAT at the indicated Mg2*
concentrations, as well as in the presence of H4Ks16ac. e FRET populations for DA2, same conditions as in d. f FRET populations for DA3, same conditions
as in d. d-f Error bars: s.e.m. For the number of traces, parameters of the Gaussian fits, see Supplementary Table 5. g Donor-acceptor channel cross-
correlation analysis of DAT. Fits, 0 mM Mg2*: cross-correlation relaxation time tg =140 +101ms (n=76); 4mM Mg?*: t =73 +13ms (n=229). h
Donor-acceptor channel cross-correlation analysis of DA2. Fits, 0 mM MgZ*: ty =169 + 79 ms (n=61); 4 MM Mg2*: tg =312 £108 ms (n="52). i
Donor-acceptor channel cross-correlation analysis of DA3. g-i Error bars: s.e.m. For the number of traces, see Supplementary Table 5. Fit uncertainties
correspond to 95% confidence intervals of a global fit of the indicated number of traces. For the percentage of dynamic traces, see Supplementary Table 6

in a multivalent fashion. HP1x is a key architectural protein and
is involved in establishing a com]zaact chromatin state, thereby
contributing to gene silencing??~2%, Importantly, it has been
revealed that HP1a is highly dynamic, with residence times on
chromatin from milliseconds to seconds?>2”:2%30, Thus, it is not
clear how HP1 proteins induce chromatin compaction. Moreover,
no detailed information is available about the internal structure of
such compact states. The lack of precise information on chro-
matin dynamics in general, and of chromatin-effector complexes
in particular, is mainly due to experimental constraints arising
from the megadalton scale, molecular complexity, and structural
heterogeneity of chromatin. Knowledge of the timescale of
chromatin structural rearrangements, modulated by histone
PTMs or by chromatin effectors®!?>31:32, is however central for
understanding the role of chromatin in gene regulation.

In this study, we combine two single-molecule Forster reso-
nance energy transfer (smFRET)>® methods, covering detection
timescales from microseconds up to seconds, to directly map local

NATURE COMMUNICATIONS | (2018)9:235

chromatin structural states and measure their interconversion
dynamics. We fluorescently label chromatin fibers at three dis-
tinct sets of internal positions yielding structural information
from several vantage points. Using two fluorescent dye pairs with
different distance sensitivities (i.e., Forster Radii, R,) allows us to
measure a wide range of inter-dye distances (Rpa) with sub-nm
precision. Employing this multipronged approach combined with
dynamic structural biology methods (building on our FRET
positioning and screening toolkit, FPS)*%, we identify distinct
structural states in chromatin fibers and determine their exchange
kinetics. We reveal that nucleosomes engage in stacking inter-
actions, which rapidly interchange on the micro- to millisecond
timescale. HP1a binding to modified chromatin fibers results in a
compact but dynamic chromatin state, as HPla transiently sta-
bilizes stacked nucleosomes. Together, our study establishes a
dynamic-register model of local chromatin fiber motions regu-
lated by effector proteins.
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Results

Reconstitution of site-specifically labeled chromatin fibers. A
key prerequisite for our smFRET studies is the introduction of a
single dye pair with base-pair precision into chromatin fibers. We
thus developed a method to assemble chromatin DNA constructs
containiné 12 copies of the “601” nucleosome positioning
sequence”> separated by 30 bp linker DNA. We used preparative
ligations of two recombinant and three synthetic fragments, the
latter of which carried the fluorescent labels (Fig. 1b, Supple-
mentary Figs. 1-3, and Supplementary Tables 1-4). A convergent
DNA assembly procedure with intermediate purification steps
ensured the efficient and accurate incorporation of exactly one
donor and one acceptor dye into chromatin DNA at defined
positions. Guided by structural modeling®”!7, we decided on
three dye configurations (Donor—Acceptor position 1, DA1), DA2
and DA3 (Fig. 1b), employing Alexa Fluor 568 (Alexa568) as
FRET donor and Alexa Fluor 647 (Alexa647) as FRET acceptor.
This pair has the advantage of a large Forster radius R,= 82 A,
enabling measurement of large inter-dye distances (up to 150 A).
Each dye pair was positioned in the center of the 12-mer
nucleosome array (NI-N12) to probe distinct contacts and
motions (Fig. 1a, b). DA1 senses stacking between nucleosomes
N5 and N7 at a position close to the H2A-H2B four-helix bundle
contacts'”. DA2 measures inter-nucleosome interactions closer to
the dyad (N5-N7). DA3 reports on dynamic modes within the
linker DNA flanking the central nucleosome (N6). Chromatin
fibers were reconstituted on double-labeled DNA templates
(either DAL, DA2, or DA3) using recombinant human histone
octamers (Supplementary Fig. 4). Ensemble measurements con-
firmed that all three dye configurations in chromatin resulted in
increasing FRET as a function of magnesium-induced compac-
tion, compatible with a two-start fiber model®’ (Supplementary
Fig. 5a-1). Chromatin fibers labeled on nucleosome positions N5
and N6 (nearest-neighbor in sequence), which only make contact
in a one-start fiber configuration, did not demonstrate measur-
able FRET. This finding, together with structural modeling, ruled
out that solenoid or one-start fiber structures contribute to the
measured FRET signal (Supplementary Fig. 5m-o).

smFRET reveals structural heterogeneity in chromatin fibers.
We proceeded to investigate the conformational and dynamic
properties of the assembled chromatin fibers using single-
molecule imaging. In a first set of experiments, we applied
single-molecule total internal reflection fluorescence (smTIRF)
microscopy with a time resolution of 100ms, to investigate
chromatin structure and dynamics on the millisecond to seconds
timescale (Fig. 1c). We immobilized DAl-labeled chromatin
fibers in flow channels and measured their donor and acceptor
fluorescence emission (Fig. 1d). Traces were selected according to
a predefined set of selection criteria, e.g., the presence of a donor
and an acceptor dye, and a minimal trace length in time (Sup-
plementary Fig. 6g). We then generated time traces of FRET
efficiency (Eprgr) (Supplementary Note, step 1). Chromatin
compaction induced by rapid injection of bivalent cations (4 mM
Mg2+) resulted in a fast (<0.5s) increase in Eggger (Fig. le, f).
Conversely, rapid removal of Mg?* ions induced chromatin
decompaction on a similarly rapid timescale (Fig. 1g). We can
thus directly observe real-time conformational changes in single
chromatin fibers. Moreover, these experiments reveal that the
formation of chromatin higher-order structure occurs on the
millisecond timescale.

Next, we systematically explored chromatin conformational
changes as a function of bivalent cation concentration (0, 0.5, 1.0,
and 4.0mM Mg?*) from our three structural vantage points
(Fig. 2). We recorded time traces of FRET efficiency for DAL

4 | (2018)9:235

(Fig. 2a), DA2 (Fig. 2b), and DA3 (Fig. 2¢), which demonstrated
an increase in Epggr with Mg?* for all positions, albeit to different
extents. For DAI, Eprgr histograms revealed a broad FRET
distribution, which could be described with two Gaussians
centered at low (<0.1) and intermediate (0.3-0.6) FRET efficiency
values (Fig. 2d). In contrast, DA3 and DA2 showed a more
complex pattern with one population at low Eggrer and at least
two populations associated with intermediate-to-high FRET
efficiency (Fig. 2e, f). With increasing Mgz+ concentration, for
all arrays (DAI1-3) the populations with Eprer>0.1 gradually
shifted to higher FRET efficiency values, indicating an induction
of nucleosome stacking.

As a confirmation that we indeed measured nucleosome
stacking, we investigated the effect of acetylation of H4 at K16,
which has been shown to abolish a key contact between the H4
tail and the H2A acidic patch of the neighboring nucleosome?!.
We thus synthesized a close chemical analog of this modification,
H4Kgl6ac (Supplementary Fig. 7). Inclusion of H4Kgl6ac
resulted in a significant reduction in internucleosomal stacking
contacts observed by DA1 (Fig. 2d). A reduction in nucleosomal
contacts was also registered by DA2 (Fig. 2e), whereas DA3 did
not demonstrate a measurable change compared to the
unmodified fiber (Fig. 2f). Thus, H4K16 acetylation results in a
loss of defined and stable nucleosome stacking by disrupting a key
internucleosomal interaction, while keeping the overall fiber
geometry intact.

Considering unmodified chromatin fibers, we further resolved
anti-correlated fluctuations in the time traces of donor and
acceptor fluorescence emission (Fig. 2a—c), in particular for DA2,
indicating structural dynamics. Cross-correlation analysis of
donor and acceptor fluorescence fluctuations [CC(D,A)] revealed
structural motions for DA2 positions (relaxation time tg=
0.2-0.3 s, Fig. 2h), fast dynamics at the detection limit for DA (tg
~0.1's, Fig. 2g) and quasistatic behavior for DA3 (Fig. 2i).
Together, the data from DA1-3 point toward complex multiscale
dynamics featuring multiple FRET species in rapid exchange,
which are not clearly resolvable with smTIRF.

Chromatin fibers exist in two structural registers. We thus
employed a second approach, smFRET with confocal multi-
parameter fluorescence detection (MED)%, to study freely dif-
fusing single chromatin fibers (Fig. 3a). This method extends the
accessible dynamic timescale to the sub-microsecond range and
resolves structural states with sub-nm accuracy®. For a set of
excitation lasers (485 and 635nm), our experimental setup
allowed the application of pulsed interleaved excitation (PIE)* to
filter out detections arising from donor-only molecules. To ana-
lyze MFD data, each photon burst (i.e., a single-molecule detec-
tion) is plotted in a 2D histogram as a function of two FRET
indicators: the intensity-derived Eggrgr and the average (fluores-
cence-weighted) donor lifetime (rpa))r (Fig. 3b, ¢). As an
example, molecules with two conformational states A and D,
which remain static during their passage through the confocal
volume are located as two populations on a static FRET line (dark
red line, Fig. 3b). In contrast, molecules undergoing structural
exchange dynamics with a characteristic relaxation time fg
between the limiting structural states A and D are detected by a
broadened intermediate peak, reminiscent of NMR signals in the
intermediate exchange regime (Fig. 3c). Moreover, these dyna-
mically broadened populations are located on a dynamic FRET
line (blue line, Fig. 3c), which connects the limiting FRET species
involved in the fast exchange (intersection of blue and red line in
Fig. 3¢)%.

We performed MFD measurements for chromatin fibers
carrying FRET dye pairs in configurations DA1-3 (exciting at
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Fig. 3 Multiscale chromatin dynamics in two registers revealed by MFD. a Scheme of PIE-MFD: Species-averaged donor and acceptor emission intensities
(Fp, Fa), intensity-averaged donor lifetime (zpca))r and anisotropy (r) are simultaneously measured for each molecule diffusing through the confocal
volume. b Principle of MFD analysis: If dynamics between two states A and D are slow (relaxation time tz > 10 ms), distinct structural states are resolved
by Erer and (zpcay)r, falling on the static FRET line (red). ¢ Fast dynamics (tg <10 ms) result in an intermediate peak (labeled A < D) on a dynamic FRET
line (blue). Peak shape analysis reveals tg (Fig. 5). d 2D-MFD histograms for chromatin fibers DA1-3 (Alexa568/647) at indicated Mg2* concentrations.
These histograms contain contributions from donor-only labeled chromatin fibers. Red line: static FRET line. Dark and bright blue lines: Two dynamic FRET
lines for the two tetranucleosome registers 1and 2, indicating dynamic exchange with tg <10 ms (for parameters of all FRET lines, see Supplementary Note,
step 2). Red, orange, yellow, and gray lines: FRET species A-D (see also Fig. 4a). e 2D-MFD histograms for chromatin fibers DA1-3 labeled with Alexa488/
647 at indicated !\/Ig2+ concentrations. Red line: static FRET line; dark and bright blue lines: dynamic FRET lines. f Subensemble fluorescence lifetime
analysis for DA1-labeled fibers (Alexa488/647) at 1mM MgCl, and Erret>0.065. The FRET-induced donor decay ep(t) was fitted with contributions from
FRET species {A, C}, B and D (for details and fit parameters of egs. 3.1-6, see Supplementary Note, step 3), corresponding to the indicated inter-dye
distances. IRF: instrument response function. g Auto- (left panel) and cross (right panel)-correlation functions of the donor (G) and acceptor (R) emission
channels for the same subensemble as in f. Global analysis of FCS curves reveals FRET dynamics with two global structural relaxation times (tg; =27 ps
(27%); tr3=3.1ms (56 %)), a term describing local fluctuations (tgy jocai = 2.6 ps (17%)) and an apparent diffusion time for all curves (t = 4.96 ms) (for
details and fit parameters of Eq. 4.1, see Supplementary Note, step 4)

530 nm, which precluded PIE), which revealed a complex
population distribution involved in dynamic exchange (Fig. 3d)
not observed in free DNA or donor-only labeled chromatin fibers
(Supplementary Fig. 8¢, d). Due to the absence of PIE in those
measurements, donor-only labeled chromatin fibers (Eggrpr=0)
contributed also to the total observed signal. An iterative 11-step
workflow (Supplementary Fig. 9) allowed us to resolve distinct
structural states by their characteristic FRET efficiencies and
dynamics. Based on this analysis, the data could only consistently
be described by two dynamic FRET lines (dark and bright blue
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3

lines, Fig. 3d), indicating two coexisting subpopulations of
dynamic chromatin fibers, which are distinct within the
observation time of ~10 ms.

From the intersections of the dynamic with the static FRET
lines, we identified four limiting FRET species involved in the
exchange: A, B, C, and D, indicated by the horizontal lines in
Fig. 3d. Braces (e.g, {A, C}) indicate conformational states
sharing indistinguishable FRET efficiencies. Importantly, a
complementary analysis procedure within our workflow (Supple-
mentary Fig. 9), subensemble fluorescence lifetime analysis,
5
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Fig. 4 Chromatin fibers exist in two rapidly interchanging tetranucleosome
stacking registers. a Matrix of the inter-dye distances Rpa for DA1, DA2,
and DA3 obtained from dynPDA. Species that cannot be discriminated with
a given FRET pair are labeled with the same color and/or a continuous box.
Percentages given in brackets: uncertainties in the observed distances. Red:
precision (ARpa(Rpa)), relevant for relative Rpp, calculated as s.d. between
three PDA analyses of data sets comprising a fraction (70%) of all
measured data (subsampling). Black: Absolute uncertainty, mainly
determined by the uncertainty in Ry (Supplementary Note, step 9 and
Supplementary Table 7). The combined average inter-dye distances Rpa
over DA1-3 allow us to map each FRET species to a class of corresponding
structural states of chromatin (Supplementary Figs. 12 and 13,
Supplementary Table 8, and Supplementary Note, steps 9 and 10). The
registers of tetranucleosome units are indicated by light gray boxes. b
Structural model of a chromatin array, consisting of a stack of three
tetranucleosomes (register 1) with DA1-positioned dyes in the central
tetranucleosome, based on ref. 7. The inter-dye distance was evaluated
using simulated dye accessible contact volumes (ACV)3*. ¢ Molecular
structure of a chromatin array, consisting of a stack of two
tetranucleosomes, flanked by two unstacked nucleosomes at each side
(register 2) with DA1-positioned dyes on the two central tetranucleosomes
and inter-dye distance from ACV calculations. Molecular models for DA2
and DAS3 are reported in Supplementary Figs. 12 and 13

corroborated the FRET species for each labeling pair DA1-3.
Similarly, model-free fluorescence correlation analysis from
DA1-3 revealed conformational dynamics with at least three
relaxation times, thus involving at least four kinetic species
(A-D). Finally, the FRET line parameters were determined in
independent experiments>® (see Supplementary Note, step 2).
In summary, for all vantage points DA1-3 our analysis
revealed compact chromatin fibers (Eprpr>0.8) in rapid exchange
with extended structures (Fig. 3d). At least two independent
dynamic transitions were consistently resolved, as indicated by
6 NATU
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the two dynamic FRET lines, revealing distinct limiting FRET
species with high Egrer (compact species, A—C) and with very
low Eprgr (open species, D), respectively. The existence of two
dynamic transitions, as indicated by the two FRET lines, directly
revealed two populations of chromatin fibers. Each population
shows unique internal exchange dynamics but no interchange
between the populations is observed during the ~10 ms observa-
tion time. Chromatin fibers are thus structurally and dynamically
heterogeneous at the local level.

Revealing structural states in dynamic chromatin fibers. To
delineate the fiber architectures corresponding to these popula-
tions, we performed MFD experiments using Alexa Fluor 488 as a
FRET donor (Ry=52A). This FRET donor substantially
improved the spatial resolution at shorter distances (Supple-
mentary Fig. 8b). Importantly, excitation at 485 nm enabled us to
employ PIE. We thus could exclude donor-only labeled chro-
matin fibers. In agreement with the previous MFD measurements
(Fig. 3d), FRET distributions were also located on two dynamic
FRET lines (Fig. 3e). Due to the altered distance sensitivity of the
Alexa488/647 FRET pair, compact states (A, B, and C) were now
better resolved. As a result, in these experiments the dynamic
FRET lines fell closer to the static FRET lines (while remaining
well defined), as compared to measurements with Alexa568/647.
Together, these measurements with two different labeling
schemes confirm the existence of four structural states in two
distinct fiber populations interchanging with fast internal
dynamics.

Subensemble fluorescence lifetime analysis provides an alter-
native method to directly resolve the individual FRET efficiencies
(and thus Rp, values) within a dynamic ensemble. In effect, it
provides a nanosecond snapshot of the coexisting FRET species,
independent of their exchange dynamics. We thus averaged
photon bursts from DA1 (selecting only bursts with Egrgr>0.065)
and computed a FRET-induced fluorescence decay of the donor
ep(t) (Fig. 3f and Supplementary Note, step 3)*°. The nonlinear
decay of ep(t) on a log scale directly demonstrated the existence
of at least three FRET species. We employed a global analysis to
resolve the inter-dye distances characteristic for the three
corresponding FRET species {A, C}, B and D (Fig. 3f and
Supplementary Fig. 10), closely matching the limiting FRET states
observed in 2D-MFD histograms (Fig. 3d, e).

Fluorescence correlation analysis enables a direct and model-
free assessment of molecular dynamics. We thus analyzed the
autocorrelation functions for the donor and acceptor channels, as
well as the cross-correlation between donor and acceptor
fluorescence channels (Fig. 3g, and Supplementary Fig. 11, and
Supplementary Note, step 4). For DAL, this analysis directly
confirmed the existence of structural dynamics between the FRET
species {A, C}, B and D, revealing two slow kinetic exchange
processes with relaxation time constants ¢z of 27 ps and 3.1 ms.
However, solely based on this analysis, the relaxation times could
not be attributed to individual conformational dynamics.

Resolving conformational dynamics in chromatin fibers. An
integrated approach is required to characterize the two dynamic
populations in chromatin fibers, and to resolve their underlying
structural states. We thus proceeded along our workflow for
dynamic structural biology (Supplementary Fig. 9 and Supple-
mentary Note): Using the combined information from TIRF
measurements, MFD histograms, subensemble lifetime analysis,
and fluorescence correlation analysis for DA1-3, we were able to
analyze the experimental data with dynamic photon distribution
analysis (dynPDA)38 (Supplementary Note, steps 6-8). This is an
approach comparable to the analysis of NMR relaxation
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dispersion experiments, resolving subpopulations and their
exchange dynamics. While dynPDA is an inherently iterative
method, for clarity we first address structural considerations
followed by a discussion of the observed dynamics.

