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Abstract

Fluorescent labels are widely used in biochemistry to study the conformational dynamics
and intermolecular interactions in biomolecules. Understanding the basic photophysical
mechanisms of these fluorescent labels and their environment dependence can improve
the design and accuracy of biophysical techniques. In the presented work, the influence
of biomolecular environment on the fluorescent properties of covalently-linked organic
dye labels are investigated and the potential of fluorescent probes to sense the local and
global biomolecular environments demonstrated.

To reveal the distinct photophysical signatures of different RNA micro-environments, a
systematic study of the fluorescence properties of commonly used organic fluorophores,
Alexa488 and Cy5, in different RNA environments are carried out. The results are
corroborated by accessible volume (AV) and molecular dynamics (MD) simulations to
provide structural insights on potential interaction modes. In addition to sensing the local
environment, the ability of fluorescent labels to shed light on the tertiary and global
structures of RNA is demonstrated. The influence of the protein environment on dye
properties is explored with Alexa488 and Alexa647 dyes labeled on the bacteriophage T4
Lysozyme. Combining spectroscopic studies and MD simulations, a detailed insight into
the origin, extent and modes of dye-protein interactions is achieved. AV calculations are
employed to determine the role of positively charged amino acids in dye trapping and in
providing a quenching environment. AV also reveals the manner in which protein
dynamics affect dye properties. Detection of substrate binding and protein denaturation
are reported as illustrative cases of fluorescence sensing.

Forster resonance energy transfer (FRET) is a fluorescence-based technique that
employs a pair of fluorescent labels to report on the structural dynamics of a biomolecule.
The insights obtained from the photophysical studies of dyes are discussed in the context
of FRET measurements and guidelines are provided to avoid or minimize detrimental
effects of dye-biomolecular interactions. Those interactions which significantly alter the
dye distribution are incorporated into the label description for FRET dyes and these
modifications proven to significantly improve the accuracy of FRET-derived structural
models. Thus, in future fluorescence-based studies, the knowledge acquired from the
present study regarding the environmental sensitivity of dyes in different biomolecular
environments can be used to improve the label or model design, the experiment plan or
the interpretation of observations.
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Chapter 1. Introduction

1.1 Fluorescently labeled biomolecules

Fluorescence is a powerful approach for studying the conformational dynamics and intra-
and intermolecular interactions occurring in biomolecules. Fluorescently labeled
biomolecules have been widely used in the mechanistic studies of proteins (transcription
factors', chromatin?, enzyme?® etc.) and nucleic acids (DNA*, Holliday junction®), cell
imaging (of single RNA molecules®, multiplexed RNA’, cancer cells®, proteins®),
diagnostic assays(probing nucleic acid hybridization', oligonucleotide structure, viral
nucleic acid'?, disease'?, serum proteins'™) etc. Fluorescence has multiple parameters
that can be exploited to yield information about the biomolecule, namely fluorescence
lifetime and anisotropy, absorption and emission spectra and fluorescence quantum yield
and brightness'1®. Additionally, when two or more fluorophores are attached to a
biomolecule, for example, in Forster resonance energy transfer (FRET), we obtain
additional information via the dipolar coupling. In this popular biophysical technique,
distance-dependent energy transfer occur between site-specifically labeled donor and
acceptor fluorescent labels'”-'8. Fluorescence correlation spectroscopy (FCS) is another
widely-used technique where the conformational flexibility, structural dynamics and the
hydrodynamic transport properties in biomolecules are determined from the fluctuating
signal (brightness) of a fluorophore diffusing through a confocal volume'®-2', In this way,
various distinct fluorescence-based techniques can be applied to monitor biomolecular
processes spanning over a time range from femtoseconds to seconds. The attractive
features of fluorescence spectroscopy can be effectively utilized by the selection of an
appropriate fluorescence technique?? for the required application, the choice and design
of suitable fluorescent probes and a thorough understanding of their photophysical
properties.

1.1.1 Sites for fluorophore labeling and coupling chemistry

Fluorescent labeling can be performed at different sites in a nucleic acid or protein and
the chemistry of dye-biomolecule coupling is diverse. The choice of labeling sites and

chemistry has to be made with a focus on the requirements of the study. A general

overview of the possible sites and methods of dye attachment are described below.



a) Nucleic acid labeling sites

Since the nucleobases in nucleic acids are intrinsically non-fluorescent, they are replaced
with a chemically modified fluorescent nucleobase analogue to introduce fluorescent
nature. These modifications result in isomorphic, expanded, chromophoric or extended
nucleosides?3. While isomorphic nucleoside analogues contain small substituents or
additional heteroatoms on the natural nucleoside, expanded nucleosides contain
additional aromatic rings on the natural nucleoside and chromophoric nucleosides replace
the natural nucleoside analogues with bulky, aromatic chromophores. This thesis deals
exclusively with extended modifications where small molecule organic fluorophores are
covalently coupled to the nucleosides via linkers. This is accomplished either through
groups present naturally in nucleic acids (like amino, hydroxyl, phosphate groups) or
through some other reactive groups (primary amines, thiols, azides etc.) introduced
specifically for targeted coupling®*. Covalent fluorescent labeling can occur at various
sites on a nucleic acid, namely the phosphate backbone, the sugar moiety or the

nucleobases?®33(Fig. 1.1).

Fluorescent dye coupling at the backbone can occur at phosphate groups at the terminal
sites, 5" or 3’ end?*343% or at the internucleotidic phosphate group. In some cases, the
phosphate group itself is modified to a phosphorothioate group by substituting sulfur for
one of the non-bridging oxygens of the phosphate group6-4°. Of the different possibilities
for backbone labeling, the 5’ labeling appears more frequently in applications36:4142 than
3’ labeling***5 or internucleotidic labeling3%4946-48  The prevalence of 5 labels in
comparison to 3’ labels could be because most of the biological applications of chemically
synthesized oligonucleotides require molecules with free 3'-hydroxyl functions and
therefore the common automated solid phase oligonucleotide synthesizers anchor the 3’
end of an oligonucleotide to a support such that this end is cleaved only during the final
deprotection, while the 5" end is available for modifications*®. DNA backbone dye labeling
has been used in the literature to control the orientation of the dye in FRET studies. Ranjit
et al. made use of this strategy by rigidly attaching the Cy5 fluorophore to the DNA
backbone by internucleotidic modifications*®. These rigid attachments reduce the
uncertainties in donor-acceptor distance associated with the flexible linkers (commonly

referred to as the kappa square uncertainty in FRET*°) while also preventing undesirable
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dye-DNA interactions*®. Igbal et al. took control over the relative dye orientation by
labeling the cyanine dyes on the 5’ terminus where they are expected to predominantly

stack in the manner of an additional base pair®°.

Dye

5'end N2 NH

3'end

Figure 1.1. Dye labeling sites on the nucleic acid backbone, sugar and modified nucleobase.

Strategies for dye coupling to any nucleobase have been developed where the
fluorescent functionalization of the nucleobases is preceded by its chemical modification.
This advancement was made possible in the wake of the fluorescence-based DNA
sequencing approach which required dye labeling at every position in the DNA
sequence®®®'. The most ideal attachment site in a B-form DNA is position 5 for pyrimidine
bases and position 7 for purines (more specifically, 7-deazapurines), because these
positions do not affect the Watson—Crick base pairing and are well-accommodated in the
major groove of the DNA duplex. Additionally, the C5 modified pyrimidines and C7

modified 7-deazapurines are favored in DNA polymerase-catalysed nucleobase



polymerization?>®'. For the common RNA A-form helix, the situation is expected to be

different due to the difference in the groove geometry%253,

Compared to dye labeling at the backbone and nucleobases, the covalent fluorescent
labeling at the sugar moiety is less common. Nevertheless, the 2'(3")N-methylanthraniloyl
(Mant)** and 2’,3’-O-(2,4,6-trinitrophenyl) (TNP)°® derivatives have found applications in
structural and mechanistic studies of nucleotide binding sites, catalytic sites®6-° etc. In
fluorescence-based DNA sequencing, the fluorescent dyes have also been attached to

the sugar of dideoxynucleoside triphosphates to act as chain terminators?’-°,
b) Protein labeling sites

Fluorescent probes in proteins can be intrinsic or extrinsic. Intrinsic probes are naturally
occurring amino acids like Tryptophan (Trp) or Tyrosine(Tyr) which are intrinsically
fluorescent®'-64. Extrinsic fluorophores fall into four main categories: fluorescent proteins,
peptide tags, nanoparticle labels and small organic fluorescent molecules. Fluorescent
proteins (e.g. Green Fluorescent Protein®®) are ‘built-in’ genetic labels approx. 25 kDa in
size, fused through recombinant cloning to the fluorescent protein at the N or C
terminus?2%6. Peptide and protein tags (e.g. SNAP tag®’) are fluorescently labeled
synthetic peptides and special proteins, respectively, which are attached to the target
protein?288-70 Nanoparticle labels such as quantum dots are semiconductor nanocrystals
with a reactive core that controls their optical properties (e.g. CdSe core) with high

quantum yields and high extinction coefficients coupled to the protein of interest’"72.

In this thesis, | employ small organic fluorescent molecules as fluorescent labels. Organic
fluorophores generally have a wide spectral range, small size, good photostability and
adequate brightness??. These organic fluorescent molecules are covalently coupled to an
amino acid in the protein (Fig. 1.2). The side-chain amine group of lysine and the thiol
group of cysteine are suitable handles with which commercially available dye derivatives
can be coupled to. Cysteine labeling is highly popular due to this amino acid’s relative
rarity in the protein and the ease of its introduction into a specific site by site-directed
mutagenesis without perturbing the protein’s function. Thiol-reactive dye derivatives such
as maleimide, conjugations such as haloacetyl, alkyl halide, and disulfide interchange

derivatives may be used’374.
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Figure 1.2. lllustration of dye labeling sites on a peptide.Examples of natural (Cys, Lys)
and unnatural (pAcPhe, PrK) amino acids used for covalent dye attachment are shown
(indicated by shading). The various functionalizations commonly used for dye attachment are
also shown (black).

ye

An orthogonal route to achieve site-specific dual-labeling of proteins with dyes is using
amber suppression technology to genetically introduce the unnatural amino acid (UAA)
p-acetylphenylalanine (pAcPhe). The genetically encoded unnatural ketone amino acid is
then labeled with a hydroxylamine-derivative of the desired fluorophore’. Other UAAs
like homopropargylglycine, propargyllysine (PrK) or ethynylphenylalanine that provide
alkynyl sites for attachment of azido dye derivatives may also be genetically
incorporated’®’7. Similarly, there are UAAs with ring-strained alkynes or alkenes that

react, respectively, with dyes containing azide or tetrazine groups’®.
c) Labeling chemistry

The common coupling chemistries for covalent dye attachment can be described by four
basic coupling functionalizations (Scheme 1): (1) Amide bond formation: between amino
group in modified nucleobases, in Lys residues or at the N terminus of the protein and the
N-hydroxysuccinimide (NHS) derivative of the dye’®. (2) Michael addition: between a thiol
group in the biomolecule and the maleimide derivative of the dye3*73. (3) Click chemistry:
cycloaddition between azido and alkynyl groups in the biomolecule and the dye3489-82_(4)
Oxime formation: between the ketone-bearing amino acid, p-acetylphenylalanine, in

proteins and hydroxyl amine functionalized dye’>83,



In several practical applications like FRET, PET etc., the fluorescent dye is attached via
a linker to the biomolecule. The linker serves as an extended arm that allows larger spatial
separation between the labeling site and fluorophore?%395184 to allow unrestricted dye
movement. Dyes that are covalently attached by chemical linkers are constrained to
certain domains on the nucleic acids. Therefore, the effective local concentration of a dye
molecule in the immediate vicinity of a particular region of the DNA molecule is increased,
reaching effective concentrations of up to 1 M depending on the length of the linker. Thus,
dye-DNA interactions, which would otherwise not occur if the dye was not conjugated,

are manifested®®.

(1) Amide bond formation )J\ OH
o] R
R=——NH2 + | —_— \ v
o] N 0

1° amine amide bond conjugate
NHS dye derivative
(2) Thiol- Michael addition R 9
R
| R
N \S N/
R—sH  + ovo - -
Thiol
maleimide dye derivative thiosuccinimide conjugate
(3) Click chemistry
- R'
N\\ \
N
+ Cu(l)
- N
_— R + \\ —_— / \
N
/ N
Alkylnyl R Dye azide ' . N
Triazole conjugate
(4) Oxime formation
R
R R'\
+ O——NH2
HCI
hydroxyl amine dye derivative i
pAcPhe oxime derivative N\O/R

(0]
Scheme 1.1. Common strategies for dye labeling on nucleic acids and proteins
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1.1.2 Influence of environment on the fluorescent properties of coupled dyes

When the covalently coupled fluorescent dyes are labeled at a particular site in a nucleic
acid or protein, they interact with suitable functional groups in their vicinity. These
interactions may be electrostatic®-8, hydrophobic®®® or n-stacking®-®® and they
modulate the fluorescence properties of the dyes. Some of the general photophysical

changes observed are described below.
a) Absorption spectral shifts

When dyes are terminally labeled at nucleic acids, n-stacking interaction of the dye and
terminal nucleobase causes electronic coupling between them, and a ground state
complex is formed, which results in a characteristic shift of the absorption spectra of the
dye. Kupstat et al.®” reported a bathochromic shift of 8 nm for the oxazine dye ATTO680
and 7-31 nm shift for ATTO610 due to conjugation with the DNA at the helix terminus.
Heinlein et al.®® observed bathochromic shifts of 4-6 nm upon addition of deoxynucleotide
monophosphates for the absorption maxima of the rhodamine dyes, Rh6G and TMR, and
the oxazine dyes, MR121 and JA242. In studies conducted by Li et al.®®>, TMR showed a
red shift of about 15 nm in 1 M guanosine. However, investigations from Ranjit and
Levitus'® caution the assignment of bathochromic shifts to ground state complex
formation. The 3 nm red shift they observed for the cyanine dye, Cy3B, in concentrated
solutions of dGMP could be assigned to changes in the refractive index of the solution
when high concentrations of nucleotides are dissolved in the buffer; thus proving that the

observed shifts need not necessarily be due to dye-biomolecular interactions.
b) Anisotropy changes

Fluorescence anisotropy is found to be highly sensitive to dye interactions with the
biomolecule. When molecular rotations occur during the excited state lifetime of a dye, its
fluorescence will be depolarized, resulting in a reduction of anisotropy over time.
However, when dye-biomolecular interactions occur, free rotations of the dye are
hindered, bringing about an increased anisotropy'®!. For example, in fluorescein** and
MR121% dyes, high anisotropy values were measured when labeled to DNA hairpins due
to dye interaction with a guanosine residue at the end of the isolated DNA strand. The

interaction between the Elongation factor like-1 GTPase (EFL1) and the Shwachman-
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Diamond Syndrome (SBDS) protein was reflected in the fluorescence anisotropy changes
of the dye 4',5'-bis(1,3,2-dithioarsolan-2-yl) fluorescein labeled at the C-terminus of the
recombinant SBDS protein and helped uncover quantitative and mechanistic information

on the binding mode between these proteins'%?.

A change in anisotropy can arise from changes in the local segmental motion of the dye
as well as changes in the global motion. For the oxazine dye, ATTO610, conjugation with
double stranded DNA (dsDNA) leads to delayed fluorescence anisotropy due to a
complete loss of segmental mobility®”. For the dyes Alexa488, Oregon Green 488 and
Oregon Green 514 when conjugated to biomolecules, changes in steady-state and time-
resolved fluorescence anisotropy occur and are assigned to changes in both local and

global dye motions™".

Sindbert et al.'®3 described dsDNA and dsRNA internally labeled with Alexa488 and Cy5
using the wobbling-in-cone (WIC) model. The xanthene chromophore of Alexa488 is
perpendicular to the linker. Therefore, Alexa488 anisotropy can sense both the linker
wobbling and the dye rotations. Even if the linker is completely stiff, the dye can rotate
about the linker, resulting in a low residual anisotropy. The cyanine dye is attached
parallel to the linker such that the anisotropy senses predominantly the linker motions, as
the dye rotation about the linker hardly affects the fluorescence depolarization and if the
linker is stiff, a very high residual anisotropy results. The experimental anisotropy decays
also showed that the dye motion is more restricted for the RNA since the groove is deeper
and narrower in RNA than in DNA.

Anisotropy changes in cyanine dyes have been observed in other studies too.
Steffen et al. reported an increased amplitude of the global anisotropy due to sulfonated
Cy3 and Cy5 dyes stacking with the nucleic acid®®. They also demonstrated that the
extent of motional restriction on the dyes by the macromolecular environment can be
deduced from dynamic anisotropy measurements. Sanborn et al. showed that Cy3 dye,
on interaction with single stranded DNA (ssDNA) experiences lack of rotational freedom
when linked to the terminal 5’ phosphate. This was evidenced by the slow anisotropy

component >2.5 ns which dominates 88% of the anisotropy decay*.



c) Fluorescence quenching

When fluorophores with appropriate redox potentials interact with the guanine nucleobase
in nucleic acids or an amino acid like Tryptophan in proteins within the van der Waals
radius, fluorescence quenching is seen to occur'®. Oxazines (e.g. MR121 and ATTO
655'%), rhodamines (e.g. Rh6G'%® TAMRA'%" Alexa488, Alexa555 and Alexa5941%),
fluoresceins (e.g. FAM'%%) and BODIPY(e.g. BODIPY® FL'"0) dyes are some of the most

common commercial fluorophores seen to undergo fluorescence quenching.

Table 1.1. Redox properties of selected fluorophores measured vs NHE

Free Fluorophore Ered [V] Eox[V] Eo,0[eV] Solvent Reference

5-FAM -0.47 2.46 Aqueous Torimura et al."""
BODIPY FL -0.83 2.43 Aqueous Torimura et al.""
BODIPY R6G -0.22 2.31 Aqueous Torimura et al.’"!
Texas Red -0.88 2.08 Aqueous Torimura et al.'"
MR121 -0.26° 1.64P 1.90 Acetonitrile Heinlein et al.%
R6G -0.71° 1.63° 2.27 Acetonitrile Heinlein et al.%
Cy5 -0.64° 1.06° 1.88 Acetonitrile Heinlein et al.%

7-methoxycoumarin (C-3H) -1.62 2.04 3.48 Acetonitrile Seidel et al.%®

7-methoxycoumarin-3-carboxylic

- itri i 36

acid ethyl ester (C-3Es) 1.16 2.20 3.35 Acetonitrile Seidel et al.
3‘°ya”°'7'me;2°,\’l‘)y coumarin (G- 100 | 2.30 3.26 Acetonitrile Seidel et al.%
Carbostyryl-124 (Ca-124) -2.24 1.19 3.30 DMF Seidel et al.36
Coumarin-120 (C-120) -1.9 1.38 3.22 DMF Seidel et al.3¢
RhodamineB (RhB) -0.56¢ 1.18¢ 2.19 Acetonitrile Fries, J.R. 112

E,x and E,.,; are the reduction potentials of the oxidized electron donor and the electron acceptor, E,, =
(Egps — Eocm)/2, is the energy of the singlet-singlet transition of the fluorophore and NHE: normal hydrogen
electrode. P Potentials measured against saturated calomel electrode (SCE) and converted to NHE by adding
0.24 V. ¢ Potentials measured against Ag/AgCl and converted to NHE by adding 0.20 V. Dye structures in Fig. 1.4.