Our dynamic—structural biology approach revealed high-
precision inter-dye distances (displayed as a distance matrix in
Fig. 4a) for species (A-D) with respect to the three vantage points
of the samples DA1-3 (Fig. 4a). Using the recovered inter-dye
distance sets as constraints, we assigned molecular structures to
species (A-D), based on available high-resolution structural
data® and coarse-grained simulations*® (Fig. 4b, ¢, Supplemen-
tary Figs. 12 and 13, and Supplementary Note, steps 9 and 10).
Distance constraints from DAl and DA2 showed that FRET
species A and B correspond to conformational states with defined
tetranucleosome units in two different interaction registers
relative to the FRET labels. Register 1 (A) positions the label
pairs in the same tetranucleosome unit (Fig. 4a, b). This
chromatin fiber conformation is consistent with the reported
cryo-EM structure of a 12-mer chromatin fiber’. Register 2 (B)
positions the FRET labels across two neighboring tetranucleo-
some units, indicating a fiber structure that exhibits altered
nucleosome interactions (Fig. 4a, c). Species (C) corresponds to a
distorted (twisted) tetranucleosome state within register 1.
Finally, species (D) corresponds to an ensemble of open
chromatin fiber conformations.

From the DA1 vantage point, the two compact species (A) and
(C) shared a single inter-dye distance, resulting in the apparent
FRET species {A, C}. This can be rationalized as the DA1 dye pair
is close to a key internucleosomal interaction, mediated via the
H2A-H2B four-helix bundle®’. This interaction restricts local
internucleosomal motions. DA2, in contrast, detected the
distorted tetranucleosome state (C), which for this vantage point
exhibits an increased inter-dye distance. Hence, stacked nucleo-
somes exhibit more structural flexibility close to the dyad. Finally,
all three dye pairs DA1-3 reported on the species (D), accounting
for open chromatin devoid of local internucleosomal interactions.

A dynamic register model for chromatin dynamics. To uncover
fundamental motions within chromatin fibers, the kinetic con-
nectivity of the chromatin structural states must be elucidated.
We thus employed all the previously discussed information to
formulate kinetic models, which were employed to fit the
experimental FRET efficiency histograms by dynPDA (Fig. 5a—c,
Supplementary Fig. 14, and Supplementary Note, steps 5-8). To
find an appropriate kinetic model, we performed global fits over
the Mg?* dependence for each data set DA1-3. We tested a set of
3- and 4-state kinetic models describing distinct kinetic con-
nectivities between species (A-D) (Fig. 5d—f and Supplementary
Fig. 15). In agreement with two dynamic populations detected in
MED plots, a successful and consistent fit for all label pairs was
achieved with a kinetic model containing two branches: one
branch connecting species (A, C) to (D), the second branch
connecting species (B) to (D) (Fig. 5d—f and Supplementary
Figs. 16-18). The revealed kinetic information provided insights
into the dynamics of chromatin fibers: an analysis of DAL
(Fig. 5d) indicated that stacked nucleosome (A, register 1)
exchange with open conformations (D) with a relaxation time 7g
=3.7+03ms (uncertainties of relaxation times: s.d. between
three PDA analyses of data sets comprising a fraction (70%) of all
measured data (subsampling)). These motions are two orders of
magnitude slower compared to fluctuations between tetra-
nucleosomes (B-D, register 2, 7g = 60 + 10 ps). This is consistent
with the significant free energy (around 13 kT) associated with
nucleosome stacking?®. DA2 provided further insight into intra-
tetranucleosome dynamics (Fig. 5e), where structural distortions
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(i.e., torsional fluctuations and partial nucleosome disengage-
ment, species C) occur on a 0.5 + 0.06 ms timescale, followed by a
transition to D within 2.6 +0.5ms. DA3, finally, reported on
linker DNA fluctuations (Fig. 5f). Here, we detected increased
(C-D) transition rates, indicating a contribution from transient
DNA unwrapping dynamics'>!>*!. Analyzing the populations of
species A-D for DA1-3 over the range of Mg?* concentrations
revealed a coherent picture of the dynamic chromatin structure
(Fig. 5g—i): Compact conformers in register 1 (A, C) were about
twice as highly populated as register 2 contacts (B). Thus, register
1 with maximally three formed tetranucleosomes is energetically
more favorable than register 2 that can only encompass two
stacked tetranucleosome units. Compact conformers were
increasingly more populated at higher bivalent ion concentra-
tions, but remained in rapid exchange with open and compact
chromatin. Finally, between 20 and 40% of all observed chro-
matin fibers did not show any measurable dynamics on the MFD
timescale (observed for all species (A-D), see Supplementary
Figs. 16-18). This indicates the presence of chromatin structures
separated by significant barriers from the rapidly exchanging
structural ensemble (locked states), consistent with the observa-
tion of slow dynamics in TIRF-FRET measurements.

Together, our smFRET measurements revealed intriguing
multiscale chromatin dynamics across five orders of magnitude
in time. We propose a unified model (the dynamic-register
model) to describe higher-order chromatin structure and its local
dynamics (Fig. 6 and Supplementary Note, step 11). In a
chromatin fiber a nucleosome can, at any time, engage in
tetranucleosome contacts with only one of its two neighbors
within the two-start helix. On a short range, this results in at least
two interchanging interaction registers. The exchange pathway
between registers 1 and 2 always leads through local fiber
unfolding and subsequent reformation of the (altered) tetra-
nucleosome contacts.

A chromatin fiber has more conformational degrees of freedom
than those directly probed by FRET in this study. Thus, we use
structural and dynamic features to subdivide the observable FRET
species A-D further into an ensemble of conformational states
(indicated by the numerical index in Fig. 6). Fluctuations
observable in smTIRF-FRET (and quasistatic molecules in
MEFD) indicate the existence of nucleosome interactions stable
for a few hundreds of milliseconds (locked states A;, B,) as well as
dynamic species (unlocked states A,, B,). In register 1, we
observed rearrangements of the nucleosome interface allowing
tetranucleosomes to open on a millisecond timescale (to A, C,
and the ensemble of open states D,). In contrast, neighboring
tetranucleosomes in register 2 are only loosely associated,
resulting in sub-millisecond interaction dynamics governed by
shallow energy barriers (B, to D, and D,). Importantly, this
dynamic ensemble of higher-order structures (or supertertiary
structure*?) with multiple conformational states and dynamic
transitions is a fundamental property of chromatin fibers.
Elementary states are observed both in extended and compact
fibers, but are populated to different extents. Our analysis thus
suggests that these elementary states and their transitions govern
the biochemical accessibility, regulation, and biological function
of chromatin.

HPla induces a dynamically compacted chromatin structure.
Having established this dynamic model of chromatin, we asked
how HPla affects the internal structure and dynamics of chro-
matin fibers. Previous studies indicated that HPla can compact
chromatin?>*3 and that it can cross-bridge H3K9me3-modified
nucleosomes®®. However, no information was available about the
internal structure of HPla-complexed chromatin. Single-
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Fig. 5 Chromatin exhibits multiscale dynamics. a-¢ dynPDA analysis of MFD data (for a detailed description, see Supplementary Note, steps 6-8). Red
histogram: Experimental data, black line: PDA fit to the kinetic models corresponding to the indicated state connectivities (Fig. 5d-f). Gaussian distributions
in orange hues or gray: Distributions corresponding to FRET states indicated in Fig. 4a: A (red), B (orange), C (yellow), and D (gray). Blue hues:
Distributions originating from dynamic exchange between FRET species: A < C (violet), C < D (dark blue), B <> D (gray blue). a dynPDA analysis of MFD
data for DA1 (at 4 mM Mg2") using the kinetic connectivity outlined in Fig. 5d. b dynPDA analysis of MFD data for DA2 (at 3 mM Mg2*) using the kinetic
connectivity outlined in Fig. Se. ¢ dynPDA analysis of MFD data for DA2 (at 3mM Mg2*) using the kinetic connectivity outlined in Fig. 5f. d-f Kinetic
connectivity maps for DA1-3 used for dynPDA, which describe the experimental data. Two dynamic equilibria (registers) are observed: Register 1
comprises species A, C, and D (as characterized by their inter-dye distance, Rpa), exchanging with the indicated relaxation times. Register 2 comprises
species B and D in equilibrium. Register exchange within D is not permitted in the model on the investigated timescales, as indicated by the dashed line.
The indicated time constants are given for 2mM Mg?2*. For the individual rate constants, see Supplementary Figs. 16-18). Uncertainties: s.d. between three
PDA analyses of data sets comprising a fraction (70%) of all measured data (subsampling). g Relative combined populations of observed species A-D for
DA1 as a function of [Mg2*] (for the individual contributions of static and dynamic molecules, see Supplementary Figs. 16-18). h Relative combined
populations for species A-D for DA2. (i) Relative combined populations for species A-D for DA3. For the full PDA fits, see Supplementary Figs. 16-18. Error
bars: s.d. between three dynPDA analyses of data sets comprising a fraction (70%) of all measured data (subsampling). In some cases, the error bars are
smaller than the symbol size

molecule-binding studies revealed that HPla interacts with
chromatin on the 250 ms timescale?’, matching the time resolu-
tion of our FRET-TIRF approach. We thus reconstituted DAL
and DA2 chromatin fibers containing either unmethylated
(H3K9me0) or chemically produced H3K9me3 (Supplementary
Fig. 19a, b) and measured smFRET in the presence of 1 pM HPla
using TIRF microscopy (Fig. 7a, b). The presence of HPla
resulted in H3K9me3-dependent chromatin compaction as
observed by an increase in Epgpy from the vantage points DA1
and, in particular, from DA2 (Fig. 7, d). The larger effect on DA2
indicates that HPla stabilizes nucleosome stacking primarily
toward the center of the chromatin fiber, where the FRET effi-
ciency reaches the value (Eprgr>0.8) of the limiting species A, B
resolved by MFD measurements (Fig. 3d). This comparison
directly shows that the HP1a-compacted state involves the same
inter-nucleosome contacts as observed in the absence of HP1a.
HPla is post-translationally modified in particular by
phosphorylation of its N-terminal extension (NTE)*. Intrigu-
ingly, this modification not only stabilizes H3K9me3 binding*>~*
leads to HPla oligomerization and phase separation behavior
important for heterochromatin establishment*®*°, We thus
produced phosphorylated HPla (pHPla, Supplementary
Fig. 19f-i). Phosphorylation indeed increased the compacting
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effect by stabilization of nucleosome binding and by strengthen-
ing HP1a interactions beyond the dimer (Fig. 7c, d). Intriguingly,
the analysis of FRET traces by cross-correlation analysis of donor
and acceptor fluorescence revealed high-amplitude dynamic
fluctuations with a sub-second relaxation time in the presence
of HP1a (Fig. 7e, f). Thus, chromatin fibers compacted by HP1a
do not adopt a stably closed conformation, but in contrary
remain highly dynamic and exhibit structural fluctuations on the
sub-second timescale.

Finally, we wondered how fast HP1a could compact chromatin
fibers. We thus injected 1 pM HPla into flow cells containing
H3K9me3-modified chromatin fibers and monitoring FRET via
the DA2 FRET pairs. The accumulated traces revealed an increase
of compaction with a time constant of 1.1 +0.4 s (Fig. 7g, h, fit
uncertainties correspond to 95% confidence intervals, global fit of
n =286 traces). Thus, HPla needs to accumulate on chromatin to
reach a critical density before compaction can take effect.

In summary, we find that HP1a transiently stabilizes interact-
ing nucleosomes in chromatin fibers. This is most likely achieved
by cross-bridging nucleosomes through H3K9me3 interac-
tions242>28 (Fig. 7i), a process which occurs on the hundreds
of milliseconds timescale consistent with measured residence
times for HP1a?”.
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Fig. 6 The dynamic register model of chromatin fiber dynamics (for details
see text). The colored bars indicate the sensitivities of the two applied
smFRET methods. The letters A, B, C, and D correspond to observed FRET
species (Fig. 4a). Nucleosomes highlighted in blue are labeled and thus
observed in the experiment. Numbered states correspond to different
chromatin conformations, which exhibit the same FRET efficiency for DA1-3
but which can be kinetically differentiated. FRET species A includes
conformational states {A;, A, Az} for which stacked nucleosomes are
observed. FRET species B includes all states {B;, B,} corresponding to
observation across two neighboring tetranucleosome units. FRET species D
(low-FRET states) includes locally unstacked nucleosomes (D7) and the
ensemble of open fibers (D,). Gray relaxation time constants are indirectly
inferred; blue relaxation times are directly observed. The error ranges
represent s.d. between observations of the same dynamic process with
different FRET label pairs (for B, < Dy), or directly from PDA subsampling
(Fig. 5)

Discussion

The structural dynamics of chromatin dictate biochemical access
to the DNA and thus directly impinge on dynamic regulatory
processes, such as TF binding, transcription, or DNA repair.
A detailed knowledge of the structural states and exchange
timescales within chromatin is therefore of critical importance.
Previous experiments indicated that chromatin is highly
dynamic!’72!, but stopped short of a detailed structural and
kinetic exploration of unconstrained chromatin fibers.

Here, we employed two distinct smFRET approaches with
access to complementary experimental timescales to reveal the
structural and dynamic landscape of chromatin fibers. Based on
our results, we formulated a dynamic-register model (Fig. 6)
describing the fundamental dynamic modes governing bio-
chemical access to compact chromatin. Our data are in agreement
with the tetranucleosome as a fundamental unit of chromatin
fibers?!. We however discover a distinct set of motions within and
between tetranucleosome units that introduce dynamic hetero-
geneity into chromatin structure. Individual tetranucleosomes
can spontaneously open on the millisecond timescale. In contrast,
interactions between neighboring tetranucleosomes fluctuate in
the microsecond time regime. Neighboring tetranucleosomes can
exchange their interaction register on the hundred millisecond
timescale, by concerted unfolding, followed by refolding in the
alternative register.

The existence of such a fundamental dynamic landscape of
chromatin is analogous to the situation in proteins, where
intrinsic motions govern function®®!. In chromatin, fiber
dynamics are coupled to processes such as the target search of
TFs, eg. through sliding and hopping®. As these interaction
modes require direct access to the DNA, local chromatin
dynamics control the fundamental timescale of DNA sampling
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and thereby set a speed limit for TF-binding kinetics. Intriguingly,
direct observations of TF chromatin sampling in vivo reveal that
these interactions occur on similar timescales as the local chro-
matin dynamics revealed in this work®»%% Finally, dynamic
coupling mechanisms are not limited to TFs, but extend to other
processes such as chromatin remodeling®® or gene transcription
itself°.

Our measurements revealed that individual nucleosomes
engage in short-lived (milliseconds to hundreds of milliseconds)
stacking interactions with their neighbors, forming tetranucleo-
some units. Tetranucleosome contacts hinder access to linker
DNA® and occlude the nucleosome acidic patch, the major
interaction site for many chromatin effectors®”~>°. In agreement,
structural®’ and force spectroscopy studies reported tetra-
nucleosomes as basic organizational units of chromatin®!. The
observation of both a population of short-lived (milliseconds) as
well as long-lived tetranucleosome states (locked states with
lifetimes of hundreds of milliseconds) demonstrates that several
inter-nucleosome interactions have to be released to allow rapid
local fiber dynamics. One intriguing possibility is that long-lived
(locked) states arise due to stabilizing long-range inter-
nucleosomal interactions outside the tetranucleosome unit, which
provide additional stability to chromatin fiber structure.

Importantly, we found that tetranucleosome contacts alternate
between different registers on the 100-ms timescale. The inter-
change between registers requires cooperative motions between
neighboring tetranucleosome units, at least over the range of four
to eight nucleosomes. It is thus conceivable that structural dis-
turbances in the fiber, e.g., by a bound TF, have long range effects
on neighboring genomic loci by a modulation of DNA site
exposure dynamics. Indeed, cooperative and collaborative effects
between TF-binding sites have been observed over distances
significantly exceeding a single nucleosome®, pointing toward a
role of long-range chromatin organization.

Several genome-wide studies have determined the existence
and prevalence of tetranucleosome contacts in vivo, employing
analysis of nucleosome contacts by electron microscopyﬁl, Micro-
C* or in situ radical fragmentation of chromatin®. Long stretches
of ordered chromatin structure are however not readily observed
in interphase nuclei®?. Our findings regarding the rapid dynamics
and heterogeneity provide a rationale of this absence of order
over large spatial and temporal scales. Rather, internucleosomal
contacts are in constant exchange, forming local transient struc-
tures that are permissive for chromatin effectors.

The inherent flexibility and structural adaptability gives chro-
matin an inhomogeneous dynamic secondary structure with
conformational fluctuations ranging over several orders of mag-
nitude in time and space. This makes chromatin an ideal hub for
interactions with diverse partners, including architectural such as
H1, as well as a large range of chromatin effectors. Our developed
methods for dynamic structural biology of chromatin enabled us
to systematically determine local effects on such dynamic
interactions.

Here we explored how HP1la, a key heterochromatin compo-
nent, affects chromatin fibers depending on the presence of
H3K9me3. We found that HPla transiently stabilizes inter-
nucleosome contacts, most probably through multivalent
engagement of two PTMs on different nucleosomes?’. This
results in an increased population of compact states, reducing
local chromatin accessibility. In agreement, the presence of HP1a
in vivo is correlated with increased tetranucleosome contacts®.

Strikingly, HP1a-compacted chromatin fibers remained highly
dynamic (Fig. 7i). First, HP1a interacts with DNA in addition to
H3K9me3%84, which might directly modulate local chromatin
motions. Second, HPla has a stronger compacting effect around
the nucleosome dyad. This suggests that the protein has a
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Fig. 7 HP1a binding results in dynamically compacted chromatin. a FRET traces for DAT, containing no modification or H3K9me3 in the presence of 1pM
HP1x and the absence of Mg2*. b FRET trace for DA2, containing no modification or H3K9me3 in the presence of 1 1M HPla. ¢ FRET populations for DA1,
showing H3K9me3-dependent compaction by HP1x and phosphorylated HP1x (pHP1a). d FRET populations for DA2, demonstrating close contacts induced
by HPla/pHP1w. ¢, d Error bars: s.e.m. For the number of traces, parameters of the Gaussian fits, see Supplementary Table 5. e Donor-acceptor channel
cross-correlation analysis of DA1 in the presence of 1pM HPla. Fits, H3K9meO: tg ;=200 + 25 ms (n=530), H3K9me3: tg1 =64 + 13 ms (72%), tro =
640 +126 ms (28%) (n=430). f Donor-acceptor channel cross-correlation analysis of DA2 in the presence of TuM HPla. Fits, H3K9meO: tg =123 + 38
ms (n=99); H3K9me3: tg1 =66 + 16 ms (88%), tg > =930 + 543 ms (12%) (n =106). Fit uncertainties correspond to 95% confidence intervals of a global
fit of the indicated number of traces. For the percentage of dynamic traces, see Supplementary Table 6. e, f Error bars: s.e.m. For the number of traces, see
Supplementary Table 5. g Stochastic compaction of chromatin induced by injection of HPTa at 5. h 2D histogram of multiple injections. Only traces

exhibiting a FRET change were included in the analysis (42%). The fit yields a time constant of 1.1+ 0.4 s (fit uncertainties correspond to 95% confidence

intervals, global fit of n=86 traces). i Model of transient stabilization of tetranucleosomes, which still retain some internal flexibility, by HPTa

tendency to bind at central as opposed to peripheral sites within a
chromatin fiber. Third, individual HP1a molecules do not remain
stably bound to fibers, but exhibit rapid exchange dynamics
in vitro?” and in vivo*»*>3 on the hundreds of millisecond to
seconds timescale. Rapid HP1a turnover will thus stochastically
release the stabilization of local nucleosome stacking interactions
allowing local exposure of internal sites.