The main mechanism for fluorescence quenching is photoinduced electron transfer (PET)

where an electron transfer occurs between an electron donor and an electron acceptor

when they are within the van der Waals radius. The energetics of PET are explained



further in chapter 2.1 (d). Usually, the quencher is an amino acid or nucleobase and the
electron acceptor is the organic fluorophore. Among nucleobases, guanine is the most
prominent PET quencher due its low E,, and thus high propensity to donate an
electron®8.113, while in proteins, it is tryptophan'®. The sequence of quenching efficiency
for the nucleobases was found by Seidel et.al.®6. If the nucleobases are reduced, the
sequence of the quenching efficiency was found to be G < A< C < T <U ; and the
sequence reversed when the nucleobases are oxidized . A summary of redox properties
of common dyes and nucleobases is given in Tables 1.1 and 1.2.

PET quenching can occur transiently through molecular collisions (dynamic quenching),
or by ground-state complex formation (static quenching). Since the ground state
complexes formed by static quenching are non-fluorescent or very weakly fluorescent,
the predominantly observed fluorescence is from the uncomplexed fluorophore, leaving
the fluorescence lifetime usually unperturbed!®'14. For this reason, although dynamic
and static quenching reduce fluorescence intensity, most often, only the dynamic

quenching reduces fluorescence lifetime.

Table 1.2. Redox properties of nucleoside/amino acid quenchers measured vs NHE

Nucleoside/ Ered [V] Eox[V] Solvent Reference
amino acid
dG -2.43 1.48 Acetonitrile Seidel et al.%¢
dT -2.18 2.11 Acetonitrile Seidel et al.3®
dc -2.35 2.14 Acetonitrile Seidel et al.%¢
dA -2.52 1.96 Acetonitrile Seidel et al.3®
du -2.07 >2.39 Acetonitrile Seidel et al.®
Tryptophan 0.81;0.64 Aqueous Doose et al.'04
Tyrosine 0.7 Aqueous Doose et al.04
p-Cresol <-2.16 1.64 Acetonitrile Seidel et al.'"®

E,. and E,.; are the reduction potentials of the oxidized electron donor and the electron acceptor, NHE: normal
hydrogen electrode, ° Potentials measured against saturated calomel electrode (SCE) and converted to NHE by

adding 0.24 V.
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Figure 1.3. Fluorescence of charge transfer complexes. The ground state complex [F - Q]
on absorption gets excited to [F* - Q], the excited ground state complex. This can form the
charge transfer complex [F~ - Q'*] by charge separation with a rate constant kcs. The CT-
complex then decays non-radiatively by charge recombination with a rate constant kcr. Case
1: The CT complex is fully quenched due to fast kcs and kcr. Case 2: Weak residual
fluorescence results from slow kcs. Case 3: Little to no fluorescence quenching. CT-complex
formation is reversible (indicated as rev. kcs) with fluorescence lifetime is enhanced.

The fluorescence properties of a statically quenched dye depend upon the rate constant
of formation of the charge transfer (CT) complex from the excited state ground state
complex (Figure 1.3). Case 1: The CT-complex is very stable and the rate constant of
charge separation (kcs) is high. In this case, the backward reaction from the CT-complex
to the excited ground state complex is highly unlikely. The energy of the CT-complex is
then dissipated non-radiatively via charge recombination (CR) to the ground state
complex, resulting in strong quenching with the formation of a dark complex. eg. R6G-
guanine conjugate. Polar environmentss favor the stabilization of the charge separated
state and, in turn, favor dark complexes in static quenching. This prompt fluorescence
quenching prevents us from observing the ground state complex in the fluorescence
spectra. However, since the electronic structure of the free dye is different from that of
the dye-quencher ground state complex, the complex is readily observable by absorption
spectroscopy. Case 2: The rate constant of charge separation and thereby the formation
of the CT-complex is much slower, resulting in weak quenching. The excited state ground
state complex can undergo a weak residual fluorescence'* (kres) resulting in a short
fluorescence lifetime component of approx. hundreds of ps. The energy of the CT-

complex is not high enough for the reversible transition. Case 3: When the dye is a poor
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electron acceptor, eg. C-120-adenine conjugate, the energy of CT-complex is very close
to or even higher than that of the excited ground state complex. kcsis very slow and there
is a high probability for the CT-complex to return back to the excited ground state,
resulting in reversible quenching. When the excited state then emits by fluorescence, the
lifetime is enhanced. Such cases with no quenching or reversible quenching occurs more

frequently in a non-polar solvent.

For the different dyes, the contribution of static and dynamic quenching depends on the
dye-quencher combination. Chen et al. identified four quenchers for AL488: tryptophan
(Trp), tyrosine (Tyr), histidine (His), and methionine (Met)'%. While tryptophan quenches
by dynamic and static pathways, PET quenching by His is mostly static. In another study,
steady-state and time-resolved fluorescence measurements were performed to elucidate

the quenching mechanism of oxazine, rhodamine, carbocyanine, and bora-diaza-
0,
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indacene dyes by amlno acids. ATTO 655, ATTO 680, and the oxazine derivative MR

121 are quenched almost exclusively by tryptophan by static quenching; while rhodamine,

fluorescein, and bora-diaza-indacene derivatives are quenched by tyrosine residues also.
For the two bora-diaza-indacene dyes, BODIPY-FL and BODIPY630/650, dynamic
quenching predominates. Meanwhile, the quenching of carbocyanine dyes by PET were

found to be negligible®.

Figure 1.4. Structures of fluorophores discussed. 5-FAM'""", BODIPY-FL'""", BODIPY-R6G""",
7-methoxycoumarin®, Coumarin-1203%, Texas red''!, Rhodamine B''2, MR121"% and JA242%,
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Quenching via PET is also controlled by the steric access of the dye to the quenching
moiety. For the BODIPY-R6G probe, it has been shown that, while the free dye is strongly
quenched by guanine, the DNA-labeled dye only exhibits slight quenching upon
hybridization to a complementary strand containing guanine due to the steric hindrance
of the bulky phenyl groups present in BODIPY-R6G'"". For the rhodamine dye Alexa546
the presence of the negatively charged sulfonates and the bulky chlorine atoms in the
phenyl group prevent the dye from interacting with the nucleobases at a distance short
enough for electron transfer to be efficient'®. It was seen that in a DNA-hairpin, the dye
MR121 adopts an end-capped conformation because of its symmetrical planar structure,
resulting in efficient PET. In contrast, the quenching efficiency for the label JA242 is much
lower due to the three additional methyl groups which impede coplanar stacking in an
endcapped conformation®. This feature is useful when studying folding-unfolding
transitions in proteins. Neuweiler et al. investigated folding dynamics of the 20-residue
mini-protein Trp-cage where a single Trp residue is buried in a small hydrophobic core
and shielded from the solvent''”. When MR121 dye is labeled on the surface of the
protein, in the folded state of the protein, the dye is shielded from quenching interactions
with the “caged” Trp residue in the hydrophobic core, whereas in the denatured state, Trp

is solvent-exposed and quenches MR121 fluorescence.

Chen et al.’%” showed that the PET interaction between guanosine residues in DNA and
Tetramethyl Rhodamine dye resulted in quenching when these guanosine residues were
close to the terminal of the DNA where the dye is attached. Quenching was seen to be
higher when the G residues were in the complementary strand near the dye. Ohya et
al.’8 studied the effect of duplex formation on eosin and tetramethylrhodamine attached
to the 5'-terminal of DNA oligos. They also came to the conclusion that guanine residues
on the complementary DNA strand near the dyes had a major influence on the quenching.
Similar results were obtained by Berger''® who studied guanine quenching of 5’ terminal
Rh6G label coupled to dsDNA by a C6 linker with the guanine at different locations. At
the terminus, the quenching was higher when guanine was on the complementary strand
compared to the same strand as the label. Guanines at 2 and 3 bases from the terminal

label had drastically lower quenching comparatively. The effective distance of guanine
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quenching was up to 3 base pairs from the label. When a shorter linker was used, the dye

was seen to be quenched more by the guanine on the strand to which it was attached.

In addition to nucelobases like guanine and amino acids like Trp, quenching can also be
caused by extrinsically introduced quenchers like Dabcyl, BHQ-1 and QSY-7.'20. |t was
seen that when both a reporter and a quencher dye were present, static quenching,
involving a reporter—quencher ground-state complex, occurs. Here, FRET and static
quenching frequently occur together. Marras et al.’! proved that even though spectral
overlap between the emission spectrum of the fluorophore and the absorption spectrum
of the quencher is a prerequisite for efficient FRET, it is not a significant factor determining
PET quenching efficiency. As long as the fluorophore and the quencher come within van
der Waals contact distance of each other, quenching efficiencies stay very high even in

the absence of spectral overlap.

While PET generally requires van der Waals contact, a long-distance quenching effect
has also been reported®:113.122_|t has been postulated that electron-transfer reactions do
not require intimate molecular contact and may well occur over larger distances. The
charge transfer may occur along the nucleic acid helix'?325 or the proteins'?® which act
as bridges through which the electrons of the fluorophore can be transferred'?”:28, The
assumption is that a molecular band is created due to electronic interactions in the
biomolecule where the electronic states are delocalized over the length of the molecule

and aid in conduction'2°.