Functionally, the dynamic HPla-compacted state remains
permissive for biochemical access to the fiber, albeit to a reduced
degree. Moreover, we expect bound HPla to impair tetra-
nucleosome register exchange, as this requires transient opening
of two neighboring tetranucleosomes. Together, these effects
therefore contribute to repression of transcription in hetero-
chromatin. Nevertheless, as all DNA sites and nucleosome sur-
faces are eventually exposed, effectors such as pioneer TFs® or
even the transcription machinery can still invade the hetero-
chromatin state. In agreement heterochromatin regions generally
are transcribed at low levels®%. Moreover, local accessibility makes
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rapid chromatin regulation possible as a function of cellular
stimuli®®

In summary, our single-molecule studies reveal dynamic het-
erogeneity within chromatin fibers, where the intrinsic dynamics
are determined by a complex energy landscape. Dynamic higher
order or supertertiary structure is governed by interactions of
tetranucleosomes that form the fundamental structural units and
provide local cooperativity through register exchange dynamics.
Chromatin effectors, such as HPla, selectively modulate this
energy landscape by stabilizing specific conformations from the
rapidly exchanging ensemble, thereby enacting a biological out-
put. Thus, the mutual interplay between chromatin dynamics and
effector proteins controls downstream biological processes.

Methods

Plasmid generation, purification, and DNA fragment isolation. Plasmids for
chromatin DNA production (recP1, recP5) were generated in DH5« cells grown in
6L 2xTY medium and isolated by alkaline lysis followed by preparative gel
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filtration as follows: After 18-20 h culture, cells were harvested by centrifugation,
resuspended and homogenized in 80 mL alkaline lysis solution I (50 mM glucose,
25mM Tris, 10 mM EDTA, pH 8.0). Homogenate was diluted to 120 mL with the
same solution. An aliquot of 240 mL alkaline lysis solution II (0.2 M NaOH, 1%
SDS) was added and mixed. An aliquot of 240 mL alkaline lysis solution IIT (4 M
KAc, 2 M Acetic acid) was added to neutralize the solution followed by mixing and
subsequent incubation for 15 min at 4 °C. The supernatant was recovered by
centrifugation and filtered through miracloth. In total, 0.52 volumes of isopropanol
were added and the mixture was allowed to stand for 20 min at room temperature,
followed by centrifugation at 11,000 x g for 20 min at room temperature. The pellet
was redissolved in 30 mL TE 10/50, 100 units of RNAse A were added and allowed
to digest 2 h at 37 °C. Solid KCI was added to a final concentration of 2.0 M and the
volume was adjusted to 35-40 mL. The sample was centrifuged and the super-
natant loaded onto a 50 mL superloop. This was injected into a 550 mL sepharose 6
XK 50/30 column and the pure plasmid was collected in the dead volume. The
plasmid was precipitated with 0.5 volumes of isopropanol and redissolved in TE
10/0.1.

An aliquot of 75-85 pmol of plasmid DNA was buffer exchanged to H,O and
mixed with CutSmart buffer (NEB) and water to a final volume of 200 uL. Fifty
units of Bsal-HF and 50 units of Dralll-HF were added to digest for 810 h, then
another 20 units of each enzyme was added to get the digestion to completion
(additional 20 units were added if not complete). Sixty units of EcoRV-HF were
added and digestion was continued for 6-10 h (Supplementary Fig. 1f-i). Two
rounds of stepwise PEG precipitation were performed to separate the excised
fragment of interest from the plasmid backbone fragments using concentrations of
PEG from 7.0 to 8.5% (Supplementary Fig. 1j, k). After two rounds, a final cleanup
step was done using a Zymo Clean and Concentrator 100 column.

Preparation of fluorescently labeled DNA fragments. An aliquot of 5-10 nmol
of oligonucleotide at a concentration of ~1 mM, washed by ethanol precipitation,
was diluted with 25 uL oligo labeling buffer (0.1 M sodium tetraborate, pH 8.5 (9.25
for TFP ester labeling). A 0.6 uL sample was taken and diluted with 50 pL oligo-
nucleotide RP-HPLC solvent A (95% 0.1 M TEAA, 5% ACN). An aliquot of 40 uL
of this was injected for analysis by RP-HPLC on an InertSustain 3 um, 4.6 x 150
mm GL sciences C18 analytical column using a gradient of 0-100% oligonucleotide
RP-HPLC solvent B (70% 0.1 M TEAA, 30% ACN) in 20 min. An aliquot of 5 uL of
5 mM NHS-ester dye in DMSO was added and the reaction allowed to proceed 4-8
h at room temperature. The progression of the reaction was monitored by RP-
HPLC. Further, dye was added if required, until >50% oligonucleotide was labeled.
The oligonucleotide was precipitated twice with ethanol to remove residual dye. It
was redissolved in 30 uL. MQ H,O and diluted with 70 pL oligo RP-HPLC solvent
A. Labeled oligonucleotides were purified by RP-HPLC using the same gradient
and column as above and collected manually followed by ethanol precipitation. The
purified labeled oligonucleotide was redissolved in MQ H,O to give a concentra-
tion of 2.5 uM (Supplementary Fig. 2a—i).

Labeled PCR segments were generated by mixing Thermopol (1x), template
(0.02 ng uL™"), forward primer (0.250 uM), reverse primer (0.250 uM), and dNTPs
(0.2 mM each) with water in Nx 50 uL to the final concentrations given in the
parentheses. N x 1.25 units Taq DNA polymerase was added, the solution was
gently mixed followed by aliquoting 50 uL into each of N PCR tubes.
Thermocycling was done with 12 s initial denaturation at 94 °C followed by 30
cycles of 12 s denaturation at 94 °C, 12 s annealing at 60-65 °C, and 12 s extension
at 72 °C. Final extension was done for 12 s at 72 °C. PCR product from the N tubes
were pooled and stored in the freezer.

An aliquot of 450-500 L of PCR product was purified with 3x QIAquick PCR
purification columns according to the manufacturer’s protocol. Following elution,
the DNA was ethanol precipitated and redissolved in ~100 uL MQ H,O. PCR-
generated pieces were digested by mixing 75-85 pmol of each piece in 200 uL with
10x CutSmart to a final concentration of 1x and a sample taken. The pieces were
digested as done for the recombinant pieces. Samples were taken and analyzed on a
2% agarose gel alongside the undigested samples (Supplementary Fig. 2j). The
digestion reactions were purified with QIAquick PCR purification columns and the
concentration was determined by UV spectroscopy.

Convergent DNA ligations for 12 x 601 arrays. An aliquot of 30-60 pmol of each
DNA piece was used for large-scale ligation to generate the intermediates in
combined volumes of 200-400 pL (Supplementary Fig. 3a). P2 was ligated to P1 in
20% excess for 2 h, then P3 was added in 20% excess relative to P2 and ligation
allowed to proceed overnight. P4 was ligated to P5 in 20% excess for 2 h, then the
biotinylated anchor was added in twofold excess relative to P5 and the ligation
allowed to proceed 12-16 h (Supplementary Fig. 3b—d). The pieces were purified by
PEG precipitation using a stepwise (0.5% steps) increase in PEG from 7.0 to 8.0%
(Supplementary Fig. 3e, f). Pellets were redissolved in 60 uL TE buffer (10 mM Tris,
0.1 mM EDTA, pH 8.0) and redissolved pellets and the final supernatant were
analyzed by agarose gel to verify that the pellets at 7.0 and 7.5% typically contained
the intermediates separated from the starting pieces. These were pooled and stored
for later ligations. An aliquot of 15-35 pmol of the 6 x 601 intermediates were
mixed using 5-10% excess P4-P5-anchor in 1x T4 DNA ligase buffer with 600 U of
ligase and left to ligate for 10~16 h. The formation of the product was confirmed by
agarose gel electrophoresis and purified by stepwise PEG precipitation in the range
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5.0-6.0% (Supplementary Fig. 3g, h). The pellets were redissolved in TE(10/0.1)
and analyzed by gel electrophoresis to pool the purified double-labeled array DNA.

Chemically modified hi: Preparation of H4Ksl6ac was performed by
radical-mediated thiol-ene addition®. H4 carrying a K16 to cysteine point muta-
tion (K16C) was expressed and purified from inclusion bodies?’”. For the instal-
lation of the acetyl-lysine analog, H4K16C was dissolved in 0.2 M acetate buffer,
pH 4 to a final concentration of 1 mM. Subsequently, 50 mM N-vinylacetamide, 5
mM VA-044 and 15 mM glutathione were added, and the reaction was incubated
at 45 °C for 2 h. The reaction was monitored by HPLC and MS until complete,
followed by semi-preparative RP-HPLC purification of the product (Supplemen-
tary Fig. 7a, b).

For the synthesis of H3K9me3%, a peptide corresponding to H3(1-14)K9me3-
NHNH, (carrying a C-terminal hydrazide) was produced by solid phase peptide
synthesis. Truncated H3 [H3(A1-14)A15C] was expressed as an N-terminal fusion
to small ubiquitin like modifier (SUMO) carrying a His6-tag. After a denaturing
Ni:NTA affinity purification, the protein was refolded and SUMO was cleaved by
SUMO protease, followed by purification of H3(A1-14)A15C by RP-HPLC. In a
typical ligation reaction, 3 pmol H3(1-14)K9me3-NHNH, was dissolved in ligation
buffer (200 mM phosphate pH 3, 6 M GdmCl) at =10 °C. NaNO, was added
dropwise to a final concentration of 15 mM. The reaction was subsequently
incubated at —20 °C for 20 min. H3(A1-14)A15C was dissolved in ligation buffer
(200 mM phosphate pH 8, 6 M GdmCl, 300 mM mercaptophenyl acetic acid
(MPAA)) and added to the peptide. The pH was adjusted to 7.5 and after
completion of the reaction (as observed by RP-HPLC), the product
(H3K9me3A15C) was purified by semi-preparative RP-HPLC. H3K9me3A15C was
finally dissolved in desulfurization buffer (200 M phosphate pH 6.5, 6 M GdmCl,
250 mM tris(2-carboxyethyl)phosphine (TCEP)). Glutathione (40 mM) and a
radical initiator, VA-044 (20 mM), were added, and the pH was readjusted to 6.5.
The reaction mixture was incubated at 42 °C until the protein was completely
desulfurized, followed by semi-preparative HPLC purification (Supplementary
Fig. 19a, b).

Chromatin assembly. Chromatin arrays were reconstituted on a scale of 6.5-30
pmol (based on 601 DNA). 12 x 601 array DNA was mixed with 1.5 molar excess
of MMTYV buffer DNA, NaCl to a final concentration of 2 M and water, followed by
mixing and addition of 2-2.4 molar equivalents of histone octamers, containing
either recombinant or chemically prepared modified histones (Supplementary
Figs. 7 and 19). The mixture was transferred to a micro-dialysis tube and dialyzed
with a linear gradient from TEK2000 (10 mM Tris, 0.1 mM EDTA, 2000 mM KCl)
to TEK10 over 16-18 h. The dialysis tube was transferred to 200-600 mL TEK10
for another 1h of dialysis. The chromatin assembly mixture was taken out of the
dialysis tube and centrifuged at 21,000 x g for 10 min followed by transfer of the
supernatant to a fresh tube. The concentration and volume of the mixture was
determined. Gel analysis was done with 0.25-0.50 pmol of chromatin assembly
sample (calculated based on the total 260 nm absorption and the extinction coef-
ficient for each nucleosome repeat) mixed to 10 pL with TEK10 and 5-7% sucrose
added from a 25% stock. Samples were run in 0.7% agarose gels made with 0.25x
TB, using the same as running buffer at 90 V for 90-100 min.

For ensemble FRET analysis, which requires removal of MMTV DNA and
nucleosomes, 5-10% of the volume was taken aside for analysis and the remainder
was mixed with an equal volume of 6 mM Mg?* for precipitation on ice for 10 min
followed by 10 min centrifugation at 21,000 x g. The supernatant was transferred to
another tube and the chromatin pellet redissolved in a similar volume of TEK10 as
present prior to precipitation. Similar volumes as taken for chromatin assembly
analysis were used for subsequent analysis of the recovered chromatin. For Scal
digestion, a similar volume of sample in 1x CutSmart buffer was mixed with 10
units of Scal-HF followed by digestion for 5-7 h. Samples of chromatin before and
after precipitation and after Scal digestion were analyzed as described above. Gels
were visualized in fluorescence channels and then stained with GelRed for
visualization of DNA and nucleosome/chromatin bands (Supplementary
Fig. 4a—0).

Ensemble FRET measurements on chromatin. Chromatin samples isolated after
magnesium precipitation were diluted to a final volume of typically 220-250 L,
resulting in a concentration that yields a spectral count of around 90,000-130,000
cps for maximum donor fluorescence emission, prior to chromatin compaction.
The sample was then split in 4 x 50 uL volumes. TEK10 and Mg>* from stocks of
10 or 50 mM was added along with TEK10 to a final volume of 55 uL, 5 min prior
to measuring. After standing 5 min, the sample was transferred to the fluorescence
micro-cuvette for measurement of the spectra (two repeats), followed by mea-
surement of the donor anisotropy (two repeats). This was done for all the samples
in the range 0~4 mM Mg?* (Supplementary Fig. 5a-1, o). For all measurements, the
following settings were used on the fluorescence spectrometer: excitation at 575 nm
with 4 nm slit width, and detection over the range of 585-700 nm with 5 nm slit
width. For anisotropy measurements, the emission slit width was opened to 10 nm
and measurements were performed at 592 nm.
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Preparing of flow chambers. Borosilicate glass slides with two rows of four holes
and borosilicate coverslips were sonicated standing upright in glass containers for
20 min in MQ H,O, then in acetone and then in ethanol. They were cleaned in
piranha solution (25% v/v H,O, and 75% v/v H,SO,) in the same glass containers
for 1h, followed by washing with MQ H,O until reaching neutral pH. A 500 mL
Erlenmeyer flask was cleaned in the same way. The Erlenmayer flask, coverslips
and slides were all sonicated in acetone for 10 min. A solution of 3% v/v amino-
propyltriethylsilane in acetone was prepared in the Erlenmeyer flask and used to
immerse the microscopy glass and incubated for 20 min. The aminosilane was
disposed, the slides were washed in water and dried with N,. Flow chambers were
assembled from one glass slide and one coverslip separated by double sided 0.12
mm tape positioned between each hole in the glass slide. The ends were sealed with
epoxy glue and the silanized slides stored under vacuum in the freezer until use.

Silanized glass flow chambers stored in the freezer were allowed to warm for
20-30 min. Then a pipette tip as inlet reservoir and outlet sources were neatly fitted
in each of the 2 x 4 holes on each side of the flow chamber and glued in place with
epoxy glue. The glue was allowed to solidify for 30—40 min. Subsequently, 350 L of
0.1 M tetraborate buffer at pH 8.5 was used to dissolve ~1 mg of biotin-mPEG
(5000 kDa)-SVA, and 175 uL from this was transferred to 20 mg mPEG(5000 kDa)-
SVA to generate a transparent clouding-point solution after 10 s of centrifugation.
This was mixed to homogeneity with a pipette and centrifuged again for 10 s before
40-45 pL aliquots were loaded into each of the four channels in the flow chamber.
The PEGylation reaction was allowed to continue for the next 2%2—4 h, after which
the solution was washed out with degassed ultra-pure water.

smTIRF measurements. Measurements were carried out with a micro-mirror
TIRF system®” (MadCityLabs) using Coherent Obis Laser lines at 405, 488, 532 and
640 nm, a 100x NA 1.49 Nikon CFI Apochromat TIRF objective (Nikon) as well as
an iXon Ultra EMCCD camera (Andor), operated by custom-made Labview
(National Instruments) software. For imaging, buffers with/without biomolecules
were deposited in the inlet reservoir of microfluidic flow cells and drawn into the
chamber with tubing connected from the outlet to a 1 mL syringe operated
manually or with a motor-driven syringe pump. For each experiment, the imaging
chambers were washed with 200-300 uL T50 (10 mM TrisHCI, pH 8,5, 50 mM
NaCl), followed by incubation with 50 uL 0.2 mg mL™" neutravidin for 5 min. This
was washed out with another 400-500 puL T50. Then, 0.5-2 uL of chromatin
assembly reaction at a concentration of 5-40 ng uL™! was loaded into the chamber
while monitoring acceptor emission, to assess chromatin coverage. Chromatin was
loaded until reaching 150-400 chromatin arrays in a 25 x 50 um field of view.
Excess chromatin was washed out with T50 followed by exchange to imaging buffer
(40 mM KCl, 50 mM Tris, 2mM Trolox, 2 mM nitrobenzyl alcohol (NBA), 2 mM
cyclooctatetraene (COT), 10% glycerol and 3.2% glucose) supplemented with
GODCAT (100x stock solution: 165 U mL™" glucose oxidase, 2170 UmL™! cata-
lase). For imaging, a programmed sequence was employed to switch the field of
view to a new area followed by adjusting the focus. Then the camera was triggered
to acquire 1300-2000 frames with 532 nm excitation and 100 ms time resolution
followed by a final change to 640 nm excitation. For sequences requiring timed
programmed injection, after 5000 ms the pump was triggered (Fig. 1). For
experiments with magnesium and HP1a, the mixture with the desired con-
centration was prepared and loaded into the inlet reservoir followed by injection
into the channel and imaging as described above.

From acquired movies, the background was extracted in Image] using a rolling
ball algorithm. Trace extraction and analysis was performed in custom-written
MATLAB software. The donor and the acceptor images were non-isotropically
aligned using a transformation matrix generated from 8 to 10 sets of peaks
appearing in both the donor and the acceptor channels. Peaks were automatically
detected in the initial acceptor image prior to donor excitation and the same peaks
were selected in the donor channel. Peaks that were tightly clustered, close to the
edges or above a set intensity threshold in either the donor or the acceptor channels
indicating aggregation were removed from analysis. The analysis was then limited
to the peaks appearing in both the donor and the acceptor channel and these traces
were extracted for further analysis.

Traces were selected based on the following criteria: (1) Initial total fluorescence
of the donor and the B-corrected acceptor of >600 counts over baseline (at 900 EM
gain). (2) At least 55 prior to bleaching of acceptor or donor. Note that for
injection experiments (Fig. 1f, g or Fig. 7h), the required trace length was raised to
10s. (3) Single bleaching event for donor or acceptor. (3.a) If acceptor bleaches
first; leads to anti-correlated increase in donor to same total fluorescence level as
prior to bleaching. (3.b) If donor bleaches first, the acceptor dye must still be
fluorescent when directly probed at the end of the experiment. (4) Bleaching of the
donor dye during the 120 s of acquisition to allow an unambiguous determination
of background levels. See Supplementary Fig. 6 for a graphical representation.