In synthetic DNA hairpins, GG or GGG sequences have been shown to be very shallow
hole traps and reversible hole transport between a guanine donor and such sequences
ensues.’'3. Additionally, energy studies showed that electron transfer across peptides are
influenced by the magnitude and direction of the dipole generated by the peptide
secondary structure. Thus the nature of the secondary structure of the peptide also plays

an active role in PET130,

In addition to PET, fluorescence quenching by proton-coupled electron transfer (PCET)
mechanism?® is also noteworthy. Here, electron and proton transfers occur either in a
concerted manner, or sequentially, and results in a stable complex. Non-radiative

transition from this state contributes to the overall quenching of the fluorophore.
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d) Fluorescence enhancement

For cyanine dyes such as Cy3, Dy547, Cy5, Alexa647 or Thiazole orange'03131-134
interactions with biomolecules can instead lead to fluorescence enhancement. The
common feature among all these dyes is that they are composed of two rings
interconnected by carbon—carbon double bonds that undergo cis—trans isomerization'.
The cause of the enhancement in fluorescence has been shown to be a decrease in the
efficiency of photoisomerization, and it occurs in conditions where the dye is sterically
constrained. This phenomenon is known in literature under different names: when the
nucleic acid-coupled dye undergoes fluorescent enhancement on interaction with a
protein, it was named “Protein-induced fluorescence enhancement” (PIFE)'3%13¢, When
the dye interaction occurs with a nucleic acid, it was called “Nucleic acid induced
fluorescence enhancement” (NAIFE)®C. For the specific case of RNA, the name “RNA-

induced fluorescence enhancement” (RIFE)® was also proposed.

In addition to steric restriction, fluorescence enhancement in cyanine dyes have been
demonstrated by a completely different mechanism that occurs in the presence of D20
medium 37, When the dyes are measured in H20 or protonated alcohols38, fluorescence
quenching can occur due to efficient energy transfer (FRET) from the excited state of the
dye to the harmonics and combination bands of OH vibrational modes of water. The
solvent-assisted quenching rate constant in H20 for the Cy5 dye is 1.7x108 s-'. Therefore,
replacing protonated solvents by deuterated ones enhances the dye fluorescence. It
should be noted that the extent of enhancement depends upon the dye’s accessibility to
water molecules. If the dye is in an environment where it is shielded from the solvent, the

enhancement is expected to be minimal.

Fluorescent enhancement on steric restriction was first observed for the fluorophore Cy3
labeled on ssDNA close to the binding site of E. coli SSB protein'3213°. Another good
example for PIFE is the case of the Cy3 labels attached at the 3’ and 5’ of a ssSDNA%3,
Here, it was seen that a difference in the steric hindrance induced by the bound hRPA
protein at the 3’ and 5 ends causes a difference in fluorescence lifetimes in the
corresponding labels. The different photophysical responses at either ends of the same
helix showed that the protein environment close to the cyanine dye can modulate the rate

constant of cis-trans photoisomerization and thus its fluorescence properties.
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The attachment of a bulky substituent such as DNA can also produce a decrease in the
isomerization rate constant, and a concomitant increase in the fluorescence quantum
yield (QY) and lifetime#?. Studies show that steric constraints for the dye occur not only
due to protein binding, but also due to stacking with the helix end, in a nick, gap or
overhang region in a nucleic acid'4?, giving rise to a phenomenon called stacking-induced
fluorescence increase (SIFl). The fluorescence enhancement in all these cases are due
to association of the dye or dye-labeled nucleic acid with a biomolecule. Therefore, in this
thesis, the term association-induced fluorescence enhancement (AIFE) is coined,
encompassing PIFE, NAIFE, RIFE and SIFI, where the fluorescence enhancement is

caused due to dye interaction with the biomolecule.

To elucidate the photophysical mechanism behind PIFE'® | Stennett et al. used
complexes of DNA and Klenow fragment and a combination of time-resolved
fluorescence and transient spectroscopy techniques. They proved that the enhancement
of fluorescence correlates with a decrease in the efficiency of photoisomerization, and
occurs when the dye is sterically constrained. Widengren and Schwille'#! attempted to
further explain the kinetics of this process by using fluorescence correlation spectroscopy
(FCS) to study the fluorescence fluctuations of Cy5 under different excitation conditions.
They successfully arrived at the rate constants of the isomerization processes (forward

and back-isomerization) and the triplet transitions.

There are several factors influencing the AIFE mechanism like temperature, viscosity of
medium, dye linker properties and geometrical features of the nucleic acid, the

nucleobase sequence and the state of nucleic acid hybridization.

Temperature: The fluorescent properties of Cyanine dyes attached to a nucleic acid are
temperature dependent because photoisomerization is an activated process that
competes with radiative decay from the excited state’®'42. As a result, increasing the
temperature favors photoisomerization, thereby causing a drop in fluorescence?*?143.144,

The activation energy for photoisomerization can be obtained from5:

- - E
In[$71(T) = by hax] = 1A = “¢/ (1.1)
where ¢y is the temperature-dependent fluorescence quantum yield of Cy3, ¢ 4y is the

maximum fluorescence efficiency that would be measured in the absence of
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photoisomerization, A is a pre-exponential Arrhenius factor that depends on the
microscopic friction and the radiative lifetime of fluorescence, and E, represents the
activation energy for isomerization. The effect of temperature must, however, be taken in
conjunction with other factors like hybridization and melting. For instance, when Cy3 was
labeled to a DNA, it was seen that with an increase in temperature, the dsDNA melted to

the ssDNA and the fluorescence QY increased by 40% '8,

Viscosity: Isomerization depends strongly on the viscosity of the medium?42134.143.147 ~ At
higher viscosity the isomerization is hindered, increasing the energy barrier for the non-
radiative decay pathway and thus the quantum yield. The dependence of the rate

constant of isomerization (kiso) on the viscosity is given by:

—E
kiso = f(mexp ( O/RT), (1.2)
where 7 is the solvent viscosity coefficient and E,was found to be solvent independent™3.

Dye linker. The dye linker influences the dye behavior by (1) determining the accessibility
(reach) of the dye and (2) modulating the dye wobbling motion within the constraints of
the nucleic acid (NA) groove. In the former case, the linker lengths affect the fluorescent
properties of cyanine dyes by allowing or preventing stacking at the helix end*?140.146 due
to its accessibility. In the latter case, the fluorescence anisotropies are altered by virtue
of the length and flexibility of a linker. Sindbert et al.'®® studied Cy5 dyes with linkers of
different lengths and rigidity. In RNA, if the linker is stiff and short, the wobbling motions
within the groove are negligible because the major groove of the RNA is very deep and
narrow. The major groove of DNA is wider, and thus even a small linker wobbling motion
is observed. For a highly flexible linker, the linker wobbling is limited by the opening angle
of the groove. Linker lengths can also affect dye-dye interactions. For a multiply labeled
oligonucleotide, the Cy3-Cy3 interactions were seen to be favored at higher labeling

densities when longer linkers are used, as opposed to short linkers'48.

Nucleic acid geometry: It was seen that although Cy3 interacts more strongly with the
purine bases, such interactions require some NA flexibility for the dye to be able to adopt
a proper stacked conformation with a nucleobase. Hence the rigid structure of poly(dA)
and other oligonucleotides containing repeats of purines can prevent strong Cy3 DNA

interactions'2. The geometry of dye-NA interaction is different depending on the type of
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NA%. X ray crystal structures of Cyanine dyes on RNA showed that the long axis of the
fluorophore is approximately parallel to that of the terminal base pair®?. The fluorophores
were shown to be stacked on the terminal base pair such that their indole nitrogen atoms
lie on the major groove side. On DNA, however, NMR studies of Cy5 show the fluorophore
rotated 180° about its long axis, so that the indole nitrogen atoms are on the minor groove
side of the terminal base pair®'. Another effect of nucleic acid geometry arises from the
dependence of fluorescence lifetime on persistence length. Due to the longer persistence
length of RNA, slightly lower lifetimes were obtained for sCy3—RNA oligonucleotides
compared to the corresponding DNA conjugates®. The orientation of the protein with
respect to the DNA-labeled Cy3 was also seen to affect the magnitude of the fluorescence

enhancement*3.

Nucleobase sequence: The fluorescence of cyanine dyes covalently attached to DNA
exhibits sequence-dependent properties as established by different experimental and
simulation - based studies. The fluorescence signal and lifetime of the free Cy3 dye was
found to increase by addition of the nucleobases; the changes being more dramatic in the
case of the purines, dGMP and dAMP'45_ In later studies, similar observations were made
for Cy3 covalently attached to the &' terminus of DNA duplexes where the extent of
stacking and hence the fluorescent properties of Cy3 was influenced by the identity of the
terminal base pair®*142, with the purines (dGMP, dAMP) exhibiting a sharper increase in
fluorescence efficiency and lifetime than the pyrimidines (dTMP, dCMP). This is because
the stacking interactions are stronger for the purines due to their more extended
conjugated system. Asymmetrical cyanine dyes like Thiazole orange (TO) behave similar
to symmetrical cyanines'3? in that these dyes also have a lower affinity for pyrimidines

than purines.

Molecular dynamics simulations, characterizing the effect of the terminal base pair on the
conformational dynamics of Cy3 attached to the 5’ end of a duplex DNA, showed that Cy3
has significantly less affinity for the TA base pair than for AT, GC and CG'*. In a different
study, the dynamics of the dyes, Cy3 and Cy5 attached to either C or G at the 3’ or 5’
ends of an RNA duplex'®? was investigated. 3' attached dyes were shown to explore more
space in contrast to 5' attached dyes that often stacked on the ends of the RNA duplex.

On the 3' end, Cy5 showed conformational freedom only when attached to cytosine.
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These studies demonstrate the sensitivity of AIFE to the immediate environment on

nucleic acids.

Hybridization: Hybridization to the target DNA significantly affects the fluorescence
intensity of the probes. For singly labeled DNA, the quantum yield of Cy3 was shown to
decrease upon going from ssDNA to dsDNA%%146_ Morten et al. reported that a covalently
attached Cy3 dye undergoes strong enhancement of fluorescence intensity and lifetime
upon going from the ssDNA to the annealed hairpin’°. The results of hybridization
studies, though seemingly contradictory, could be explained by considering the linker
lengths which were much shorter in the previous studies*? 146 potentially preventing helix-
end stacking. In a study involving a series of multiply labeled fluorescent oligonucleotides,
the change in fluorescence upon duplex formation ranged from —35% to +20%'48. This
increase or decrease of fluorescence upon duplex formation depends upon several
factors like labeling density, fluorophore charge and linker length. Probes that are labeled
at low density, have short linkers, or are labeled with Cy3NOS (as opposed to Cy3),

exhibited less fluorescence when hybridized.

The fluorescence properties of a covalently attached Cy3 dye was studied in a DNA
hairpin for the influence of a nearby nick, gap or single-strand overhang'*°. The dye was
shown to undergo strong enhancement of fluorescence intensity and lifetime when
stacked in a nick, gap or overhang region in the duplex region of a DNA hairpin because
the dye interaction with the nick or gap increases the stability of the closed (hybridized)
conformation of the hairpin. An interesting observation of nucleic acid systems
undergoing AIFE was that a localized shielding of their negative charges promote
interactions with the fluorophore. Thus cations like Magnesium(ll) sequester some
negative charges of the phosphate backbone and thus favor dye-nucleic acid

interactions®,

Although we describe fluorescence enhancement in all these cases, quenching is also
possible by a PIFE-like mechanism, called PIFQ (protein-induced fluorescence
quenching). This is dependent on the initial state of DNA-Dye complex. For example, if
the dye in the initial state is more restricted than in the final state, fluorescence quenching
results. For instance, Rashid et al.’” showed that if an oligo has considerable secondary

structure or strong specific interactions that restrict the dye’s photoisomerization in the
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initial state which is subsequently disrupted in the presence of ssDNA-binding protein
RPA or a complementary strand, there is a relative increase in the dye photoisomerization

which decreases the fluorescence relative to the initial state.
1.1.3 Application: Fluorescent labels as reporters of biomolecular environment.

(The text in this section 1.1.3 was written in conjugation with Dr. Anders Barth, and was

originally drafted as part of a planned review article.)

Different aspects of the environment-sensitivity of fluorophores have been exploited to

report on the features of the biomolecule. A few of them are discussed below.
a) Utilizing the environment sensitivity of fluorescence quenching

Fluorescence quenching of coupled dyes by nucleic acids has found widespread
application in sensing and as a reporter for structural dynamics. The large structural
changes upon hybridization of single strands or melting of duplexes have a profound
effect on the photophysical properties of attached fluorophores. The presence of
guanines in single-stranded nucleic acids results in strong dynamic quenching by PET if
they are in reach of the fluorophore. In this case, hybridization results in a recovery of
fluorescence due to the reduced accessibility of guanines in the duplex''. On the contrary,
if guanines are present on the complementary strand of the duplex, hybridization may
result in a reduction of fluorescence''. Commonly, experiments are designed such that
the fluorophore is initially quenched and lights up upon hybridization'. An example for
such fluorogenic probes are molecular beacons'®! that consist of a stem-loop structure
that places the terminally attached fluorophore close to a quencher on the other end of
the strand. Upon binding to the target sequence, the fluorophore is separated from the

quencher and the fluorescence is recovered.

Instead of introducing a specific quencher molecule, fluorogenic probes based on DNA-
hairpins using terminal guanines as quenchers have been widely applied. These “smart
probes”'®? have the advantage that a double functionalization of the nucleic acid is not
needed. A detailed characterization of the quenching of the oxazine dye MR121 in such
stem-loops has been performed by Heinlein et al.®®. The study revealed a nearly
completely quenched ground-state complex and showed that the quenching efficiency is

maximized through the addition of short single-stranded overhangs and the use of the
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guanine derivative 7-deazaguanosine as a better electron donor. Higher sensitivity for
smart probes in the nanomolar range was achieved by single molecule burst analysis
measurements on a confocal microscope using the oxazine dye JA242'%2, Torimura et
al."" measured the reduction of fluorescence for the dyes 5-FAM, BODIPY-FL and
TAMRA upon hybridization to a guanine-containing complementary strand and used this
effect for the detection of specific DNA sequences''®. Fluorescence quenching by
guanines has also been applied to monitor polymerase chain reaction (PCR) assays.
Using primers labeled with the dye fluorescein, the progress of the PCR could be
monitored in real-time through the reduction of fluorescence upon binding to guanine-rich
amplicons'3. In a different approach, self-quenched fluorescently labeled primers have
been used for quantitative and multiplexed detection'*. Like smart probes or molecular
beacons, the primers were designed as hairpins that place the fluorophores FAM and
JOE close to a guanine, allowing the reaction to be followed by the increase in

fluorescence upon formation of the PCR product.

Quenching by photoinduced electron transfer has also been used as a reporter for the
structural dynamics of nucleic acids. Using ensemble measurements, the kinetics of the
hairpin ribozyme have been monitored through the quenching of a fluorescein label on
the 3’ end of the substrate by a specific guanine on the 5’ end of the ribozyme**. Early
single-molecule studies using burst analysis of freely diffusing molecules in solution have
investigated the quenching of TMR linked to dsDNA by nearby guanines'51%6. The
detection of populations of single molecules with different fluorescence lifetimes allowed
to assign the multiple fluorescence lifetime components observed in ensemble
experiments to distinct conformational states. The large modulation of the fluorescence
intensity provided by PET quenching makes it ideal for use with fluorescence correlation
spectroscopy (FCS), enabling the detection of dynamic processes on the sub-millisecond
timescale. Pioneering applications of this approach have studied the PET quenching of
TMR by guanines on dsDNA™9%1% and of R6G by dGTP in solution'’. Technical
advances in time-correlated single photon counting electronics have since enabled the
measurement of photon-by-photon correlation functions over twelve orders of magnitude
from picoseconds to minutes with picosecond timing resolution'8.1%°. PET-FCS has been

used to study the initial steps of DNA hairpin folding’®, the structural dynamics of

21



mRNA'®", the chain dynamics of unstructured single-strand overhangs'®? and the kinetics

of base flipping in dsDNA due to mismatches®3,

In proteins, fluorescence quenching is most notably made use of in Tryptophan-Induced
Quenching (TrlQ), a technique which exploits the PET quenching effect of tryptophan on
the emission of certain fluorophores'®4+1%7. TrlQ requires van der Waals contact for
efficient quenching’* and therefore can be used as a reporter for monitoring
conformational dynamics in proteins, for interactions in the range ~5-15 A. A commonly
used probe for the TriQ approach is bimane, but dyes like BODIPY (boron-
dipyrromethene), lucifer yellow, and ATTO-655 can also be utilized. The TriQ-bimane
approach has been widely used to study'®” conformational changes in GPCRs like B-
adrenergic receptors'®®169  the interaction of rhodopsin with transducin'®, etc. It has
recently been shown that bimane fluorescence is also quenched by tyrosine in a distance-

dependent manner and the phenomenon named tyrosine-induced quenching (TyrlQ)'"".

Another similar application based on the distance-dependent modulation of fluorescence
is called “Distance-encoding photoinduced electron transfer” (DEPET)'2. DEPET is
particularly suited for the precise determination of protein structure and conformational
changes since it directly provides the distance between protein backbone and side-chain
atoms. DEPET has been proven to be effective in determining how membrane
depolarization changes intramolecular distances and side-chain orientations in the
human large-conductance potassium (BK) channel, where cellular excitability is
regulated. DEPET is also accurate enough to measure the length of rigid polyproline

peptides in solution.

The reversibility of PET quenching also finds applications in antibody recognition. The
reversible fluorescence quenching of oxazine dyes by tryptophan in short peptides has
been used to identify the presence of p53-autoantibodies’”3. In the free peptide, a ground-
state complex is formed between the oxazine dye and the tryptophan residue, leading to
static quenching. On binding to the antibody, a spontaneous conformational change is

initiated in the peptide, resulting in a strong increase in fluorescence intensity'.
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b) Interpreting the environment from fluorescence enhancement

The first instance of AIFE in Cy5 DNA-labels was reported for E. coli SSB binding to Cy3-
labeled ssDNA'%, In a FRET experiment with Cy3 (donor) and Cy5 (acceptor) on the 3’
and 5’ ends, respectively, of a ssDNA wrapped on SSB tetramer, it was seen that although
a significant FRET signal occurred, a corresponding decrease in Cy3 fluorescence was
not observed because the fluorescence decrease by FRET is counteracted by the AIFE
effect’®®. This paved the way to study the diffusion and chemomechanical pushing of SSB
proteins along ssDNA'"4175_|n addition to SSB protein, binding of other motor proteins to
ssDNA'76.177 were also studied. It was also possible to follow the dynamics of DNA and
RNA polymerases'’8179 and detect the motion of helicases on nucleic acids at the single-

molecule level'80,

The phenomenon of AIFE allowed monitoring of protein binding to a fluorescently labeled
nucleic acid without having to label the protein. It was thus possible to quantify the protein
binding constant, examine substrate specificity and explore binding kinetics'3®. For
example, RNA-binding of the protein RIG-I (Retinoic acid inducible—gene |) was studied
by Myong et al."® using a dsRNA labeled with the fluorophore DY547. Markiewicz et al.'
used the fluorescence enhancement of Cy3-labeled DNA to characterize the association
and dissociation kinetics of the binary complex formed between the Klenow fragment and
DNA. The effect of monovalent ions and the effect of incorrect NTPs (nucleotide

triphosphates) on the KF binding dynamics were also examined.

The main advantage of AIFE, when compared to FRET, arises from its insensitivity to
acceptor bleaching or blinking. Stacking induced fluorescence enhancement (SIFl) is an
alternative approach to FRET for studying DNA dynamics, provided there is dye-stacking
interaction’#%182 and has been used to probe hybridization dynamics of a DNA hairpin at

the single-molecule level.