MFD sample cell preparation. 24 x 40 x 1.5 mm coverslips were silanized as
described above for the cleaning and passivation to generate the microfluidic
channels. Two silicon gaskets were cut out with a scalpel and placed on top of a
coverslip. An aliquot of 20 mg mPEG(5000 kDa)-SVA was suspended in 175 uL 0.1
M tetraborate buffer at pH 8.5. The mPEG-SVA suspension was centrifuged at
13,300 x g for 10's and pipetted up and down before distributing approximately
40 pL in each silicon gasket on a coverslip to PEGylate. The PEGylation reaction
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was allowed to proceed for the next 1-2 h before the solution was washed away by
first removing the mPEG(5000 kDa)-SVA solution and then washing three times
with MQ H,O. For one of the washes, the water was allowed to stay in the gasket
for 5 min before removing it. The gaskets were then filled with measurement buffer,
and stayed like this until usage.

MFD measurement procedures. Chromatin fibers with the FRET pair Alexa488/
647: MFD measurements with pulsed interleaved excitation (PIE) were essentially
performed as shown in ref. % employing a confocal epi-illuminated setup based on
an Olympus IX70 inverted microscope. In PIE measurements, donor and acceptor
are sequentially excited by rapidly alternating laser pulses. MFD can be performed
on both dyes, allowing computation of the donor—acceptor ratio (stoichiometry, S)
for each particle. Excitation is achieved using 485 nm and 635 nm pulsed diode
lasers (LDH-D-C 485 and LDH-P-C-635B, respectively; both PicoQuant (Berlin,
Germany)) operated at 32 MHz and shifted by 15.625 ns (total frequency of both
Lasers 64 MHz) focused into the sample solution by a 60x/1.2 NA water immersion
objective (UPLAPO 60x, Olympus, Germany). Laser power in the sample was Lg =
36 uW and Lp="7.5 uW, respectively. We used the excitation beamsplitter FF550/
646 (AHF, Germany) to split laser light and fluorescence. For confocal detection, a
100 um pinhole was applied for spatial filtering. The fluorescence photon train was
divided into its parallel and perpendicular components by a polarizing beamsplitter
cube (VISHT11, Gsinger) and then into spectral ranges below and above 595 nm
by dichroic detection beamsplitters (595 LPXR, AHF). After separating, the
fluorescence signal according to color and polarization, each of the four channels
was split again using 50/50 beamsplitters in order to get dead time free filtered FCS
curves, resulting in a total of eight detection channels. Photons were detected by
eight avalanche photodiodes (green channels: 7-SPAD-100, PicoQuant; red chan-
nels: SPCM-AQR-14, Perkin Elmer). Additionally, green (HQ 520/35 nm for
Alexa488) and red (HQ 720/150 nm for Alexa647) bandpass filters (AHF, Ger-
many) in front of the detectors ensured that only fluorescence from the acceptor
and donor molecules were registered, while residual laser light and Raman scat-
tering from the solvent were blocked. The detector outputs were recorded by a
TCSPC module (HydraHarp 400, PicoQuant) and stored on a PC. Data were taken
for at least 90 min per sample. Bursts of fluorescence photons are distinguished
from the background of 0.5-1 kHz by applying certain threshold intensity cri-
teria®®, For analysis, several parameters, including fluorescence lifetime, anisotropy,
and FRET efficiency, were computed per burst to classify the molecules according
to multidimensional relations between these parameters. For MFD measurements
at SMD conditions, assembled chromatin was diluted to a concentration of
approximately 50 pM (1-100 pL from assembly stock solution) in measurement
buffer (40 mM KCI, 50 mM Tris and 10% v/v glycerol, pH ~7.2) containing the
desired amount of magnesium. This was then deposited into the silicon gaskets on
a passivated coverslip that had been washed with the same measurement buffer
prior to deposition of the sample.

Chromatin fibers with the FRET pair Alexa568/647: MFD measurements were
performed with one color excitation using a 530 nm amplified pulsed diode laser
(LDH-FA 530B, PicoQuant (Berlin, Germany)) with a repetition rate of 64 MHz.
The rest of the setup was identical except the customized dichroic beamsplitters
(excitation beamsplitter F68-532m zt532/640/NIR rpc (AHF, Germany), dichroic
detection beamsplitters F48-642, T640LPXR (AHF) and bandpass filters (HQ 595/
50 (AHF)) for the new donor Alexa568 and adapted bandpass filters (HQ 730/140,
(AHF)) for the acceptor Alexa647.

Dynamic structural biology analysis. All procedures (11 steps) are outlined in
Supplementary Fig. 9 and described in detail in the Supplementary Note. Long
timescale dynamics were analyzed by smTIRF (Figs. 1-2 and step 1). Short time-
scale dynamics were detected in MFD plots (Fig. 3 and step 2). The FRET efficiency
levels corresponding to the chromatin structural states were determined by sub-
ensemble fluorescence lifetime measurements (step 3 and Supplementary Fig. 10)
and dynamic PDA of signal intensities (step 7 and Supplementary Figs. 16-18).
Dynamics were analyzed by burst-ID FCS analysis (step 4 and Supplementary
Fig. 11). Contributions from photobleaching and blinking were analyzed (step 5
and Supplementary Fig. 14). Kinetic models consistent with the analysis from steps
1-5 were formulated (step 6, Fig. 5 and Supplementary Fig. 15), and used for fitting
using dynamic PDA (step 7 and Supplementary Figs. 16—18). Obtained kinetic and
structural models were validated (step 8). Uncertainties in the measured distances
were evaluated (step 9) and structural models of compact (step 9, Supplementary
Fig. 12) and open chromatin fibers (step 10, Supplementary Fig. 13) were pro-
duced. Finally, models were validated to produce a global structural and kinetic
model (step 11).

Code availability. All custom-made computer code is available upon request from
the corresponding authors.

Data availability. The smTIRF data sets have been deposited at www.zenodo.org
under the accession codes 1040772, 1069675, and 1069677. All other data sup-
porting these findings are available from the corresponding authors on reasonable
request.
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Supplementary Figure 1 | Design, cloning and isolation of recombinant chromatin DNA fragments P1 and
P5. (a) General design of the library allowing the introduction of FRET pairs into 12-mer chromatin array DNA
by a preparative 6-piece ligation of two recombinant (recP1, recP5) and 4 synthetic (P2, P3, P4, anchor) DNA
fragments. The anchor contains a biotin for immobilization (grey sphere). Donor (Alexa Fluor 568 (Alexa568)
or Alexa Fluor 488, (Alexa488)), Acceptor (Alexa Fluor 647, (Alexa647)). The exact label positions (D1, D2, D3
and A1, A2, and A3; to form DA1, DA2 and DA3) are indicated relative to the 601 sequence, and are compiled
in Supplementary Table 3 & 4. (b) Design of the three recombinant constructs for cloning of chromatin DNA
fragments. EcoRV, Bsal and Dralll sites are for DNA fragment excision and plasmid fragmentation. Scal sites
are for quality control of chromatin assemblies to result in individual nucleosomes. Pstl and Bglll sites are for
extension of the array. (c) Design of 1x601 nucleosome positioning sequence extension piece. Pstl, BamHI
and Bglll sites are for extension of the array. (d) Cloned array DNA pieces of increasing lengths from 1-5x601
excised from the plasmid backbone in recP5. (e) Excision of 4x601 DNA from recP1 by EcoRV after modular
transfer from other piece. (f) Scheme of recP1 4x601 in pWM531 outlining restriction sites for EcoRV, Bsal
and Dralll. (g) Excision of piece of recP1 4x601 with non-palindromic overhangs by complete digestion first
with Bsal and Dralll followed by plasmid backbone fragmentation by EcoRV. (h) Scheme of recP5 4x601 in
pWM531 outlining restriction sites for EcoRV, Bsal and Dralll. (i) Excision of piece of recP1 4x601 with non-
palindromic overhangs by complete digestion first with Bsal and Dralll followed by plasmid backbone degra-
dation with EcoRV. (j-k) Purification of excised recP1 4x601 (i) and recP5 5x601 (j) from plasmid backbone

fragments by iterative PEG precipitation. For uncropped gels, see Supplementary Figure 20.
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Supplementary Figure 2 | Synthetic oligonucleotide labeling and production of synthetic/PCR-amplified
fragments P2-P4. (a-i) RP-HPLC analysis of final labeled oligonucleotides for introduction of site-specific la-
bels into PCR pieces. The number in brackets is the final labeling position relative to the nucleosome dyad
(see also Supplementary Tables 1-4). (j) Agarose gel analysis of example PCR-generated pieces P2 (Alexa568
labeled), P3 (unlabeled) and P4 (Alexa647 labeled) before and after digestion with Bsal and Dralll to produce

unique non-palindromic cohesive ends. For uncropped gels, see Supplementary Figure 20.
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Supplementary Figure 3 | Production of 12x 601 array DNA containing FRET labels. (a) Scheme for conver-
gent assembly and purification of 12x array DNA shown for DA1. Pieces recP1 4x601, P2 1x601 and P3 1x601
are ligated and the intermediate 6x601 purified by PEG precipitation from the individual pieces. A similar
procedure was used to generate P4 1x601, recP5 5x601 and the dsDNA anchor to produce another 6x601

intermediate and biotinylated (Bt) anchor for TIRF immobilization. The two intermediate 6x601 pieces are
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ligated to produce the 12x601 array DNA with internal fluorophores and the Bt-anchor followed by PEG pre-
cipitation to separate from the intermediates. (b-c) Test ligations to ensure complete digestion of recP1
4x601 and recP5 5x601, P2 1x601, P3 1x601 at key junctions. Complete displacement of the starting pieces
upon ligation with excess cognate pieces shows full digestion. (d) Samples from large-scale ligations to pro-
duce intermediates analyzed to show near-completion of every ligation step. (e-f) PEG purification of the
6x601 intermediates to separate from 1x601 pieces that might interfere with final ligation between interme-
diates. (g) Ligation to produce final 12x601 piece displaying the intermediates before and after ligation. (h)
PEG purification of final 12x601 arrays with <5% remaining of singly labeled and/or DNA lacking the Bt-an-

chor. For uncropped gels, see Supplementary Figure 20.
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Supplementary Figure 4 | Chromatin formation on DA1-3 fluorescently labeled DNA. (a) Analysis of chro-
matin formation on fluorescently labeled array DNA by agarose gel electrophoresis. Lane 1: Free DA1-labeled
array DNA. Lane 2: Assembled chromatin arrays. To avoid overloading array DNA with histone octamers, low-
affinity buffer DNA (B) is added, resulting in the formation of a small amount of buffer nucleosomes (N). Lane
3: Chromatin arrays are purified by Mg?* precipitation. Lane 4: Digestion with the restriction enzyme Scal
liberates mononucleosomes. The absence of higher-order aggregates or significant amounts of free DNA
demonstrates the saturation of chromatin arrays. (b), Formation of DA1 chromatin arrays with Alexa568/647
labels and H3K9me3 containing histone octamers, (c), DA1 chromatin arrays with Alexa568/647 labels and
H4Ks16ac octamers. (d) DA1 chromatin arrays with Alexa Fluor 488 (Alexa488) and Alexa647 labels. e, D1
chromatin arrays with an Alexa488 label (Donor-only). (f) DA2 chromatin arrays with Alexa568/647 labels
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and unmodified histone octamers. (g) DA2 chromatin arrays with Alexa568/647 labels and H3K9me3 con-
taining octamers. (h) DA2 chromatin arrays with Alexa568/647 labels and H4Ks16ac containing histone oc-
tamers. (i) DA2 chromatin arrays with Alexa488/647 labels and unmodified histone octamers. (j) D2 chroma-
tin arrays with an Alexa488 label (Donor only). (k) DA3 chromatin arrays with Alexa568/647 labels and un-
modified histone octamers. (i) DA3 chromatin arrays with Alexa568/647 labels and H4Ks16ac histone octam-
ers. (m) DA3 chromatin arrays with Alexa488/647 labels and unmodified histone octamers. (n) D3 chromatin
arrays with an Alexa488 label (Donor only). (0) DA1’ chromatin arrays with Alexa568/647 with an n, n+1 dye

spacing to test FRET in solenoid structures. For uncropped gels, see Supplementary Figure 20.

343



Publication II

DA1 DA2 DA3
120000 _ omMmg? 160000 —omM Mg2* 160000 _ omMug2
100000 __0SmMMg @ 140000 0 5mM M2 140000 0 s M2+
2 2+ & 120000 2 120000 1.0mM Ma2*
g i 100000 1.0mM Mg2* & 100000 Praiiivest
< — 2 g . < —40m
5 s0000 4.0mM Mg § eo000 o, —4.0mM Mg? 5 80000 o
£ 40000 8 60000 # so000
& S 40000 5 40000
20000 . € oo 20000
0 0
585 605 625 645 665 685 705 725 745 L i s e 585 605 625 645 665 685 705 725 745
d Wavelength (nm) e Wavelength (nm) f Wavelength (nm)
04 04
DA1 03] DA2 DA3
203 5 20
g g 02 g
go2 H go2
< .} €
= 01 o * 0.1
) ol o
0 3 4 5 o 2 3 4 0 3 4 5
Magnesium concentration (mM) Magnesium concentration (mM) Magnesium concentration (mM)
DA1 h DA2 i DA3
9 o —OmM Mg2* R —0mM Mg2* a0 —OmM Mg2*
100000 —0.5mM Mg?* — 80000 —0.5mM Mg?* = —0.5mM Mg2*
7 e 7 . 7 70000 e
& 0000 1.0mM Mg & 70000 1.0mM Mg & 60000 1.0mM Mg
= —4.0mM Mg?* < s0000 —4.0mM Mg?* = too00 —4.0mM Mg2*
8 60000 S 50000 3 40000
2 8 40000 ]
€ 40000 £ 30000 £ 000
u 20000 W 20000 20000
10000 10000
o1 o} 3
585 605 625 645 665 685 705 725 745 585 605 625 645 665 685 705 725 745 585 605 625 845 665 685 705 725 745
Wavelength (nm) Wavelength (nm) Wavelength (nm)
] oa k o4 I oa-
DA1 DA2 | DA3

o

f
;

Anisotropy
Anisotropy
Anisotropy

o

Magnesium concentration (mM) Magnesium concentration (mM) Magnesium concentration (mM)

o

80000 —omM M2
@ 70000 0 5mM M2
& 60000 1.0mM Mg2*
5 50000 — 4.0mM Mg2*
‘3 40000
2 30000
1 20000

10000

0
585 605 625 645 665 685
; Wavelength (nm)

Nis2 Nitq

gistance DA, Ni- Niy; =64 A
gistance DA, Ni- Niup = 140 A

distance DA, N;- N,
distance DA, N;- N,,, =280 A

1 =

Supplementary Figure 5 | Fluorescence spectra and donor anisotropies in chromatinized and non-chromat-
inized double-labeled array DNA (Alexa568/647). (a-c) Ensemble spectra of chromatin samples upon com-
paction with magnesium, showing distinct responses dependent on the positions of the FRET pairs. (d-f) An-
isotropy of the donor in the chromatin arrays at increasing magnesium concentrations. (g-i) Spectra of the
double-labeled DNA samples in absence of nucleosomes. (j-I) Anisotropy of the donor in absence of nucleo-
somes. (m) Alternative chromatin structure (interdigitated solenoid) based on a model from ref. , exhibiting
inter-dye distances (DA1) outside the FRET detection radius (see also Supplementary Fig. 8b). (n) Alternative
chromatin structure (solenoid) with continuous stacking of nucleosomes, exhibiting inter-dye distances
within FRET detection radius only for N;, Ni.1 labeling distance. (o) Fluorescence data on DA1’ chromatin array
with a N;,Ni,1 label configuration, exhibiting minor FRET increase and thus indicating that solenoid structures

do not contribute to the measured FRET signal.
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Supplementary Figure 6 | Characterization of FRET pair at the single-molecule level. (See Supplementary
Note, step 1: smTIRF). (a) Sequences and locations of fluorophores and biotin on constructs used to calibrate
ensemble and smFRET with Alexa Fluor 568 and Alexa Fluor 647. (b) Spectra acquired from ensemble FRET
by excitation at 575nm from single-stranded oligonucleotides labeled with each of the two respective dyes.
(c) Spectra from the individual dsDNA constructs showing distance-dependent FRET. (d) Schematic of the two
annealed dsDNA constructs. (e) Trace from high FRET DNA piece at the single-molecule level with TIRF with
indications of bleaching events, the relative detection efficiencies y, between donor and acceptor and the
donor bleedthrough to the acceptor B, for calculations of the corresponding FRET efficiencies. (e) Trace from
mid FRET DNA piece with sm FRET. (f) Histograms from mixture between two DNA pieces showing the ability
to distinguish between different populations using the FRET pair. (g) Trace selection criteria: Shown are the
two types of acceptable traces that were used for all smTIRF analyses, as judged by trace length, emission
and dye bleaching behavior. For details see Materials and Methods or Supplementary Note, paragraph

smTIRF measurements.
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Supplementary Figure 7 | H4Ks16ac analytical data and impact in DA3. H4Ks16ac is produced by reacting
the mutant H4, H4K16C, with N-vinylacetamide in the presence of radical promoter (VA-044) and glutathi-
one?. (a) MS spectrum of semisynthetic H4Ks16ac. (Expected mass: 11211Da, observed mass 11211Da) (b)
RP-HPLC analysis of H4Ks16ac. (c) FRET histogram for DA3 at 4mM Mg?* with or without acetylation on H4
K16. (d) Donor-acceptor channel cross-correlation analysis of DA1, overlay of data for 4 mM Mg?* for unmod-
ified chromatin, as well as H4Ks16ac at 4 mM Mg?". The fit for H4Ks16ac results in a relaxation time tz = 50

ms. For the percentage of dynamic traces, see Supplementary Table 6.
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Supplementary Figure 8 | MFD measurements of chromatin arrays DA1-3 with Alexa568/647 and
Alexad88/647 labeling schemes. (See Supplementary Note, step 2: 2D MFD plots with FRET lines). (a) MFD
histogram of Eer vs Stoichiometry for DA1 (Alexa488/647) in 0.5 mM Mg?". Blue box: Selection of bursts of
double-labeled chromatin arrays capable of FRET (FRET active population). (b) Erzer as a function of inter-dye
distance for the two employed dye-pairs, Alexa568/647 and Alexa488/647. For illustration, representative
inter-dye distances and their associated Eeger values observed in DAL are indicated. Alexa568/647 and
Alexa488/647 have different sensitivities: Alexa568/647 allows the detection of long-range dynamics beyond
120 A, whereas Alexa488/647 enables the investigation of sub-states and their exchange dynamics below 70
A. (c) MFD plots of donor-only, Alexa488-labeled chromatin fibers (D1, D2 and D3). Dark red line: static FRET
line. See Supplementary Methods, step 2, Static and dynamic FRET-lines. (d) MFD plots of Alexa488/647
labeled DNA (DA1, DA2 and DA3), demonstrating the absence of FRET or dynamics without the presence of

chromatin.
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Supplementary Figure 9 | Dynamic single-molecule structural biology workflow. (See Supplementary Note,
Dynamic structural biology analysis). The workflow is comprised of 11 steps: 5 experimental methods (shaded
in green), design of the kinetic model (orange), data analysis with dynamic PDA methods (in blue), validation
of the model (gray), structural validation (in yellow) and confirmation of the final model (white). Small boxes:

Indicating Figures containing the relevant data, “SFig” refers to Supplementary Figures.
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Supplementary Figure 10 | seTCSPC of DA1-3 (Alexa488/647) in 0.5 mM Mg?*. (See Supplementary Note,
step 3: Sub-ensemble TCSPC). (a) Fluorescence decays (magenta) with corresponding fit (black line). Left
panel: fits for accumulated LF bursts; right panel: fits for accumulated dynF bursts. In the global fit (see
Supplementray Note, step 3) the DOnly decay fp(0) was approximated by a single donor fluorescence lifetime
(7o(0) = 4.1 ns) and the decay of the FRET-population fps) with 3 Gaussian distributed distances and the same
fixed half-width opa= 6 A. The fit quality is illustrated by weighted residuals (in the upper panel) by x2. (b) Fit

results for the LF and dynF populations by eq.(3.3) - (3.4). IRF: Instrument response function.
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Supplementary Figure 11 | Model-free dynamic analysis by fluorescence correlation functions of arrays
DA1-3 (Alex488/647) at 0.75 mM Mg?*. (See Supplementary Note, step 4: Burst-ID FCS). The analysis by
auto- and cross-correlation functions® shows FRET related anti-correlated dynamics with three relaxation
time fg1, trz, and tz3 in the ms- and sub-ms time range. (a) Burst-ID donor-donor (Gg,c) and acceptor-acceptor
(Grr) auto-correlation functions for DA1 chromatin fibers with an additional bunching term in the auto-
correlation functions to consider also dye blinking with the corresponding amplitudes B“ = 0.09 and B®=
0.27, respectively, and the relaxation time #3= 44 ns. (b) Burst-ID cross-correlation functions Ggr and Ggr of
donor-acceptor (G-R) and acceptor-donor (R-G) signal, respectively. The timescales of observed processes
are obtained by a global fit of all correlation functions for one FRET pair and are shown on the right. (c-d)
Auto- and cross-correlation functions for DA2 with the additional bunching amplitudes B‘” = 0.25 and B® =
0.33, respectively, and the relaxation time #z = 1.2 ps. (e-f) Auto- and cross-correlation functions for DA3 at

with the additional bunching amplitudes B'“ = 0.12 and B® = 0.25, respectively, and the relaxation time 3 =
0.13 ps.
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Supplementary Figure 12 | Structural models for the compact chromatin state. (See Supplementary Note,
step 9: Structural models of compact chromatin states). For a comparison between measured and calculated
distances, see Supplementary Table 8. (a) Chemical structures of the fluorescent labels Alexa488, Alexa568
and Alexa647. (b) Chemical structure of the dye linked to a dT nucleotide. To calculate the dye accessible
contact volumes for these dyes, the structure was approximated by an ellipsoid (Raye(1), Raye(z) @nd Raye3)) con-
nected by a linker of length (L) and width (wiink). Accessible contact volume dye model was used where part
of AV which is closer than 3 A from the macromolecular surface is defined to have higher dye density paye®.
For the parameters used for the different dyes, see step 9: FRET positioning and screening calculations. (c)
Molecular structure of a compact chromatin array, consisting of a stack of 3 tetranucleosomes (4-4-4, register
1) with DA1-positioned dyes in the central tetranucleosome. The model was produced by fitting nucleosomes
into the electron density of the cryoEM structure of a 177-bp nucleosome array, ref. °. The inter-dye distance
was evaluated using simulated dye accessible contact volumes (ACV)®. (d) Molecular structure of a chromatin
array, consisting of a stack of 2 tetranucleosomes, flanked by two unstacked nucleosomes at each side (2-4-
4-2, register 2) with DA1-positioned dyes on the two central tetranucleosomes and inter-dye distance from
ACV-calculations. (e) Inter-dye distance for DA2 dyes in register 1 compacted arrays. (f) Inter-dye distance
for DA2 dyes in register 2 compacted arrays. (g) Inter-dye distance for DA3 dyes in register 1 compacted
arrays. Linker DNA was introduced extending the nucleosomal DNA connecting neighboring nucleosomes.
The distance is calculated between the phosphate groups of the modified bases (P-P distance). (h) Inter-dye
distance for DA3 dyes in register 2 compacted arrays. Linker DNA was introduced extending the nucleosomal

DNA connecting neighboring nucleosomes. Shown are calculated P-P distances.
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Supplementary Figure 13 | Structural models open and dynamic chromatin states. (See Supplementary
Note, step 10: Structural models of open and dynamic states). (a) Representative snapshots from coarse
grained simulations of chromatin fibers following ref. 7. (b) Calculated distance distributions between DA1
dye pairs (between phosphate groups of the modified bases, P-P distances) in the open chromatin ensembles
for 100 structures with 12 nucleosomes each. (c) Calculated P-P distance distributions between DA2 dye pairs
in open chromatin ensembles from the same structure set as in b. (d) Calculated P-P distance distributions
between DA3 dye pairs in open chromatin ensembles for the same structure set as in b. (b-d) Distances are
calculated between P atoms of the labeled nucleotide. (e) Dependence of DA1 and DA2 FRET averaged inter-
dye distance on “clamshell”-type opening of the tetranucleosome interface. DA1 is not sensitive to this mode
of motion, in contrast to DA2. (f) Dependence of DA1 and DA2 inter-dye distance on rotational motions be-
tween two nucleosomes. DA2 shows stronger angular dependency compared to DAL. (g) Effect of rotational
motion on DA3 FRET averaged inter-dye distance showing that this dye pair is sensitive to the distorted tetra-

nucleosome state (State C in Fig. 4a).

17

353



Publication II

2
a 1500 c DA1 1 mM Mg
£ DA1 @ 6] v o |6
] 0.5 mM Mg2* 2 04 L
® 10 s 67 Es
2.4 T™E2mS oan THE me: Expata F0.8
08 : = .
[T [ER
= L s e anetvg
5 06 = L memn L memia 0.6
uf g4 £167 J— JE—
) - F0.4
02 2
£
00} i 3 F0.2
2
- 1250 s -
0.0 S = 0.0
ToxTeplms] 00 04 08 00 04 08
EFRET EFRET
2+
b " DA1 0.5 mM Mg d )
1] g 3 r=16 DA3 0 mM Mg2*
g' g -g,,._ TR TW=3 ms
150 pata oo |Model R, 10
o —n e i e
g P — 08
e = s o
] £ 100 AnVFLR) 3
= = 062
B 5 R e 1 Té
S £ s 045
[
5 : W .
2 o - 0.0
40 60 80 100 40 60 80 100 120

o Ry, IA] Ry,
Supplementary Figure 14 | Photobleaching and photoblinking analysis & principles of PDA analysis. (See
Supplementary Note, step 5: Photobleaching and photoblinking analysis, and step 7: General description of
PDA analysis). (a) Example of the photobleaching and photoblinking analysis for for DA1 (Alex488/647) in 0.5
mM Mg?. FRET efficiency vs Tex-Trris arranged in a 2D histogram, demonstrating the procedure of the macro-
time filter (| Tex-Trr| < 1 ms). Bursts selected for the macrotime cut are in the blue box. For a definition of the
parameter see Dynamic Analysis, step 5. (b) PDA analysis of the FRET efficiency histograms of the selected
bursts (right panel) and un-filtered bursts (left panel). The difference between the two analyses is very small.
Principles of PDA analysis: (c) DA1 (Alexa488/647) in 1 mM Mg?*. A global fit for two TWs (2 ms (left panel)
and 5 ms (right panel) using a joint fit model (3 static Gaussian distributed distances) demonstrates that a
static model inappropriate. Experimental data histogram is shown in gray, fit in black line and resulting static
FRET states in orange, dark cyan and wine. (d) Dynamic PDA analysis overview using DA3 (Alexa488/647) at
0 mM Mg?" as an example. Left panel: experimental data histogram is shown in gray and resulting shot-noise
limited model distribution as a black line. It is described by the contribution of a High FRET species (HF, or-
ange), medium FRET species (MF, wine), low FRET species (LF, dark cyan) and a dynamic species in a two-
state dynamic distribution between MF and LF (cyan line). Right panel: The model distance distribution is
given by a sum of static Gaussian-distributed distances (R1, MF: (wine symbols), R2, LF: (dark cyan symbols))

and dynamic mixing between (R1mean- 61 and R2mean- G2) and (R1meant 61 and R2meant G2) distributions (cyan

symbols), where 6i=6*R; and 5=0.06.
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Selection criteria:
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Supplementary Figure 15 | List of the trial models in PDA analysis for DA1-3. (See Supplementary Note,

step 8: Validation of kinetic models). The first column represents sketches of applied models for particular

FRET dye configuration. The model was evaluated with several selection criteria, see step 8, Validation of

kinetic models. Cases when criteria meets the model are marked in green, the discrepancy are in red. The

model was chosen if all criteria are satisfied.
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Supplementary Figure 16 | PDA fit of MFD data for DA1 (Alexa488/647). (See Supplementary Note, step 7:
General description of PDA analysis & step 8: Validation of kinetic models). (a) Minimal dynamic model used
to globally fit the experimental data. Distances in A are given for the states {A,C} (are not differentiated by
DA1), B, and D. (b) Left panel: Fractions of molecules which appear static on the MFD timescale (10 ms). Right
panel: Dynamic fractions — molecule exchanging between the indicated states with rate constants given in c.
(c) Rate constants obtained from the global PDA fit. (b-c) Error bars: s.d. between three PDA analyses of
datasets comprising a fraction (70%) of all measured data (subsampling). Note that in some cases the error
bars are smaller than the symbol size. (d) Individual PDA fits of the model given in c to the experimental data
at the indicated conditions, showing the fit, residuals as well as the underlying static (symbols in red hues

and grey) and dynamic (symbols in blue hues) molecular distributions.
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Supplementary Figure 17 | PDA fit of MFD data for DA2 (Alexa488/647). (See Supplementary Note, step 7:
General description of PDA analysis & step 8: Validation of kinetic models). (a) Minimal dynamic model used
to globally fit the experimental data. Distances in A are given for the states A, B, C and D. (b) Left panel:
Fractions of molecules which appear static on the MFD timescale (10 ms). Right panel: Dynamic fractions —
molecule exchanging between the indicated states with rate constants given in c. (c) Rate constants obtained
from the global PDA fit. (b-c) Error bars: s.d. between three PDA analyses of datasets comprising a fraction
(70%) of all measured data (subsampling). Note that in some cases the error bars are smaller than the symbol
size. (d) Individual PDA fits of the model given in a to the experimental data at the indicated conditions,
showing the fit, residuals as well as the underlying static (symbols in red hues and grey) and dynamic (symbols

in blue hues) molecular distributions.
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Supplementary Figure 18 | PDA fit of MFD data for DA3 (Alexa488/647). (See Supplementary Note, step 7:
General description of PDA analysis & step 8: Validation of kinetic models). (a) Minimal dynamic model used
to globally fit the experimental data. Distances are given in A. (b) Left panel: Fractions of molecules which
appear static on the MFD timescale (10 ms). Right panel: Dynamic fractions — molecule exchanging between
the indicated states with rate constants given in c. (c) Rate constants obtained from the global PDA fit. (b-c)
Error bars: s.d. between three PDA analyses of datasets comprising a fraction (70%) of all measured data
(subsampling). Note that in some cases the error bars are smaller than the symbol size. (d) Individual PDA fits
of the model given in a to the experimental data at the indicated conditions, showing the fit, residuals as well
as the underlying static (symbols in red hues and grey) and dynamic (symbols in blue hues) molecular distri-

butions.
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Supplementary Figure 19 | Expression and purification of wt and phosphorylated HP1o.. H3K9me3 is pro-
duced by expressed protein ligation. The modified histone peptide H3(1-14)K9me3-NHNH; is converted to a
C-terminal thioester and ligated to the N-terminally truncated histone protein H3(A1-14)A15C, followed by
desulfurization®. (a) MS spectrum of semisynthetic H3K9me3. (Expected mass: 15251.8Da, observed mass
15252.0 Da) (b) RP-HPLC analysis of H3K9me3. (c) Gel-filtration analysis of HP1a, which elutes at the expected
volume for the dimeric protein. (d) HPLC analysis of HP1a with a 0-70%B gradient. (e) ESI-MS analysis of
HPla (Expected mass 22506.2Da, observed mass 22513.0Da) (f) Gel-filtration analysis of phosphorylated
HPla (phosHP1a), which elutes at the expected volume for the dimeric protein with a shoulder potentially
accounting for a tetrameric population. (g) HPLC analysis of phosHP1a with a 0-70%B gradient. (h) ESI-MS
phosHP1a (Expected mass 22906.2Da, observed mass 22905.0), demonstrating the presence of 5 P; groups.
(i) Gel-shift with HP1a and phosHP1a demonstrating a loss in nonspecific DNA binding affinity for the phos-
phorylated protein in accordance with ref. °. (j) Histograms of pHP1a incubated with DA1 or DA2 containing

unmethylated H3.
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Supplementary Figure 20 | Images of all uncropped gels. All uncropped gels from Supplementary Figures
S1, S2, S3, S4 and S19, stained with GelRed (GR) or imaged using fluorescence from the indicated dyes.
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Supplementary Tables

Fragment | Sequence
-100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 =-45 -40 -35 -30 -25
CACTTGGTGGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTA
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
P1 GCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGT
60 65 70 75 80 85 90 95 100 105
CAGATACTGCAGAGATCTCTAGATCCATGGAGTACTTGGTCTCATAGC
-100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25
GATCGGTCTCATAGCCT ATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTA
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
P2 GCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGT
60 65 70 75 80 85 90 95 100 105
CAGATATATACATCCTGTCACACTGTGGATC
-100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25
CACACTGTGCCAAGTACTTACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTA
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
P3 GCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGT
60 65 70 75 80 85 90 95 100 105
CAGATACTGCAGAGATCTCTAGATCCATGGAGTACTTGGTCTCAAACC
-100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25
GATCGGTCTCAAACCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTA
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
P4 GCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGT
60 65 70 75 80 85 90 95 100 105
CAGATATATACATCCTGTCACGTCGTGGATC B B B
-100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25
CACGTCGTGCCAAGTACTTACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTA
-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
P5 GCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTG
60 65 70 75 80 85 90 95 100 105
TCAGATACTGCAGAGATCTCTAGATCCGGTCTCACTAA

Supplementary Table 1 | Sequences of 1x601 pieces for recombinant and PCR-generated pieces. 601 se-

quences (for recombinant pieces with slight end modifications) indicated in bold. The labeled base pairs are

indicated in red. The numbering is given as number of base-pairs relative to the dyad in the 601 sequence.

Name Sequence

P2_pos39_rev 5’-GATCCACAGTGTGACAGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAG-3’
P2_pos71_rev 5’-GATCCACAGTGTGACTGGATGTATATATCTGACACGTGC-3’

P3_pos-86_fwd 5’-GATCGCACACTGTGCCAAGTACTTACGCGGCCGCCCTGGAGAATCC-3’
P3_pos82_rev 5’-GATCGCGGTTTGAGACCAAGTACTCCATGGATCTAGAGATCTCTGC-3’

P4_pos-39_fwd

5’-GATCGGTCTCAAACCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGC3’

P4_pos-16_fwd

5’-GATCGGTCTCAAACCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGA-
CAGCTCTAGCACCGCTTAAACGCACGTACGC-3’

recP5_Anchor_fwd 5’-ph-CTAATAGTCTGCTCAGTACTCGTCGCTAGATCCATGGTCCGATTACGCGG-3’

recP5_ Anchor _rev 5’-biotin-CCGCGTAATCGGACCATGGATCTAGCGACGAGTACTGAGCAGACTA-3’

Supplementary Table 2 | Oligonucleotides sequences used for labeling and anchoring. The numbering for

the label positions is given relative to the nucleosome dyad.
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Piece | Donor fluorophore Labeling position(s) | Acceptor fluorophore | Labeling position(s)
P2 Alexa Fluor 488 39 - -
P2 Alexa Fluor 568 39 - -
P2 Alexa Fluor 488 71 - -
P2 Alexa Fluor 568 71 - -
P2 - - - -
P3 Alexa Fluor 488 -86 Alexa Fluor 647 82
P3 Alexa Fluor 568 -86 Alexa Fluor 647 82
P3 - - - -
P4 - - Alexa Fluor 647 -39
P4 - - Alexa Fluor 647 -16
P4 - - - -

Supplementary Table 3 | Overview of 1x601 PCR pieces generated from labeled and unlabeled primers.
Position of label and the donor/acceptor fluorophore used are indicated. The positions are indicated as base-

pairs relative to the dyad in the 601 sequence (see also Supplementary Tables 1 and 2).

Construct Donor Donor Position Acceptor Acceptor position
DA1 Alexa488 N5 (39) Alexa647 N7 (-39)
DAl Alexa568 N5 (39) Alexa647 N7 (-39)
D1 Alexa488 N5 (39) unlabeled N/A
DAY Alexa488 N5 (39) Alexab47 N6 (-39)
DA2 Alexa488 N5 (71) Alexab47 N7 (-16)
DA2 Alexa568 N5 (71) Alexa647 N7 (-16)
D2 Alexa488 N5 (71) unlabeled N/A
DA3 Alexad88 N6 (-86) Alexab47 N6 (82)
DA3 Alexa568 N6 (-86) Alexa647 N6 (82)
D3 Alexa488 N6 (-86) unlabeled N/A

Supplementary Table 4 | Overview of constructed 12x601 DNA pieces with different combinations of la-

bels. The nucleosome position is indicated as Ni, with i = 1-12. The number in brackets is the label position

relative to the dyad in the 601 sequence (see also Supplementary Tables 1-3).
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Peak 1 Peak 2 Peak 3
Data n
A; G a1 A; [#) oz A; C o1
omM Mg? 448 | 2.45 0.07 0.17 5.02 0.30 0.14 - -
0.5mM Mg?* 205 | 1.81 0.09 0.17 5.18 0.36 0.14 - - -
1.0mM Mg?* 156 | 1.68 0.12 0.22 5.13 0.45 0.14 - - -
D| 4.0mM Mg 789 | 1.65 0.07 0.22 4.17 0.58 0.17 - - -
A| 4.0mM Mg?* Ac 146 | 3.76 0.08 0.20 2.38 0.40 0.17 - - -
1| HP1a K9meO 964 | 1.88 0.01 0.14 4.02 0.30 0.20 - - -
HP1la K9me3 797 | 1.79 0.04 0.17 3.82 0.38 0.20 - - -

HPla_p K9meO 179 | 3.32 0.04 0.14 3.19 0.33 0.17 - - -

HPla_p K9me3 262 | 1.28 0.03 0.17 3.88 0.44 0.22 - - -

omM Mg? 174 | 5.37 0.00 0.14 0.44 0.90 0.10 0.92 0.57 0.22
0.5mM Mg* 132 | 3.98 0.01 0.14 1.88 0.65 0.22 0.81 0.27 0.10
1.0mM Mg 103 | 2.83 0.02 0.17 2.07 0.75 0.17 1.23 0.45 0.22
D| 4.0mM Mg* 138 | 2.86 0.00 0.14 1.96 0.70 0.22 131 0.30 0.22
A| 4.0mM Mg* Ac 113 | 1.35 0.01 0.22 2.13 0.62 0.20 1.84 0.25 0.20
2| HP1a K9me0 260 | 2.45 0.01 0.17 1.52 0.61 0.22 1.81 0.30 0.17
HPla K9me3 252 | 1.20 0.05 0.22 3.49 0.71 0.17 1.12 0.41 0.17
HPla_p K9meO 901 | 0.63 0.04 0.17 3.01 0.66 0.17 221 0.33 0.22
HPla_p K9me3 275 | 1.67 0.07 0.22 2.40 0.74 0.17 1.37 0.36 0.22
omM Mg? 216 | 1.40 0.03 0.17 5.90 0.74 0.10 1.34 0.58 0.22
D| 0.5mM Mg** 165 | 0.85 0.05 0.20 7.57 0.78 0.00 2.94 0.72 0.14
A| 1.0mM Mg* 155 | 1.29 0.03 0.14 6.08 0.81 0.10 2.66 0.75 0.17
3| 4.0mM Mg* 145 | 1.34 0.02 0.14 6.75 0.87 0.00 3.39 0.79 0.14