There are other areas of protein study where AIFE has important contributions. The
filament formation of the Rad51 gene, involved in DNA repair, was probed by AIFE using
Cy3 attached to either ends of a ssDNA. The directionality of filament formation in this
case was revealed to be in the 5’ to 3’ direction'8. A special case of interaction in a dye-

NA system is the class of RNA aptamer —fluorophore systems like the RNA
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mango/spinach aptamer-thiazole orange systems'84.185 These are RNA oligonucleotides
that enhance the fluorescence of a dye like Thiazole orange up to approx. 1000 fold when
non covalently bound to it. These aptamers are designed to bind to a specific target.
Hence such systems are used to simultaneously track and visualize biologically important
RNAs.

c) Dye labels in other notable fluorescence-based techniques

There are many popular biological techniques where fluorescent labels are at the core of
experiment design. These techniques report on the structure and dynamics of the
biomolecules, quantification of cellular processes or assist in drug development and

clinical medicine.

Forster Resonance Energy Transfer (FRET) has been used in a wide spectrum of
biological studies'® not only because the accessible range of distances in FRET fall
within the order of bio-macromolecular distances, but also because FRET allows the

study of molecules in dynamic motion.

FRET has been mainly used to study protein structure and conformational changes'®”.
For example, FRET studies showed that binding of the 15.5K protein to U4 snRNA kink-
turn induces kink-turn folding that results in a tightly kinked conformation in the RNA'.
In the bacteriophage T4 lysozyme, in addition to the open and closed states that
exchange at 4 ys in solution, a new minor state was disclosed by FRET studies®. FRET
studies also discovered that free syntaxin exists in a dynamic equilibrium between a
closed (inactive) state and an open (active) configuration with a relaxation time of
0.8 ms'®. Another example where FRET monitored the conformational dynamics was
that of the extracellular ligand-binding domain of the metabotropic glutamate receptor
(mGIuR), which exists in a preformed equilibrium of conformational states. The presence
of ligands tunes the conformational dynamics by modulating the transition rate between

the states, and not by stabilizing the individual conformations’°.

Some of the other common applications of FRET are: (1) Visualizing protein-protein
interactions, for example, between SNARE protein syntaxin-1A (Syn-1A) and
sulfonylurea receptors'®'or the association between actin-binding protein cortactin and
potassium channel Kv1.2'%2, (2) Decoding the stoichiometry of protein complexes like the
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rod CNG channels, which was found to be composed of three CNGA1 and one CNGB1
subunit'® (3) As biosensors'®*. For example, the Src biosensor - when the substrate in
this biosensor is phosphorylated by endogenous Src kinase after chemical or mechanical
stimulation, the FRET efficiency changes such that we can quantify Src kinase activity in
cells’®®, Such FRET biosensors measure either a change in distance'® or in fluorescence

properties'®” of the labels.

Fluorescence in-situ hybridization (FISH) is a highly sensitive and specific
macromolecule recognition tool that uses DNA fragments incorporated with fluorophore-
coupled nucleotides to examine the presence of complementary sequences in fixed cells
or tissues which are then visualized through a fluorescence microscope or an imaging
system'%. This technique finds applications in the genetic diagnosis of constitutional
common aneuploidies'®®, microdeletion/microduplication syndromes?°°, and subtelomeric
rearrangements?°’ and to detect infectious microbias and parasites in human blood

cells?02,

DNA points accumulation in nanoscale topography (DNA-PAINT) is a super-
resolution technique where biological processes below the classical diffraction limit of light
are visualized. In DNA-PAINT, the transient binding of short, dye-labeled oligonucleotide
(imager) to its target-bound complementary (docking) strand is utilized to create

molecular 'blinking' to enable stochastic super-resolution microscopy?23-2%°,

Stochastic optical reconstruction microscopy (STORM) is another super-resolution
imaging technique that utilizes single-molecule localization microscopy (SMLM) method.
Here the continuous photo-switching of single fluorophores and their position
determination are utilized to achieve super-resolved images?%. This technique helped
reveal information about the structures and functions of sub-cellular organelles with a

spatial resolution at the molecular level?"7.
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1.2  Motivation and objectives of present study

The entirety of the thesis deals with the position-dependent photophysical behavior of
fluorescent dyes under different biomolecular environments. The main objectives of the
thesis are (1) to investigate the environment-dependent dye behavior on biomolecules
and thus employ the fluorophores to probe the local bio-environment and (2) to apply this

knowledge to improve FRET experiments.

To reveal the distinct photophysical signatures of different micro-environments, the
commonly used organic fluorophore, Alexa488 (a green fluorescent Rhodamine dye) and
the red-emitting cyanine dyes, Alexa647 and Cy5, are employed. These fluorophores are
commercially available, widely-used in FRET studies, have unique redox properties
(Table 1.1) and exhibit distinctive photophysical behavior due to their differing

propensities to isomerism and fluorescence quenching.

In the following passages, | describe how the main objectives of the thesis were explored.
Consistent with the organization of the chapters in this thesis, | discuss the research
problem in 3 parts. In chapter 3, the position-dependent fluorescent properties of dyes
on RNA environments are explored; in chapter 4, the environment-sensitive dye
properties in protein environments are discussed; and, in chapter 5, dye models for FRET
label description are reviewed and further developed. Below, | define the questions
raised, the experimental techniques used and offer a brief synopsis of the results

achieved.

(1) Sensing the local environment and global conformation of RNA by flexibly

coupled fluorescent labels
In this work (chapter 3) we try to answer the following questions:

e How do the dyes behave in different nucleic acid environments, namely, RNA
duplex, three-way and four-way junction molecules?

e Do dyes undergo n-stacking interactions with the nucleobases at the helix ends or
junctions?

e What are the contributions of dynamic and static PET quenching for the Alexa488

labels at different environments?
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e What is the role of labeling chemistry and the corresponding distinct local
environments on the photophysical behavior of Cy5 labels?

e Can we predict the photophysical properties based on dye label positions?

e How are the dyes distributed and oriented at distinctive positions on the RNA?

e What are the major RNA-dye interaction modes?

e What is the effect of RNA primary sequence on the dye photophysical behavior?

e How can we use the fluorophores as local and global environment sensors?

e How does the environmental dependence of dye properties affect FRET studies?

In order to answer these questions, we employ a range of experimental and simulation
techniques. (i) Ensemble time resolved lifetime studies are used to study the quenching
behavior, (ii) Ensemble time resolved anisotropy studies are employed to identify sterical
constraints (iii) Spectral shifts from absorption and steady state emission measurements
help indicate the nature and extent of dye-biomolecular interactions (iv) FCS studies are
utilized to quantitatively evaluate quenching and cis-trans isomerism processes (V)
Fluorescence quantum yield measurements are adopted to explore the mechanisms of
PET quenching and reveal the extents of static/dynamic quenching. (vi) Accessible
volume (AV) simulations assess the sterically accessible volume of the fluorophore and
provide accurate insights into potential interactions and steric clashes (vii) Molecular
dynamics (MD) simulations are employed to obtain atomistic insights into potential

interaction modes, dye position distribution and orientations.

In summary, the fluorescence properties of Alexa488 and Cy5 in 104 different
environments on RNA duplexes, three-way and four-way junctions are studied and their
distinct photophysical signatures for the different RNA micro-environments unveiled. The
results are corroborated by AV and MD simulations to provide structural insights on
potential interaction modes. By comparing the spectroscopic signatures of fluorescent
labels in the different RNA molecules and measuring the rotational diffusion of RNA using
end stacked Cy5 dyes, | show that fluorescence spectroscopy offers the required
sensitivity to elucidate the structure and dynamic properties of RNA. Lastly, | discuss the

implications of these results for FRET studies. The insights obtained from the structural
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and photophysical interactions of flexibly coupled fluorescent dyes with nucleic acids will

improve the design and interpretation of future studies.

(2) Fluorescent dyes probe the local environment of protein, T4 Lysozyme:

Exploring with experiments and simulations

In this section (chapter 4), | studied the protein, T4 lysozyme (T4L) as a model system

to address the following questions :

e How do Alexa488 and Alexa647 dyes behave in different protein environments?

e Can we explain the source of dye quenching and steric restriction?

e Can we predict probable dye-protein interactions from the changes in fluorescence
parameters?

e What are the main dye-protein interaction modes on an atomistic scale?

e Can we use the fluorophores as environmental probes and detect biomolecular

processes?

With the help of experimental techniques like time resolved lifetime and anisotropy
measurements, spectral studies, FCS and fluorescence quantum yield measurements,
combined with AV and MD simulations, the aforementioned questions are tackled (similar

to those used in chapter 3).

In summary, | use the bacteriophage T4 Lysozyme (T4L) as a prototype system for
exploring the influence of the local dye environment in different protein environments
using the commonly used fluorophores, Alexa488 and Alexa647. The experimental output
from fluorescence spectroscopy is combined with computational simulations to give a
detailed insight into the origin, type and extent of dye-protein interactions under various
environments. The amino acid residues responsible for dye trapping and quenching, the
effect of dye trapping on fluorescence quenching, the extent of static quenching and H-
bonding interactions and the interference to dye motion from protein dynamics are
presented. Finally, specific examples are shown where the coupled dyes act as sensors

and report on changes in the local and global protein environment.
(3) Developing dye models for accurate FRET label description:

Forster resonance energy transfer (FRET) is a powerful technique used to study the

conformational dynamics of biomolecules by employing covalently attached donor and
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acceptor dyes. In order to arrive at accurate structural information from interdye
distances, spatial distribution of dye positions must be included in the dye model

description. In this chapter, we explore the following:

e How to describe dye spatial distribution in dye models used for FRET studies?

e How prior experimental knowledge can help in improving dye model description?