4.0mM Mg* Ac 130 | 0.45 0.04 0.22 7.13 0.86 0.10 2.14 0.70 0.22

Supplementary Table 5 | Gaussian fits of FRET distributions from Fig. 2 and 4. Histograms of the Erzer values
of combined traces (number of traces: n) were fitted using the indicated number of Gaussians with amplitude

A, center ¢; and width ;. Ac: Chromatin fiber contains H4Ks16Ac

0mM Mg?*|4.0mM Mg?*|4.0mM Mg?* Ac HP1
H3K9me0 |H3K9me3
DAl 17 % 29 % 22 % 55 % 54 %
DA2 35% 38% 26% 38% 42 %
DA3 20% 20% 19% X X

Supplementary Table 6 | Percentage of dynamic traces observed in smTIRF. Traces are identified as dynamic
by cross-correlation (CC) analysis of donor versus acceptor fluorescence emission. Dynamic traces exhibit a

CC amplitude of <-0.1 and a CC relaxation time > 100 ms.
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Contributions to ARoa | bAl [ DA2 DA3
Calibration contributions to the uncertainty, ARpa,cal in step 2 [a]

Uncertainty of the correction factor, , ARoa (A7), mainly due to A®g, 0.008 0.008 0.008

(Summary 9.3: (®p,) = 0.368 with Adg, =0.017)

Uncertainty of correction factors, a, fand &, ARpa(Aa,AB,A0) <0.005 | <0.005 | <0.005

Uncertainty of signal correction by background, Bxem|xex, ABxem |xex <0.005 | <0.005 | <0.005
Contributions to the uncertainty AR, [b]

Uncertainty of refractive index, ARy(n) [c] 0.040 0.040 0.040

Uncertainty of donor fluorescence quantum yield @p, ARy (®pp) [c] 0.020 0.020 0.020

Uncertainty of spectral overlap integral J, ARy (J) [c] 0.025 0.025 0.025

Uncertainty of FRET orientations factor, &%, AR, (k) [d] 0.071 0.070 0.060

Total accuracy AR, 0.088 0.087 0.079
Noise contributions to the uncertainty ARpa noise(Rpa)

Precision to fit Rpa by dynPDA, ARoa(Ron) [€] 0.020 0.030 0.020

Uncertainty by A heterogeneity, ARpa(Ahet) [f] 0.0001 | 0.0038 | 0.0051

Total uncertainty to compute Rpa,

ARoa(ARba,cal, ARo, ARpanoise(Roa, AAhet))[g] 0.090 0.092 0.081

[a] Adapted from ref. 1°.
[b] Adapted from ref. 1,
[c] Values from ref. 11,

[d] We computed the densities of &% (see section 3.5 of ref. 2) using the residual anisotropies of the donor, rinsp (Sum-
mary 9.2), and of the acceptor, ringa (Summary 9.4), to determine the uncertainty Ax? and the corresponding AR, (k?).
[e] See Step 9, section Determination of uncertainties in measured Rp, distances and Supplementary Figures 16-18.

[f] See step 9, Summary 9.3.
[g] Calculated according to eq. (9.7).

Supplementary Table 7 | Accuracy and precision of the inter-dye distance calculation Rpa. Relative uncer-

tainties are reported for individual contributions (see Supplementary Note, Step 9) followed by the calcu-

lated total accuracy ARy, and the total uncertainty ARpa. For values in % multiply by 100. Error propagation

10,11

was performed according to refs. using eq. (9.7).
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Model Experiment Model Experiment
(Roam)e, (Roa,exp)E, {Roam)E, (Roa,exp)E,
register 1, (A) register 1, (A) register 2, (A) register 2, (A)
DAl 64 64 47 46
DA2 41 53 36 44
DA3 48 [a] 42-48 53 [a] 42-48

[a] linear linker DNA to connect the two nucleosomes in a register was assumed.

Supplementary Table 8 | Correlation between FRET-averaged inter-dye distances of the structural models,

(Roa,m)e, and of the experiments, (Rpa,exp)e, for the Alexad88/647 FRET pair. Experimental distances (Rpa exp)e

of DA 1-3 were obtained from PDA analysis (Supplementary Figures 16 - 18). The model distances were cal-

culated for the tetranucleosome model (register 1 and 2) considering the total experimental uncertainty

ARpa(AEerer, ARo, ARpanoise(Roa, AAnet)) (Supplementary Table 7) using ACV analysis (Supplementary Note,

step 9, sections Determination of the uncertainties for structural modeling (ACV parameters), and FRET po-

sitioning and screening calculations (Supplementary Figures 12 and 13). Considering DA2, there are two pos-

sible explanations for the deviations between (Rpam)e and (Roaexp)e: (1) Local dynamics could be present

(clamshell and torsion by 10 degrees, see Supplementary Fig. 13). (2) In addition, in view of the low Mg?*

concentrations and the absence of H1, the stacking of the nucleosome arrays could differ in solution from

that in the X-ray*® or cryoEM?® structure.
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Supplementary Note

Dynamic structural biology @nalySis: .........oouiiirieiieiieiere et 30
SEEP L. SIMTIRF .ttt et e s bt e et e s bt e e ab e e s bt e e st e e bt e e ab e e beeshb e e bt e saneebeesane baeenbeesbeeanseas 32
Step 2: 2D MFD plots with FRET lines and calibration of the FRET measurements.........cccccceevvevereerveriesenennn 33

Calculation of FRET efficiencies EFRET from fluorescence signals ....

Expanding the dynamic range of SMFRET STUTIES. .....ceeeiiriiriieierienieeerie ettt 35
Static and dyNAmMIC FRET lINES. c..eouiiieeieiesiieieieste et ete sttt e et e e e e e tesseessasseeseessesaeeseessessesseensansennean 35
StEP 3: SUD-ENSEMDIE TCSPC.....iiiiieeiieiiie ettt e st e ettt e et e e s e e s ae e s beesaeesaeesebeebeesebeeaaessaeensaessseeseesssennns 36
SEEP 41 BUISE-ID FCS ...ttt sttt he e e bt s bt e et e e s he e e b e e s he e eab e e s be e sabeesbe e sabeenaeesas sabeenbeas 38

Step 5: Photobleaching and photoblinking analysis...

Step 6. Evaluation of kinetic networks between FRET species compatible with experimental data.............. 40
Step 7. General description Of PDA @NalYSiS.......ccuuiiriirieririeriesieeierie sttt sttt sttt sttt eaeens 40
Calculation of donor acceptor distances from fluorescence signals...........cccveeevieririerenienceerene s 41
DYNAMIC PDA. ..ottt ettt e st e e e st e e s e ae e e s e snbee e s bb e e e e s beesesnneeesabneee e sreeeenaneeesnnee nareeeenneeenn 41

Step 8: Validation of kinetic models

Step 9: Relating measured Rpa distances to structural models of compact chromatin states ..........cccce....... 43
Determination of the uncertainties for structural MOdeliNg. .........cceviiieieriiieere e a4
Summary of dye properties of the donor AIEXa488. ........cc.coeiiiiiririeiieieeeree e 44
SumMmMary of aCCEPLOr AYE PrOPEITIES. ....c.eirirveuietirieiieiirtet ettt ettt ettt st b et s e s eaes 45

Determination of uncertainties in measured Rpa distances...

MOEI BUIIAING. ...ttt ettt b e he et b e eae et e sbeese et e e nbeesnennens 48
FRET positioning and screening CalCUlations. ..........ooeiirieriirerieniesieetee sttt 48
Step 10: Structural models of open and dyNamic STAtES......cvvveieriirieiieri et 49
C0arse graiNed SIMUIATIONS .....coueeiiiiiitieietert ettt ettt b e bt et et sh et e bt s bt et e b e sbe e ennenaean 50
Step 11: Final model and its validation - A unified model of chromatin dynamics..........cccoceevvevenenienenennen. 51

Dynamic structural biology analysis:
We used a combination of experimental observables (described in detail below) for structural and kinetic
analyses to establish a model for chromatin dynamics, as shown in Fig. 6. We established an 11-step workflow
for dynamic structural biology (Supplementary Fig. 9), involving a sequence of steps:

Step 1: Measuring FRET efficiencies over time in smTIRF we explored chromatin dynamics in the 100
ms — seconds regime. Employing cross-correlation analysis we observed that between 20-55% of fibers

showed dynamics on the 50-500 ms timescale (Fig. 2 and Supplementary Table 6).
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Step 2: 2D MFD plots. We measured smFRET with confocal multi-parameter fluorescence detection
(MFD). Eger vs fluorescence-weighted average fluorescence lifetime of the donor dye in presence of the ac-
ceptor (7p))r enabled us to identify rapid dynamics and allowed us to detect the coexisting dynamic chro-
matin populations in two different tetranucleosome interaction registers (register 1 and 2). In the presence
of dynamic exchange between conformations with different Egzer and exchange kinetics faster than the mo-
lecular dwell time in the confocal detection volume (< 10 ms), deviations from the ideal relationship between
(zom)r and Erer (the static FRET line) can be detected in burst-wise analysis'®. This is because Emer values
derived from fluorescence intensities are averaged per molecular species fractions, whereas average fluo-
rescence lifetimes are computed per brightness by the applied maximum-likelihood analysis®®. This disagree-
ment is captured by a dynamic FRET line. For the chromatin arrays DA1-3 MFD plots indeed directly indicated
a dynamic process as a large fraction of the detected molecules fell on dynamic FRET-lines (Fig. 3d,e). Im-
portantly, measurements with DA1, DA2 or DA3 labeled DNA (absence of histones) as well as measurements
with chromatin samples bearing only donor dyes (D1, D2 and D3; Supplementary Table 4) did not show
comparable FRET states or dynamics (Supplementary Fig. 8c,d).

Step 3: Sub-ensemble Time Correlated Single Photon Counting (seTCSPC) resolved the FRET efficiency
levels corresponding to chromatin structural states (Supplementary Fig. 10).

Step 4: Burst-ID fluorescence correlation spectroscopy (FCS) of donor-donor, donor-acceptor or cross-
correlation confirmed complex sub-millisecond dynamics in a model-free approach and yielded estimates of
the involved timescales (DA1-3, 0.75 mM Mg?, Supplementary Fig. 11).

Step 5: Photobleaching and photoblinking analysis was employed to confirm that the observed dy-
namic processes originate from structural transitions and did not contain contributions from photophysics of
the dyes (Supplementary Fig. 14a).

Steps 6-11: The combined obtained data was used to formulate kinetic models and assign states and
connectivity between the states (step 6). Subsequently a unified kinetic model was used in dynamic PDA
analysis (step 7, Fig. 5 and Supplementary Fig. 16-18). A global fit to the experimental data yields improved
FRET efficiency levels values with corresponding population fractions and exchange rate constants. After-
wards the model was judged by applying a selection of criteria (Supplementary Fig. 15) including an evalua-
tion of goodness of fit, the stability of the fit results (step 8) as well as by determination of the parameter
uncertainties (step 9) and structural validation such as atomistic models (step 9) and coarse grained simula-

tions (step 10). The procedure finally results in a complete model of chromatin dynamics (step 11).
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Step 1. smTIRF
From donor- (Fp) and acceptor fluorescence emission intensity (F4) traces FRET efficiency (Erzer) traces were
calculated, using
Epppr = = f;lﬂ;‘ﬂfD = and y = AF4.1>lem‘h (0.1)
y ptV1p AF, peqen
The values of #=0.141 and y=0.468 were experimentally determined for the dye pair Alexa568/647 in our
experimental setup. The bin size for all histograms was set to 0.02. Ezerhistograms of each trace of length >

5 s were normalized to total counts. Final histograms were calculated averaging the FRET histograms of all

—(x=¢;)* /o,

traces (> 100 traces) and fitted using 2 or 3 Gaussian functions Z Ade ' (Supplementary Table 5).
Cross-correlation analysis was performed using
Cores (1) = (AF,(0)- AF (1)) / (AF,(0)- AF, (0)) (0.2)

where AFp and AF are the variances of donor and acceptor fluorescence at time 0 or ¢, was calculated in
Matlab using a maximum lag of 10 s. Traces shorter than 10 s, as well as traces which spent less than 20% of
the time at Erzer < 0.2 were excluded from the analysis. The cross-correlation data was fitted with a bi-expo-
nential function in OriginPro (OriginLab Corporation). To determine the fraction of dynamic traces (Supple-
mentary Table 6) the individual cross-correlation decays from each trace was analyzed. Traces considered
dynamic showed an amplitude < -0.1 and a decay time constant > 0.1 s.

This analysis revealed that chromatin fibers exhibit dynamics on the 50-500 ms timescale, but that
such fluctuations were only observed in a subset of individual arrays. This argues for the existence of 'locked’

states where tetranucleosome interactions are stable over time (Figure 6).
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Step 2: 2D MFD plots with FRET lines and calibration of the FRET measurements

Burst selection. The bursts of all samples were identified and selected from the MFD data trace as described
in ref. ¥, Double-labeled chromatin arrays with the DA pair Alexa488/647 capable for FRET (FRET-active)
were selected by Pulsed Interleaved Excitation (PIE) using Erzer vs S (stoichiometry) 2D histograms. For sub-
sequent analysis we selected bursts with 0.2 < S < 0.8 to separate double-labeled species from single dye
labeled molecules and | Tex-Trr| < 1 ms to remove contributions from photophysical processes *’ (Supple-

mentary Fig. 8a). For PIE'®, the corrected stoichiometry S is defined as

_ FD\D +FA\D (2.1)
F,,+F,,+F

DID AD Al4

Fm\m corresponds to a fully corrected fluorescence intensity computed from observed signal °S
considering background intensities and other experimental correction factors a, 6, y, 6 defined in eq. (2.3).
The meaning of the indices is as follows: (D/D) is the donor intensity if the donor was excited, (A/D) is the

acceptor intensity if the donor was excited and (A/A) is the acceptor intensity if the acceptor was excited.
The stoichiometry S is computed from the observed signals °>S in two steps:

(i) The registered primary signal °°S was corrected for the mean background <B> signal contribution in the

green and red channels, respectively:

_obs
I XenjXex— SXeMXex_<BXen1Xex> (2.2)
IXUWM corresponds to a background corrected signal: [G‘G is the background corrected signal in the donor

channel (G) after donor excitation (G), IR‘G is the background corrected signal in the acceptor channel (R) at

wavelength G for donor excitation and 7, is the background corrected signal in the acceptor chanel after

RIR
acceptor excitation, respectively.
(i) The background corrected signals / were used together with four correction factors a, 6, y, 6 to compute

S according to:

¥l + (1R‘G ~la- Lyo + ﬁ-lm))

§= 1 (2.3)
7'16\6 +(1R\G 7(“'10\6 +ﬂ'1R‘R))+E'[R‘R
[}
with ¢ = 820 . ﬁ:O-A\GLG . },:gR\A 4 Pra 5= Our Ly
8ap O-A\RLR gG\Dq)F,D(O) O-D\G LG

The parameter a is a correction factor for the spectral donor fluorescence crosstalk (leakage) into the red
“acceptor” detection channel. # normalizes the direct acceptor excitation rates in the FRET experiment to

that in the PIE experiment defined by the acceptor excitation cross-sections Oc at donor excitation and
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O’A‘R, and the direct excitation irradiances [Photons/cm?] Lg and Lz for the donor and acceptor at the wave-
lengths G and R. y is a correction factor for the fluorescence quantum yields ® ., ,® . ,, the fraction of
the fluorescent trans state of Alexa647 a, and the detection efficiencies of the green donor 8ap and the red
acceptor channel Saar respectively. 6 normalizes the donor excitation rate for the FRET studies to the direct

acceptor excitation rate of the PIE experiment defined by the excitation cross-sections forD o, ; andA o,

D|G IR
respectively, and the direct excitation irradiances [photons/cm?] Ls and Lk for the donor and acceptor at the
wavelengths G and R.

For chromatin samples with the FRET pair Alexa568/647 we did not employ PIE (i.e. d is n.a.). The
direct acceptor excitation rate at the donor excitation wavelength (8 >> 0) could however be used to identify
double-labeled DA species. Thus, double-labeled chromatin arrays with the DA pair Alexa568/647 capable
for FRET (FRET-active) were selected by a minimal number of acceptor photons (red cut) due to direct accep-
tor excitation by L. In this way contributions from DOnly molecules were reduced. The following parameters

were used for the two studied FRET pairs for given experimental setup (see MFD measurement procedures):

parameter FRET pair D/A
Alexa488/647 Alexa568/647
a 0.016 0.146
8 0 0.131
aip /&l 0.95 1.45
Dy o) [a] 0.8 0.69
a®, [a] 0.368 0.368
v 0.5 0.38
) 0.83 n.a.

[a] average values for the FRET pairs DA1-3. The determined values are compiled in the summary tables reported in
step 9.

Calculation of FRET efficiencies EFRET from fluorescence signals
The corrected FRET efficiency Erger is defined via fully corrected fluorescence intensities F:

F4\D
+F

4D

E (2.4)

FRET —
F,

D|D
In analogy to S, Errer can be computed by the observed intensities and corresponding correction parameters
a, B, y defined in eq. (2.3):

(IR\G _(a'IG\G +ﬂ'IR\R))
7'10\6 +(IR\G 7(0"16\(; +ﬁ'1k\k))

Erper = (2.5)
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Expanding the dynamic range of smFRET studies. We used the FRET pairs Alexa568/647 (Forster Radius Ro =
82 A) and Alexa488/647 (Ro = 52 A) to exploit different distance sensitivities (Fig. 3d,e): Alexa568/647 allows
for the detection of long-range dynamics beyond 120 A, whereas Alexa488/647 enables the investigation of

sub-states and their exchange dynamics below 60 A.

Static and dynamic FRET lines. All MFD plots (Fig. 3d,e) for DA1-3 (Alexa488/647 and Alexa568/647) are
presented with static and dynamic FRET lines, to demonstrate the presence of two distinct chromatin popu-
lations (register 1 and 2). Each population exhibits kinetic exchange faster than the molecular dwell time (<
10 ms) within the bursts. The theoretical dependence between FRET efficiency and species weighted average

donor fluorescence lifetime in presence of acceptor dye is described as

)

static — + . (2.6)
Tp(0)

Here we use an empirical dependence of species weighted average donor lifetime (t)x on fluorescence

weighted average donor lifetime (1) as a polynomial with c; coefficients obtained by numerical simulations*?

(), = gclv(@%)[- 2.7)

Here we used the following joint parameters for DA1-3 constructs, which are common for the two FRET

pairs Alexa568/647 and Alexa568/647, respectively:

Alexa568/647 labeling (Fig. 3d): co=-0.0083, c1=0.0848, ¢,=0.2926, c3=-0.6606, c,=0.0085 with 7p0)=3.5 ns.

and

Alexad88/647 labelling (Fig. 3e) co=-0.0056, c1=0.0838, c,=0.4007, c3=-0.3806, c4=0.00225 with 7p(=4.0 ns.