In summary, chapter 5 reviews the different dye models available to describe the spatial
distribution of dyes covalently attached to biomolecules. Prior knowledge of the
environmental sensitivity of fluorophores on different RNA environments, especially those
interactions which significantly alter the dye distribution, are incorporated into the label
description for FRET dyes. A proof of concept study is carried out by comparing FRET
donor-acceptor (DA) distances from experiments and simulations on a double stranded
RNA (dsRNA) as a model system. When there are significant deviations between
measured and calculated distances, the prior knowledge of position-dependent dye
behavior is applied to modify the description of the dye distribution. For end-stacked dyes,

the dye model is improved by introducing the concept of a hybrid accessible volume.
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Chapter 2. Theoretical background

This chapter describes some of the basic concepts of fluorescence relevant to this thesis

and the theory behind frequently employed fluorescence techniques.

2.1 Basics of fluorescence

E A N\ Vibrational relaxation
VR /_/" Internal conversion
S2 N/ Inter system crossing

——» Absorption
—— = Fluorescence
—— = Phosphorescence

non

radiative
radiative

—  1c |
e A
—
_ VR

S1 s¢

Absorption Fluorescence

Phosphorescence

S0

Figure 2.1. A simple Jablonski diagram depicting the processes that occur to a molecule on
absorption of light. Wavy arrows indicate non-radiative transitions, while straight arrows indicate
radiative transitions. Sp= singlet ground state, S+= first singlet excited state, S,= second singlet
excited state, T+= first triplet excited state, VR=vibrational relaxation, IC=internal conversion,
ISC=intersystem crossing

A Jablonski diagram?%® (Fig. 2.1) describes the processes that occur after irradiation of a
molecule by light. Most molecules, at room temperature, are in the lowest vibrational level
of the singlet electronic ground state (So). When a molecule absorbs a photon, it absorbs
energy and gets excited from the vibrational ground state of So to a higher vibrational
state of S1. After excitation, the molecule relaxes through one of several competing
pathways. These relaxation processes are classified into two categories, radiative and

non-radiative processes.

a) Radiative and non-radiative processes

When the relaxation process is accompanied by the emission of a photon, it is called a
radiative relaxation process. There are two types of radiative transition depending on the
nature of the excited state: (1) Fluorescence: The spontaneous emission of a photon from

an excited singlet state to a lower electronic state is termed fluorescence. The wavelength
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of the emitted photon corresponds to the energy gap between the levels. Since the
transition occurs from the lowest vibrational level of the excited state (Kasha's rule'?),
the wavelength of emitted light is independent of the excitation wavelength. Additionally,
the Franck-Condon principle states that all electronic transitions occur without change in
the position of the nuclei. As a result, if a transition between particular states has the
highest probability in absorption, the reciprocal transition has the highest probability in
emission (mirror image rule). (2) Phosphorescence: The radiative transition from the first
triplet state, T1, to the singlet ground state, So is called phosphorescence. Since this
transition requires a change in multiplicity, it is spin-forbidden, but occurs due to spin-

orbital coupling.

When a molecule in the excited state undergoes deactivation via a pathway where no
photon is emitted, it is called a non-radiative relaxation. There are several non-radiative
processes possible. (1) Internal Conversion (IC) which is the isoenergetic transition
between two electronic states of the same multiplicity. (2) Intersystem Crossing (ISC), the
isoenergetic transition between two electronic states of different multiplicities. (3)
Vibrational relaxation (VR), which occurs when the molecule is in the higher vibrational
levels of a given electronic state. Since the molecule is not in the vibrational ground state,
the excess energy is dissipated within picoseconds to the environment through collisions
or redistributed inside the molecule and the molecule relaxes to the lowest vibrational
level of the electronic state. (4) Other non-radiative processes include energy transfer

processes like FRET or PET and photochemical reactions.
b) Fluorescence lifetime and quantum yield

Fluorescence lifetime (t) is the average time the molecule spends in the excited state
prior to return to the ground state ''4. This is an important characteristic of fluorescence
because it determines the time available for the fluorophore to interact with its
environment in the excited state and therefore reveals valuable information about the dye

environment. The relaxation from the excited state may occur through radiative or non-

radiative processes with rate constants k,,,; and k,, , respectively, such that t =

kyrad+knr

In the absence of non-radiative processes, 1, = — which is called the intrinsic or

rad

natural lifetime.
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Another important characteristic of fluorescence is the fluorescence quantum yield (®g),
(QY) defined as the number of photons emitted during fluorescence relative to the number
of photons absorbed. Molecules with high quantum yields approach unity. For example,
Rhodamine6G in ethanol has an impressive quantum yield of 0.95. Assuming that
fluorescence is the only radiative process and has a rate constant k., the fluorescence

quantum yield may be described as

b, = K (2.1)

T kptkny

As the rate constant of non-radiative processes increase, a decrease in fluorescence
quantum yield ensues. This event is called quenching and may occur upon intermolecular
collisions (dynamic quenching) or by the formation of a ground state complex (static
quenching). In static quenching, the quenched state persists on timescales much longer
than the fluorescence lifetime, such that no change in the lifetime is observed, although

the average quantum vyield decreases.
c) Fluorescence anisotropy

Before irradiation, fluorophores are randomly oriented in solution. However, when
interacting with polarized light, those fluorophores with transition moments oriented
parallel to the electric field vectors of the photons are preferentially absorbed
(photoselection). The resulting emission also occurs with the light polarized along a fixed
axis in the fluorophore. If I, and Iy are the fluorescence intensities of the vertically (V)
and horizontally (H) polarized emission with respect to the excitation light, the anisotropy,

r is given as:

_ Iv-ln (2.2)

T oy+2iy
For fluorophores where the transition dipole moments are displaced by an angle S
between the dipoles of absorption and emission, the fundamental or intrinsic anisotropy

(rp) is given as:

2 —
o= 04 (3 cos 2[3) 1 (2.3)

For fluorophores with colinear transition dipole moments of absorption and emission, the

fundamental anisotropy, r, = 0.4. For quantitative fluorescence measurements where it
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is preferable to eliminate polarization effects, one makes use of magic angle conditions,
namely, vertically polarized excitation and an emission polarizer oriented 54.7° from the

vertical. Under these conditions, where = 54.7, the intrinsic anisotropy r, = 0.

Rotational diffusion that occurs during the lifetime of the excited state displaces the
emission dipole of the fluorophore such that the anisotropy values are lower than the
fundamental anisotropy, ro. As a result, in non-viscous solutions, small organic
fluorophores typically have anisotropies approaching zero. However, when the
fluorophore is bound to a macromolecule, rotational diffusion is restricted, thereby
increasing the anisotropy. For spherical rotors where 7 is the fluorescence lifetime and p

is the rotational correlation time, the Perrin equation gives:
%0 =14+1/p (2.4)

Thus fluorescence anisotropy provides information about the microenvironment of the

fluorophore, thereby helping the study of the biomolecular environment and interactions.
d) Fluorescence quenching by photoinduced electron transfer

For the systems described in this thesis, photoinduced electron transfer (PET) is the
major non-radiative pathway for fluorescence quenching. PET is a distance-dependent
fluorescence quenching process between a fluorophore and a quenching moiety requiring
van der Waals contact. In PET, an electron is transferred between the quencher and the
organic fluorophore. Depending on the electrochemical potentials, the excited fluorophore
may hereby act as the electron donor or acceptor. PET involves the formation of a charge-

transfer complex according to the reaction:

[F~-Q" I (2.5)
F*+Q - or -F+0Q
[F*-Q7T

The energetics of PET quenching are described by the Rehm-Weller equation36.104.209;
AGcs = Eox — Erea — Eo 0 +AG(6), (2.6)
where E,, and E,,; are the reduction potentials of the oxidized electron donor and the
electron acceptor, E, , is the energy of the singlet-singlet transition of the fluorophore and
AG°(€e) describes the coulombic attraction of the ion pair that depends on the dielectric

constant () of the solvent?',
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e) Association-induced fluorescence enhancement

Absorption
Fluorescence

trans 0
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>
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dihedral angle, 6

Figure 2.2. Potential energy diagram of photoisomerization as a function of the bond angle, 6,
of the central conjugated double bond. The structures of the fluorescent trans and non-
fluorescent cis isomers are shown above. The energy levels in the absence of steric hindrance
are shown as black curves, while the modulated energy levels due to increased steric hindrance
are shown in gray.

For fluorophores containing an extended =-system, like the cyanine dyes, the
fluorescence intensity is seen to increase in a sterically constrained environment. This
phenomenon is called association-induced fluorescence enhancement (AIFE). A simple
energy landscape diagram to explain the photophysical mechanism of AIFE is illustrated
in Fig. 2.2. The ground state of the n-bond-containing fluorophore is in an all-trans
conformation and this electronic state is denoted as S§"%"S. Upon absorption of light, the
molecule is excited to the S"2"S state. Relaxation from this state can occur either (1)
radiatively through fluorescence with a rate constant, k2" or (2) via a twisted
intermediate (I) formed by rotation (6 = 90°) around the central C-C double bond (red

arrow) with rate constant kgtrans_,;. Relaxation from the twisted intermediate may occur

either back to the trans ground state, S§*", or to the cis photoisomer S§'. Since the trans

configuration is energetically favorable, the population of the cis photoisomer will slowly
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convert back into the trans state thermally. Back-conversion of the cis isomer S§ can
also occur after re-excitation into the Sf and relaxation over the twisted intermediate via
SE% — S¢S — [ — strans - Steric hindrance increases the energy barrier to the twisted
intermediate state, thereby blocking the non-radiative relaxation from the Sf79" state by
photoisomerization and enhancing the fluorescence. This is the reason for the

fluorescence enhancement.