The dynamic FRET line are described as

E,, =1- Lal (2.8)
‘ Tpy \Tr1 T T _<T>x

where 7:;;and 7x; are the donor fluorescence lifetimes defining the limiting FRET states of the respective

line. We have assumed that the limiting states of each DA sample remain the same for all Mg?* concentra-

tions.

Alexa568/647, dynamic FRET line for register 1 between A and D states with zp)=3.5 ns (Fig. 3d, dark blue):

DA1 between A/C and D states: 7:1=0.8 ns, 7, =3.45 ns, ¢1=1.2458, ¢,=0.84821.
DA2 between A and C: 71 =0.56 ns, 7, =1.2 ns, ¢1;=1.4285, ¢,=-0.5695; and between C and D: 71 =1.15ns, 7
=3.5ns, ¢1=1.1778, c,=0.6221.
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DA3 between A/B and C: 7r=0.25 ns, 7 =0.8 ns, ¢1=1.626, ¢,=0.5523; and between C and D: 7:1=0.8 ns, 7
=3.5 ns, ¢1=1.2473, ¢,=0.8655.

Alexa568/647, dynamic FRET line for register 2 between B and D states with 7p(0)=3.5 ns (Fig. 3d, light blue):

DA1-3: 7:1=0.25 ns, 7, =3.5 ns, ¢;=1.5198, ¢,=1.819.

Alexa488/647, dynamic FRET line for register 1 between A and D states with =4.0 ns (Fig. 3e, dark blue):

DA1: 7r,=3.12 ns, 7r, =3.92 ns, €1=1.0895, ¢,=0.317;
DA2: 7r,=2.53 ns, 7, =3.96 ns, ¢1=1.1605, c,=0.6339;
DA3: 7r,=2.57 ns, 7, =3.96 ns, ¢1=1.154, ¢,=0.6082.

Alexa488/647, dynamic FRET line for register 2 between B and D states with 7p0)=4.0 ns (Fig. 3e, light blue):

DA1 and DA2: 71 =1.55 ns, 7, =3.92 ns, ¢1=1.376, c,=-1.4852;

DA3: 7r1=1.6 ns, 7 =3.95 ns, ¢1=1.3607, c,=-1.4248.

Importantly, measurements with DA1, DA2 or DA3 double labeled DNA (absence of histones) as well as meas-
urements with chromatin samples bearing only donor dyes (D1, D2 and D3; Supplementary Table 4) did not

show comparable FRET states or dynamics (Supplementary Fig. 8c,d).

Step 3: Sub-ensemble TCSPC

For defining the limiting states for dynamic FRET lines indicated by FRET efficiency levels (Fig. 3e orange, wine
and gray lines), we performed sub-ensemble Time Correlated Photon Counting (seTCSPC) analysis of DA1-3
(Alexa488/647), which were selected from the sample as double-labeled species by PIE (Supplementary Fig.
8a). Characteristic populations for each respective limiting state are analyzed for bursts with a low FRET effi-
ciencies (0< Erger <0.199) of the low FRET population (LF) and for bursts with higher FRET efficiencies (0.2<
Errer <1.0) of the dynamic FRET population (dynF). To retrieve the required information about the limiting
states, we analyzed bursts of each population separately. The specific fluorescence decays were analyzed by
a fit model described previously®®. The fluorescence decay of the donor reference (DOnly, in the absence of
FRET) was approximated by a single fluorescence lifetime, tp(o):

o= Fooy (0)exD(~1 /7)) (3.1)
Hence, the FRET-rate (krrer) is only determined by the donor-acceptor distance and their relative orientation.
In the presence of FRET, the donor fluorescence decay can be expressed using the donor-acceptor distance

distribution p(Rpy):

36

372



Publication II

t

fn(m(t) = fr)(/\)(o) _[ P(Ry,) CXL{—T [] +(R, /RDA)é]] dR,, (3.2)
Rp, D)

Here we assumed Gaussian distribution of donor-acceptor distances (p(Rpa)) with a mean of (Rp.() and a half-

width of oy, which is expressed as:

_ (Roy ’<RDA>exp)2

1
P(Rpy) = ex (3.3)
pA N2rmop, 20'[2, Acxp

In addition, a fraction of Donor-only molecules (xoony) and a constant offset ¢ was considered to describe
the experimentally observed fluorescence decay f(t):

fO=01- Xpony)* Jow@®+ Xponty * Joo(®)+e (3.4)
Combining the donor fluorescence decay in the presence, foa)(t), and in the absence, foo)(t), of FRET by a
time-dependent ratio a measure of FRET, &p(t), is obtained:

Son (0
fD(O)([)

We refer to this ratio as the FRET-induced donor decay, &p(t), as it quantifies the quenching of the donor by

ep() = (3.5)

FRET (see Main Text, Fig. 3f) with rate constant keger. €p(t) allows us to directly display the underlying inter-
dye distances that correspond to a characteristic time for the FRET species j (where j can be the species A, B,

C and D, respectively) (eq. (3.6)).
R 6
1 DA
Legpr ;= =Tp0)ref = (3.6)
kprer R, (TD(O),m/)
Note that each Forster Radius R has been computed with a specific fluorescence quantum yield of the donor

D o) as reference which must be converted to a radiative rate constant by multiplying with the

corresponding fluorescence lifetime o), rez. In this work to),r was 4.0 ns.
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The fluorescence decays of the specific donor-only reference and the corresponding FRET samples (DA1, DA2
and DA3, respectively) were analyzed in joint fit as described in detail in ref. 1° to determine the FRET species
specific inter-dye distances Rp,,. The DA1 Alexa488/647 subpopulation (Eer > 0.065, dynF, see also Figure
3f) and subpopulation with Erzer < 0.065, LF) at 1 mM Mg?* was fitted by eq. (3.1)-(3.4) with a global DOnly
decay approximated by a single donor fluorescence lifetime (7p=4.1 ns) by a model with 3 Gaussian
distributed distances and the same half-width opa= 6 A. The fit quality is judged by y2. The fit results for the

subpopulations LF and dynF are collected in the following table:

subpopulations 2 o o
popr Al Roa, (A) X1 Roaz, (A) X2 Roaz, (A) X3 X2
LF 0.28 0.49 0.23 1.11
2 1
dynF 4 0.40 63 0.47 04 0.13 1.07

Further seTCSPC analysis of the fluorescence intensity decay curves for all Alexa488/647 FRET pairs, DA1-3
in 0.5 mM Mg?* with corresponding fits by eq. (3.4) are shown in Supplementary Fig. 10. This analysis yielded
a good estimate of the FRET parameters of the structural states underlying the dynamic populations (register

1and 2). Note, that it is difficult to resolve distances of this FRET pair above 90 A by seTCSPC.

Step 4: Burst-ID FCS
To perform an unbiased check for the presence of exchange kinetics detected by FRET?, we computed the
color correlation functions (auto- (green-green (G,G) and red-red (R,R))- and cross- (green-red (G,R) and red-
green (R,G)) functions, respectively) for the signal of those bursts, which were selected from the sample as
double-labeled species by PIE (Supplementary Fig. 8a). These burst-ID cross-correlation functions Ggr and
Gg,c together with auto-correlation functions Gg,c and Gg s were globally fitted by eq. 4.1 with three relaxation
times tg;. To fit the color auto(i=m)- and cross(i#m)- correlation functions in a global approach, we have used
a set of equations previously presented>?°

G_,(t)=1+ 1 Gf,,’;, (t)- |: 1-B® 4+ BY. exp(— t(,/tﬁ)+ ZH:AC,';,.) -[exp[— %J - 1]:|

N, = R/ (4.1)

cc j=1 Rj

G, (t)=1+ v e >(z,){1—cc( B¢ )~exp[—j:l
where tg; are the relaxation times that correspond to the exchange times between selected color signals
(i=G,R and m=G,R) with corresponding absolute amplitudes of the auto-correlation function 4C{’and the

relative normalized amplitudes of the cross-correlation function cC™ with the fractions x (. p®/is the

amplitude of an additional bunching term associated to photophysics with the relaxation time 7, in the
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measured samples which was globally fitted for the auto-correlation functions. N, is the average number of
bright molecules from the color auto-correlation functions in the focus and N¢c of the color cross-correlations

corresponds to the inverse of the initial amplitude G,

i,m

(0). Gf,f,,’ (t(‘) is the apparent diffusion term in the

correlation function:

: L
- ) !
. f, %) t,
G‘("’ff)'(t”)z[Htmj : 1+[—°J | - (4.2)

diff Zy diff

A 3-dimensional Gaussian shaped volume element with parameters ap and zy is considered. We assume that

Gm/] (tl- ) =Gl

iy (tv ) =G (tL ) take the form of eq. (4.2). The selective correlation spectroscopy for the dynF

diff
population (Ezer > 0.065) of DA1-labeled fibers (Alexa488/647) at 1 mM Mg?* (see Figure 3g) by eq. (4.1) are

compiled in the following table:

acy| | Taca], Taes
im | Ny | zowy | [0 | pO tkf or fr> or fe2s | o frs> | cCom)
[ms] [ms] X;;]"") [us] X[((iém) [1s] X}(;},m) [ms]
GG | 0.69 0.039 0.142 0.089 0.005 -
RR | 0.26 70 56 0.256 0.192 0.183 26 0.259 273 0.080 314 -
GR | 0.72 0 0.168 0.271 0.561 0.42
RG | 0.74 0 ) ) ) 0.42

Additional model-free correlation analysis from all FRET vantage points DA1-3 (488/647) at 0.75 mM Mg?*
revealed conformational dynamics with at least three relaxation times, thus involving at least four kinetic

states (Supplementary Fig. 11).

Step 5: Photobleaching and photoblinking analysis

To detect possible photobleaching and photoblinking, we calculated the difference of the burst length in two
PIE-channels Tex and Tgrg, where Tex corresponds to the mean observation time of the photons detected in
the donor or acceptor channels after donor excitation (G) and Tgg corresponds to mean observation time of
the red photons after direct excitation of acceptor (R) (for details see ref 7). In case of acceptor photobleach-
ing and/or photoblinking the mean burst time of the acceptor fluorescence emissions is decreased and the
mean burst time of donor fluorescence emission is increased simultaneously. This would lead to an increasing
Tox and to a decreasing Tgrg, S0 that | Tex-Trr| of the analyzed bursts would deviate significantly from zero, if
photobleaching and/or photoblinking were present. However, as shown in Supplementary Fig. 14a, signifi-
cant photobleaching and photoblinking was not present under our measurement conditions, because the

| Tex-Tre| distribution is symmetric and narrow. Additionally, we checked for the presence of potentially weak

39

375



Publication II

photobleaching and photoblinking processes by applying the macro time filter | Tex-Trr|< 1 ms threshold cri-
terion for burst selection (Supplementary Fig. 14b, left panel). The influence of the presence and absence of
this selection criterion on the shape of the FRET efficiency distribution is demonstrated for double labeled
bursts of DA1 (Alexa488/647) in 0.5 mM Mg?*. We fitted two FRET efficiency Erzer histograms with and with-
out applied macro time filter (Supplementary Fig. 14b) by Photon Distribution Analysis (PDA, see step 7) for
a 3 ms time window. The obtained FRET distributions and means with (left panel) and without (right panel)
burst selection did not significantly differ from each other which proves the absence of marked acceptor

photobleaching and photoblinking processes.

Steps 6-11. Establishing a dynamic model for chromatin dynamics

Step 6. Evaluation of kinetic networks between FRET species compatible with experimental data

The detected FRET species, which correspond to structurally meaningful chromatin conformers, form a ki-
netic network. Using the above presented observations from the various experiments (TIRF, seTCSPC, burst-
ID FCS, MFD) kinetic and structural models for chromatin dynamics were formulated (Supplementary Fig.
15). The models to be evaluated involved four kinetic states (A-D) in two exchanging dynamic populations
(register 1 and 2), corresponding to different tetranucleosome interactions.

In an iterative process, we used dynamic PDA (step 7) to refine the parameters and fit the experimental
data using the developed kinetic models, followed by model validation (step 8). From the obtained, refined
parameters, combined with structural molecular modeling (steps 9-10), a global model for chromatin con-
formational change was formulated (step 11, Fig. 5). The model encompasses a locally dynamic fiber which
fluctuates between different tetranucleosome stacking registers on the millisecond timescale. Associations
between tetranucleosomes are loose and exchange in the microsecond region. Finally, tetranucleosome
open on the millisecond timescale and couple to static locked states, which persist structured over 50-500

ms. The individual steps 7-11 for this analysis are described below.

Step 7. General description of PDA analysis

Each sample with a specific FRET dye configuration (DA1, DA2 or DA3) was measured at various Mg?* con-
centrations under single-molecule conditions. The signals of the selected FRET bursts (Supplementary Fig.
8a) were split into equal time windows (TW). The FRET efficiency is calculated form the number of photons
of donor and acceptor dyes in the prompt time-to-amplitude converter (TAC) channels defined by the donor
excitation pulse with a repetition frequency of 32 MHz. In PIE experiments the acceptor excitation laser pulse

is delayed by 15.625 ns, which defines the delayed TAC window for computation of the stoichiometry S (see
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step 2, Calculation of donor acceptor distances from fluorescence signal). For each TW (only full length time
windows were used and incomplete pieces at the end of bursts were excluded) the values for the FRET pa-
rameters (Rpa, Errer) Were calculated as described in step 2, Calculation of donor acceptor distances from
fluorescence signal, and plotted in a 1D frequency histogram with 201 bins (Supplementary Fig. 16-18). The
fundamental idea in PDA is computing the distribution of the chosen FRET indicator for a given FRET efficiency
(or FRET-averaged donor-acceptor distance, (Rp4)s)*** taking into account photon shot-noise. Due to the
flexibility of the dye linker, FRET pairs exhibit a distribution of FRET efficiencies or apparent distances even
on rigid molecules, which is caused by distinct acceptor brightnesses?!. This distance distribution is well ap-

proximated by a Gaussian distribution with a half width c~6 A.

Calculation of donor acceptor distances from fluorescence signals

The FRET-averaged distance ( Roa)e between the dyes could be calculated from the mean FRET efficiency de-
fined in eq. (2.4)

<Rm >r; =R, (<EI-'RET > - 1)

In this work we calculated ( Rba)edirectly from the observed intensities and corresponding correction param-

/6

(7.1)

eters a, 8, y, 6 defined in Step 2:

1/6

7‘10\0
’ Ty —(@ 1o+ B Irg)

<RDA>E =R (7.2)

using the following FRET pair specifc Forster Radii Ro:

parameter FRET pair D/A
Alexa488/647 Alexa568/647

Ro[A] 52 82

Dynamic PDA. Considering the sample DA1 (Alexa488/647) in 1mM Mg*, we demonstrate the effect of
dynamics on the Eger histograms for two time windows of different length (TW=2ms and TW=5ms,
Supplementary Fig. 14c). A global fit of both TWs using a joint models with static Gaussian distributions
indicates that a model without dynamic exchange terms cannot describe both data sets appropriately,
because the exchange dynamics influences the width of the distributions in each TW differently. Therefore
we used dynamic PDA in the subsequent analysis, which can describe exchange dynamics comparable to
NMR dispersion experiments. For each data set histograms were created for 4 different TWs (2, 3, 4 and 5

ms). All histograms created for Mg?* concentrations (number of [Mg?*] x 4) were globally fitted by the kinetic
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models described below. Each FRET species of assembled chromatin was modelled by a Gaussian distribution
of distances and was approximated by 51 bins. To describe the histograms of dynamic mixing between two
Gaussian distributed FRET species (e.g. species A, species B, ...), this results in (521) = 50%51/2 = 1275 (all
possible pairs of distances) dynamic mixing distributions. In contrast, the distributions of two FRET species
undergoing dynamic mixing are approximated by 201 bins. Then, for each pair of interconverting Gaussians
distributed species (e.g. dyn A-B, dyn B-C, ...), the shot-noise limited total histogram could be calculated as a
sum of all 1275*201 = 256275 shot-noise limited FRET parameter distributions. We have shown that shot-
noise limited FRET parameter histograms from Gaussian distributed distances (Rmean, ) and the sum of shot-
noise limited FRET parameter histograms of two fixed distances Rmean- G and Rmeant G are very similar 4.
Thus, in order to simulate dynamics between two Gaussian distributed species and to reduce computational
cost, the model distribution can be approximated with the sum of two dynamic distributions between
(R1mean- 61 and R2mean- 62) and (R1mean+ 61 and R2meant+ 62) (Supplementary Fig. 14d).

MFD data were then globally fitted using dynamic PDA and assuming a kinetic model'*. To satisfy the
observations of coexisting dynamic and quasi-static molecules in smTIRF experiments, each dynamic PDA
model assumed the co-existence of molecules existing in a number of individual FRET species showing no
dynamics on the MFD timescale (tz > 50 ms, static fraction, stat A, stat B, ...), with populations of molecules
which exchange between FRET species (dynamic fractions, dyn A-B, dyn B-C, ...). Secondly, we assumed the
inter-dye distances in the basic FRET species (A, B, C, D) to be invariant to Mg?*. Thus, a sum of Gaussian
distributed FRET species (static fractions, Rpai) and dynamically mixing Gaussian distributed FRET species pairs
(dyn i-j) corresponding to the selected kinetic model (see list of trial models in Supplementary Fig. 15) was
used to globally fit the group of histograms for each FRET dye configuration over all Mg?* concentrations (Fig.
5a-c and final models in Supplementary Fig. 16-18). Thirdly, the dynamics of exchanging molecules was de-
scribed by models with a series of two-state kinetic exchange terms connecting the quasi-static populations.
Final models are shown in Fig. 5d-f and Supplementary Fig. 16-18. Importantly, global fits were employed to
evaluate the Mg?* dependencies, assuming a linear relationship between the logarithms of the rate constants

and the ionic strength:
tog(k, )=m[Mg > |+ k., (7.3)

similar to observations in protein folding?2.
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Step 8: Validation of kinetic models.

Based on the model-free FCS analysis (Supplementary Fig. 11), yielding 3 relaxation times, at least four ki-
netically relevant species are expected. As our dye configurations (DA1-3) are not equally sensitive to all
structural exchanges processes and states (Fig. 4a) we tested models containing 3 or 4 states for each dye
configuration in the dynamic PDA analysis, employing various connectivities. For each configuration DA1-3

different kinetic models were evaluated based on a number of criteria:

i. Physical meaningful connectivity of species,
ii. Minimal number of species,

iii. Cutoff for rate constants (10° s* > k; > 102 s*) and m-values (-25 < m < 25 (see equation (7.3));

assuming a change of less than 100-fold in each rate constant within the tested Mg?* concentrations),
iv. Stable fit results over the different Mg?* concentration,

v. Acceptable goodness of fit (2, < 1.4),

vi. Consistency with models from other FRET vantage points (DA1, DA2 and DA3),

vii. Transitions between FRET species which are structurally meaningful.

A number of different models were tested and based on criteria i-vi (Supplementary Fig. 15). The models
shown in Fig. 3d were deemed to be the most probable to describe the experimental data. Finally, from the
static and dynamic fractions, weighted by the associated rate constants, the relative populations of each
state were calculated (Fig. 5g-i) accordingto P, = P’ +Pl.;1 -k; / (k; + k) , where P;denotes the population

of state i, P’; is the static fraction, P’,-,- is the dynamic fraction between states i and j and kj, k; are the

associated rate constants.

Steps 9-11. Assignment of the states
For a structural interpretation of the detected inter-dye distances from MFD and PDA, we determined the
uncertainties in our analysis and subsequently applied structural modeling, using both available structures

and coarse grained modeling, in combination with modeling of the conformational distributions of the dyes.
Step 9: Relating measured Rpa distances to structural models of compact chromatin states
Here, first we define the uncertainties in the measured parameters, followed by the construction of molecu-

lar models for the compact states.
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Determination of the uncertainties for structural modeling. As a first test for the suitability of the dyes
Alexad88 and Alexa647 for an accurate structural analysis based on FRET data, we checked the fluorescence
lifetimes of the donor-only and acceptor samples and time-resolved anisotropies r(t) using the FRET samples
identified by PIE. The results (see summaries 9.1-2 of donor dye properties, summaries 9.3-4 of acceptor dye
properties below) indicate that there is no strong quenching as compared to the free dyes in solution and
that all dyes are sufficiently mobile at these positions. Anisotropy decays were analyzed by eq. (9.1).

r(t) = Zr‘ exp(—t/ p;) and 21’, =7, (9.1)
Here r; dlenotes the depolarizati:)n fractions related to order parameters, and p; the corresponding depolari-
zation times mainly by dye rotation. In the r(t) analysis we applied the fundamental anisotropies rp = 0.38 for
Alexad88 and Alexa647, respectively. We used the amplitude of the longest depolarization time r; to approx-
imate the residual anisotropy ri,s for computing the dye and position specific fraction of trapped dyes using
eq. (9.2).

Xtrapped = inf [To (9.2)
The fraction of trapped dyes is needed to parametrize the contact volume for improving the accuracy of the
estimated spatial dye density in ACV simulations described in step 9, section FRET positioning and screening

calculations below.

Summary of dye properties of the donor Alexa488. In the tables below the fluorescence lifetimes and ani-

sotropy contributions of this donor dye are compiled.

Summary 9.1. Fluorescence lifetimes of the donor dye Alexa488

Species ‘ T (ns)
DA1
Average 4.2
Std, A <0.1
DA2
Average 4.1
Std, A <0.1
DA3
Average 4.1
Std, A <0.1
Average of DA1-3
Average 4.1
Std, A <0.1
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Summary 9.2. Fluorescence anisotropy and rotational correlation times of the donor dye Alexa488

Species | p1(ns) ‘ p2 (ns) | Pz (ns) | pa (ns) ‘ r r2 rs roa=rinfp
DAl
Average [a] <0.3 1.1 4.8 >40 0.162 0.052 0.087 0.080
Std, A 0.2 0.9 0.014 0.011 0.014 0.012
Xtrapped 0.210
DA2
Average [a] <0.3 0.6 5.0 > 40 <0,01 0.196 0.102 0.083
Std, A 0.1 1.1 0.069 0.030 0.009
Xtrapped 0.218
DA3
Average [a] <03 0.6 3.3 >40 0.032 0.199 0.092 0.057
Std, A 0.03 0.5 0.007 0.012 0.009 0.003
Xtrapped 0.149

[a] The fit values with using eq. (9.1) are averages for measurements at 0.0, 0.5, 1.0 and 4 mM Mg?*.

Summary of acceptor dye properties. In the tables below the fluorescence lifetimes and anisotropy
contributions of the acceptor dye Alexa647 is summarized. In practice, as all cyanine based dyes, Alexa647
can have several dye populations in distinct environments with specific brightnesses when coupled to
biomolecules referred to as acceptor heterogeneity, At This typical behavior is also seen in nucleosome

arrays (see Summary 9.3). In this case a fixed DA distance is usually not sufficient to describe FRET species,
and a Gaussian distance distribution with a mean apparent distance (ﬁ) and an apparent distribution half
width (hwagp) has to be used instead. As shown by Kalinin and colleagues?* <ﬁ> is slightly biased towards

longer distances as compared to (Roa)e (eq. (9.3)).

53 /e -1/6
<R> =(Rou), { @ea) (@) ) (9.3)
where @, is the acceptor fluorescence quantum yield. Note that the fraction of fluorescent trans states a

(usually a = 0.8) cancels out in eq. (9.3)-(9.4). In this work, the correction factors (®e)Y*(dea™6) are very

close to unity (Summary 9.3) and thus can be disregarded for the calculation of interdye distances (i.e. in this
work <§> = <RDA>E). Applying the rules for error propagation for the function R (Dea), one obtains also an
relation for the variance and half width (o) of the apparent DA distance (eq. 9.4).

(R Ry = (@) [var(@;)]"* (9.5)

The fact that relative experimental half widths (o7Roa) (Supplementary Figures 16-18, o/Roa(DA1) = 0.1,

o/Rpa(DA2) = 0.13, o/Rpa(DA3) = 0.06) are much broader than the values caused by acceptor heterogeneity
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(Summary 9.4) may indicate significant heterogeneity of the nucleosome arrays which would be actually not

surprising. Note that the difference is the smallest (less than factor 2) for DA3.

Summary 9.3. Fluorescence lifetimes and other dye parameters of the acceptor dye Alexa647 with a= 0.8.

Species 7 (ns) | zz(ns) | X X2 | {za)x (ns) T;’I:;f A ;g::;f,fggif)‘f ;;?;ﬂ o/Roa
DAl
Average [b] 1.38 1.68 | 0.55 | 0.45 1.43 0.390 1.0001 0.005
Std, A 0.04 0.31 | 0.37 | 0.37 0.01 0.002 < 0.0001 0.001
DA2
Average 0.92 1.49 | 0.32 | 0.68 1.32 0.362 1.0038 0.035
Std, A 0.10 | 0.005 | 0.18 | 0.18 0.06 0.015 0.0007 0.005
DA3
Average 0.90 1.49 | 0.36 | 0.64 1.28 0.350 1.0051 0.040
Std, A 0.09 0.06 |0.12|0.12 0.01 0.002 0.0003 0.002
Average of DA1-3
Average 1.34 0.368
Std, A 0.06 0.017

[a] We used the reference value of Cy5 labeled dsDNA with (74)x = 1.17 ns and ®@¢a = 0.4 which was measured with
low irradiances at a steady state fluorescence spectrometer, i.e. a=0.
[b] The fit values are averages for measurements at 0.0, 0.5, 1.0 and 4 mM Mg?* using a fit with a series of exponen-

tials f, (1) = th exp(—t/7;) and in =1

Summary 9.4. Fluorescence anisotropy and rotational correlation times of the acceptor dye (Alexa647)

Species | p1(ns) l pz (ns) l pz (ns) l r r r3=rinfA
DAl
Average [a] <0.3 1.6 10.2 0.063 0.054 0.263
Std, A 0.7 0.4 0.007 0.026 0.020
Xtrapped 0.692
DA2
Average [a] <0.3 0.9 13.7 0.072 0.056 0.252
Std, A 0.6 4.1 0.003 0.019 0.018
Xtrapped 0.663
DA3
Average [a] <0.3 1.0 9.9 0.081 0.090 0.209
Std, A 0.3 0.03 0.007 0.013 0.016
Xtrapped 0.549

[a] The fit values with using eq. (9.1) are averages for measurements at 0.0, 0.5, 1.0 and 4 mM Mg?*.
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Determination of uncertainties in measured Rpa distances

The uncertainty in the measured Rpa distances, used for structural modeling, is obtained by determining the
individual uncertainties of all quantities separately, and then propagating them towards an uncertainty in
the distance. Considering the DA distance, Rpa, two main factors determine the uncertainty, ARpa in this

study: (1) the precision (noise) of the measurement, A and (2) the uncertainty of the calibration, A, .

noise
The total uncertainty of the distance, ARp4, is estimated by combining these error sources. With the
assumption that the contributions follow a normal distribution, ARpa is given by:

1/2

2 2
AR, = I:Anoise +A (9-6)
The distance, RDA , can be expressed as a function of experimental observable fluorescence intensities and

correction and conversion parameters (see eq. 7.2). Thus A2, can be expanded as®

1/2
AR, = [Az +(A3, +AL HA2 AL A2 HARS )} (9.7)

noise Bge

Calibration contributions to the uncertainty, ARpa,ca. All equations used to compute the contributions ARpa, car.

were described in detail by Peulen et al. (egs. 39-46 in ref. 1°).

Contributions to the uncertainty ARo. The overall uncertainty for the Forster radius, ARy, is estimated by the
uncertainties of the local refractive index, n, the exact donor fluorescence quantum yield, ®¢p, spectral over-

lap integral, J, and the FRET orientations factor, «2, ref. 1 (eq. (9.8)).

ARy (n™*, ®pp, ], K2 ) = JARO(n)Z + ARO(cDF,D)Z + ARy (J)? + ARy (k2)2~ 0.08 — 0.09 - R, (9.8)

Contributions to the uncertainty ARpa(Rpa) by noise. We have to determine the precision of the dynamic PDA
fits, ARoa(Roa) caused by statistical noise. Here, we performed a subsampling analysis, where the dynamic
PDA fit procedure was repeated three times using a 70% subsample of the total dataset. The standard devi-
ations from these three fits are reported in Supplementary Figures 16-18, and determine the precision of
our fitting procedure. The overall precision in Rpa, ARoa(Roa), from dynamic PDA is reported in Supplementary

Table 7: 2% (DA1 and DA3) and 3% (DA2).

Contributions to the total uncertainty ARpa(Rpa). The individual errors are listed in Supplementary Table 7.
They are then propagated using eq. (9.7), to estimate the total uncertainty of the determined distances.
Together, these analyses result in a total uncertainty for Rpa for DAL of 9%, for Rpa for DA2 of 9% and Rpa for
DA3 of 8% (Supplementary Table 7).
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Model building. We built models using the cryo-EM structure of a 12-mer nucleosomal array with 177 bp
nucleosome repeat length®. We then modeled the accessible contact volume (ACV) for dyes in the DA1, DA2
or DA3 configuration and employed these distance distributions to calculate an average, conformation-
weighted inter-dye distance (see below, FRET positioning and screening calculations). Importantly, we con-
sidered two possible fiber structures: The 12-mer array could exist as a stack of three tetranucleosome (TN)
units (TN1(N1-N4); TN2(N5-N8); TN3(N9-N12), 4-4-4, register 1) as observed in the cryoEM structure (see Fig.
1a). Alternatively, tetranucleosomes could stack in a different register (TN1(N3-N6); TN2(N7-N10), with four
unstacked nucleosomes at both ends, 2-4-4-2, register 2). This would put the DA1-3 dye pairs into neighbor-
ing tetranucleosomes. Finally, if the nucleosome-nucleosome interactions are local and fiber compaction is
not fully cooperative, both registers are expected to be populated. We thus produced models for both regis-
ters and calculated the expected inter-dye distances for DA1-3 in register 1 and 2 (Supplementary Fig. 12
and Supplementary Table 8). The observed deviations for DA2 can be rationalized by rotational motions

between two nucleosomes (see Supplementary Fig. 13 e,f). A "clamshell" motion by ~10° would be sufficient

to explain the experimental data of DA2 (488/647). Note that DA1 is relatively insensitive to these motions.

FRET positioning and screening calculations. The dye distribution was modeled by the accessible contact
volume approach (ACV)* which is similar to the accessible volume (AV)®, but additionally defines an area close
to the surface as contact volume. Here donor and acceptor fluorophores are approximated by a ellipsoid with
an empirical radius Raye) and where central atom of the dye is connected via flexible linkage with effective
length Ljink and width wiin to the Cs atom in the dT nucleotide. All geometric parameters for the dyes were:
Alexad88: Link =20 A, win=4.5 A, Raye)=5 A, Raye=4.5 A, Raye=1.5 A, Alexa568: Lin =22 A, wim=4.5 A,
Raye(1)=7.8 A, Rayez=1.9 A, Raye3=1.5 A, Alexab47: Link =22 A, wimk=4.5 A, Raye(1y=11 A, Rayez=3 A, Rayerz=1.5 A
(Supplementary Fig. 12). In the ACV model the part of AV which is closer than 3 A from the macromolecular
surface (referred to as contact volume) is defined to have a distinct spatial dye density paye. In this model,
where a dye freely diffuses within the AV and its diffusion is hindered close to the surface, the spatial density
paye along R is approximated by a step function: paye(R < 3 A) = Gcvape *0ave(R = 3 A). Here 9o corresponds
to the relative dye density in the contact volume relative to outer volume. Jcy e is adjusted such that
fraction of trapped dyes, determined by the residual anisotropy (see table above) is met. Note that Jcy,qye is
specific for each ACV because the shape, size, and surface area to the nucleosome varies slightly for each dye
position. In the following table, we indicate the fraction of trapped dye and the dye density in the contact

volume relative to the outer volume Scy,qpe for DA1-3:
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Summary 9.5. Parameters for modeling the contact volume in the ACV simulations

Donor Donor Acceptor | Acceptor
register 1 | register 2 | register 1 | register 2
DAl
Xtrapped [@] 0.210 0.692
Ocv,ape o1 [ o3 16 | 31
DA2
Xtrapped 0.218 0.663
Scv,ape 03 [ o1 21 [ 23
DA3
Xtrapped 0.149 0.549
Scv.aye 02 | 02 16 | 16

[a] computed by eq. 9.2 with values from the Summary 9.2 (donor) and Summary 9.4 (acceptor).

Step 10: Structural models of open and dynamic states

To model the unfolded and open chromatin state, we further resorted to computational modeling. Specifi-
cally, we performed Monte Carlo simulations of an established coarse-grained model of the chromatin fi-
ber”? (see below Coarse grained simulations) to generate an ensemble of open chromatin conformations
in the same temperature and salt conditions as the experiments, but in the absence of inter-nucleosome
stacking interactions between the H4 histone tail and the acidic patch. From this larger ensemble of confor-
mations, a hundred relatively uncorrelated structures were picked and used to build all-atom models of the
chromatin configurations (Supplementary Fig. 13a). We then measured inter-dye distances for all nucleo-
somes in these structures for DA1-3 and produced distance distribution histograms (Supplementary Fig.
13b,c,d). These histograms showed that expected peak inter-dye distances were 110 A (and a smaller fraction
of structures with 190 A) for DA1, 80 A and 120 A for DA2 and 90 A for DA3. These distances match distances
expected for states D in the PDA (Fig. 4a).

Finally, to understand the intra-tetranucleosome dynamics observed for DA2 (Fig. 4a,b) we employed
the tetranucleosome X-ray structure?® to test how structural distortions affect inter-dye distances for DA1
and DA2 (Supplementary Fig. 13e,f) and DA3 (Supplementary Fig. 13g). DA2 was found to be more sensitive
to tetranucleosome distortions, and distances observed for state C could be modeled by a 30° change in the
tetranucleosome interaction angle (Supplementary Fig. 13e) or by a 30° rotation of one nucleosome relative
to its neighbor (Supplementary Fig. 13f). Importantly, these conformations still allow interactions at the H2B
and H2A four-helix bundle® to persist. To illustrate the effect of nucleosome structural motions on each of
FRET dye configurations (DA1, DA2, DA3), we plot FRET-average inter-dye distance as a function of the mo-
tion coordinate (Supplementary Fig. 13e,f). We used tetranucleosome structural models®® as a starting point

for our illustrations. First we tested, how the DA1 and DA2 inter-dye distances change with respect to the
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clamshell-like opening angle between the two nucleosome units (N5, N7, Supplementary Fig. 13e). To define
the clamshell rotation coordinate, we chose an axis going through the phosphorous atom of the unit N7,
chain B, residue 55 and the phosphorous atom of the unit N7, chain A, residue -30. Thus, clamshell motion is
the rotation of the unit N7 around the specified axis with the origin at the phosphorous atom of N7, chain B,
residue 55. Second, we tested the DA1 and DA2 distance change with respect to the in-plane nucleosome
rotation. To define this second rotational motion coordinate we chose the rotation axis between the centers
of mass of the nucleosome units N5 and N7. Thus N7 is rotated around the specified axis with the origin at
the center of mass of N7.

As the result we have observed that DA2 distance senses nucleosome clamshell motion while DA1 does
not (Supplementary Fig. 13e). (Roa)e for DA2 changes from 69 A to 48 A in the angular range of -30° to 0°.
DAL is not sensitive to this motion and varies only from 47 to 50 A. In the case of in-plane rotation, (Roa)e for
DA2 drops from 70 A to 50 A, when angle ranges from -30° to 30°. (Roa)e for DAL is also sensitive to this

motion and shows an increase of (Roa)e from 45 A to 58 A.

Coarse grained simulations
The 12-nucleosomes chromatin fibers with 177bp repeats (~30bp linker DNAs) were treated at a coarse-
grained resolution using a mesoscopic model developed and validated by Arya and Schlick?*?*. According to
this model, each nucleosome core (histone octamer plus wound DNA) is treated as a rigid body with an ir-
regular surface described by 300 charged beads; the linker DNAs are treated as charged bead-chains with
each bead representing a 3 nm-long segment of double-stranded DNA; and the histone tails (N termini of
H2A, H2B, H3, and H4 and C termini of H2A) are also treated as charged bead-chains, where each bead rep-
resents five amino acid residues. The core, linker, and tail beads are assigned excluded volume potentials, to
prevent them from overlapping with each other, and charges, to reproduce the electrostatic field of their
corresponding atomistic counterpart at the specified salt concentration. The linker DNAs are assigned an
intramolecular force field to reproduce experimentally obtained bending and torsional rigidity of DNA, and
the histone tails are assigned an intramolecular force field to reproduce the configurational properties of
atomistic histone tails. In this study, the nucleosome entry/exit angle was set to 130°, compatible with the
trajectory of linker DNA in the tetranucleosome structure of Song et al.’, and the monovalent salt concentra-
tion was set to 50 mM. The effects of Mg?* were treated phenomenologically, with suitably modified Debye
length and persistence length of the linker DNA, as described elsewhere?.

To generate an equilibrium ensemble of fiber conformations at 293 K, we used a tailored Monte Carlo
simulation approach as described elsewhere?*. Briefly, the simulations employed four Monte Carlo “moves”:

global pivot rotation of the end portions of the fiber about a randomly picked nucleosome core or linker DNA
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bead, local translation and rotation of a randomly picked linker DNA bead or nucleosome core, and configu-
rational bias regrowth of a randomly picked histone tail. The simulations were performed for 40 million steps,
with the above four Monte Carlo moves implemented at a relative frequency of 0.2: 0.1: 0.1: 0.6, respectively.
We picked a total of 100 uncorrelated fiber conformations from the simulated ensemble, which were then

used to generate the corresponding atomistic models of the fiber (Supplementary Fig. 13a-d).

Step 11: Final model and its validation - A unified model of chromatin dynamics

Based on the analyses presented above (steps 1-10) we formulated a unified model for chromatin dynamics
(Fig. 6). The model encompasses two dynamic populations, corresponding to two tetranucleosome registers
(register 1 and 2). From dynPDA of DA1 — 3, ranges for the exchange rate constants were determined and are
given in Fig. 4i. The presented model is well supported by the whole of the experimental data and is corrob-
orated by matching results from different analyses yielding FRET efficiency states, dynamics rate constants

and populations (Steps 2 - 4) and dynamic PDA (Step 6).
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