2.2 Time resolved fluorescence measurement

Fluorescence measurements are generally of two types: (1) Steady state measurements,
performed with constant illumination and observation and (2) time-resolved
measurements where the sample is exposed to pulsed light and the resulting intensity
decay recorded with a high-speed detection system ''4. Steady state measurements can

be considered as an average of the time-resolved phenomena over the intensity decay''4.

For a fluorophore with a single exponential intensity and anisotropy decay, the intensity

at time t, I(t) and the anisotropy at time t, r(t) are given as:
I(t) =I,e " (2.7)
r(t) =1 e t/P (2.8)

where [, and r, are the intensities and anisotropies at t = 0, immediately following the
excitation pulse, respectively, and t and p are the fluorescence lifetime and rotational
correlation time, respectively. Time-resolved measurements are important because a
significant amount of molecular information is lost during the time averaging process in

steady state measurements’'4.

Time-correlated single photon counting (TCSPC) is the general method used to measure
time resolved lifetime and anisotropies. Here, a pulsed laser source is employed to excite
the sample and a “time-stamping” principle '° is adopted where each detected photon is
assigned 3 tags: channel number, microtime and macrotime (Fig. 2.3A). While the
channel number of a given photon gives information on its spectral region and
polarization, the microtime (t; for the it" photon) identifies the time elapsed between the
excitation pulse and the photon detection, and the macrotime (N; for the it* photon) gives

the number of excitation pulses that have occurred since the start of the measurement
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until photon detection. From these tags and the time interval (At,) between two

consecutive laser pulses, the exact time of photon detection can be determined:
Time of detection of i*" photon = t; + N; At; (2.9)

Coupling this information with that regarding the number of detected photons, the time

traces of the fluorescent intensity for each channel can be generated '°.

A. Time-stamping B. TCSPC electronics
Microtime
’ DB Sample
1
b v oas
t o time Laser
Macrotime
‘.. ’ - -
|
N; Number of pulses CFD CFD
Photons e 2 @& @
Channel number| 2 2 4 |1 Start. Stop
Microtime t1 to t3 | 14 : 8
Macrotime N1 | N2 | N3 | N4 <

Figure 2.3. TCSPC basic concepts. (A) Time stamping by assigning 3 fluorescent tags to a
detected photon - microtime, macrotime and channel number. (B) Basic TCSPC electronics
where DB:dichroic beamsplitter, CFD: constant fraction discriminator, TAC: time-to-amplitude-
converter, PGA: programmable gain amplifier and ADC: analog-to-digital-converter.

The basic electronics for measuring TCSPC''* (Fig. 2.3B) consists of a laser excitation
source, a dichoric beam splitter (DB) to split the beam into two channels, a constant
fraction discriminator (CFD) to measure the arrival time of the pulse, a time-to-amplitude-
converter (TAC) to generate a voltage ramp that increases linearly with time, a second
CFD to record the pulse from the detected photon, voltage-amplifying programmable gain
amplifier (PGA) and an analog-to-digital-converter (ADC) to convert the voltage to a
numerical value. In addition to the sample, an instrument response function (IRF) is

recorded using a scattering solution (LUDOX) to correspond to a zero-lifetime sample.
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This IRF is accounted for in the fit function via convolution and the model decay is given
by:

F(t) = fo IRF(t — teye) ® f(t) + s IRF(t) + bg, (2.10)
where f, is the amplitude scaling factor, IRF(t - tsm-ft) is the instrument response

function shifted by the time tgy;q, s is the scatter amplitude and bg is the constant

background level. The “®” sign designates circular convolution.

The fluorescence decay f(t) is described by
f(t) =2xl.e_t/fi, (211)
i
where t; and x; are the fluorescence lifetimes and corresponding species fractions with

Y.ix; = 1. The species weighted average lifetime may then be defined by:

(¥), = z X;T; (2.12)
i
The anisotropy decay is described by:
‘r(t) = Zrie_t/pi, (213)

2

where p, and r; are the rotational correlation times and respective amplitudes.

2.3 Fluorescence correlation spectroscopy (FCS)

Fluorescence Correlation Spectroscopy (FCS) is a powerful statistical method that
extracts information from fluctuations in fluorescence intensity of a freely diffusing
molecule as it diffuses through a small detection volume 92", The core of this method is
the calculation of the autocorrelation function of the fluorescence fluctuations. Essentially,
the overlap between a fluorescence signal F(t) with itself, after a time delay t., given by
F(t + t,) is determined (Fig 2.4A). The autocorrelation function is thus given by's:

(F(t) F(t +t.)) (2.14)
(F)?

G(tc) =

where F is the fluorescence intensity. To ensure that only the photons emitted by an

individual molecule are correlated, a confocal setup where the detection volume is of the
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order of a few femtoliters and a pinhole to reject signal from outside the desired detection
volume are employed. The detection volume is approximated as a 3D Gaussian ellipsoid
(Fig 2.4B). Since the autocorrelation amplitude is inversely proportional to the number of
particles, we can determine the concentration and molecular brightness. A model function
of the form given by eq. (2.15) is applied to fit the autocorrelation. The FCS model function
can have separate terms for independent processes; each process distinguishable as
long as they have sufficiently different characteristic correlation times. We can thus
determine transitional diffusion constant, triplet state lifetime and amplitude, the rotational

diffusion constant and the excited state lifetime 2.

A. Interphoton time for autocorrelation
ts

| t ‘ = excitation pulse

o L AR ° #® = detected photon

Start of experiment End c!‘ experiment

B. Molecule diffusing through C. Typical autocorrelation curve
the confocal volume

25 — .
riplet process
20 —
o |
15 — Translational

Diffusion

107 10° 10° 10* 10° 102 10" 10° 10
Correlation time, t_ [ms]

Figure 2.4. Basic concepts of FCS (A) Scheme describing interphoton time (t4, t2 etc.) used in
autocorrelation. Excitation pulses (vertical blue lines) occur in regular intervals and the detected
photons are shown in red. (B) A freely diffusing molecule shown passing through the confocal
detection volume. (C) Typical correlation curve showing a few of the processes detectable by
FCS and their correlation time window.

For a sample with freely diffusing molecules (diffusion time t4;¢), undergoing triplet

kinetics (with time t; and fraction of molecules in the triplet state, A;) and quenching (with

time t, and fraction of molecules in the quenched state, A;,), with photon antibunching
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described by time t,;, and amplitude A,,, and rotational diffusion by depolarization time

tgz and amplitude Ag, the fit model is given by the equation:

1 1 2.1
G(t.) = offset + . — (2.15)
Npright 1 + - 1+ zt
daiff v/
(w—%) “Lairs

t _t _t
<1—AT+AT6_E—AQ +AQe tQ_AAb'e tAb)

t
" (1 + AR - e_§>.
where w, and z, are the 1/e? radii of the 3D Gaussian shaped observation volume in the

lateral and in axial dimension, respectively, and Ny is the effective number of

molecules in the bright state Nyright = Neotal - (1 — T — Q), With Ny, referring to the total

number of molecules.

24 Forster resonance energy transfer (FRET)
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Figure 2.5. A Jablonski diagram depicting FRET between a donor and acceptor fluorophore.
Abs.: absorption, Flu.: fluorescence, Sy, S+: singlet ground and first excited state, D: donor
ground state, D*: donor first excited state, A: acceptor ground state, A*: acceptor first excited
state. The dipole-coupled transfer occur between non-radiative transitions of equal energies in
the donor and acceptor systems and lead to FRET.

Forster resonance energy transfer (FRET) is a distance dependent phenomenon used to

study structure and conformation changes in biomolecules '7:'® employing two suitable
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dyes, the donor and the acceptor. The rate constant of the energy transfer by FRET,
krrer, is highly dependent on the distance (R, ,) between the two fluorophores as:

kprer = —
Tp

1 /Ry\® (2.16)
(7,)
where 1, is the fluorescence lifetime of the donor, R, is the Forster radius and R, is the
donor-acceptor distance. The efficiency of energy transfer between these dyes is related

to the distance between them as:

1
E= TT RS, /RE (2.17)
where
Ro = 0.2108 6/<¢Fﬂk2>1 (219)
n
and

®_ (2.19)
Ji =f0 Fp(A) g4(D)A*dA
Here, E corresponds to the FRET efficiency, @ pis the donor fluorescence quantum yield
and n denotes the refractive index of the medium. The Forster radius, R,, denotes the
distance for which the FRET efficiency is exactly 50%. This radius is characteristic to a
given dye pair, the FRET between these two dyes being most sensitive to changes in
distance in this region. For FRET to occur, there must be spectral overlap between the
donor’s fluorescence emission spectrum and the acceptor’s absorption spectrum. J is the
corresponding spectral overlap integral (generally in units M~tcm™nm*). Fpis the
normalized spectral radiant intensity of the excited donor [nm-'] and £,(1) is the extinction

coefficient of acceptor [M-! cm™].

k? is the dipole orientation factor which depends on the relative orientation of dipoles and

is given by'®:
k% = (sin8p sin 8, cos @ — 2 cos By, cos H,)? (2.20)

where the angles 6, and 6, define the dipole orientations with respect to the unitary

interdye distance vector and ¢ corresponds to the angle between the two planes defined
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by the transition dipole moment of each dye and the interdye distance vector. k2 can
reach a maximum value of 4 when the dipole moments are colinear and a minimum value
of 0 when the transition dipole moments of the donor and acceptor dyes are
perpendicular. Due to rotational diffusion, the transition dipole moments change direction
resulting in a continuously changing value of k2 5. Therefore, for an isotopically diffusing
pair of dyes, k2 = 2/3 9. In FRET experiments, this value is often adopted, under the
assumption that the dyes are freely diffusing within the constraints of the linkers that tether

them to the biomolecule.
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3.1  Abstract

Covalently attached fluorescent probes are excellent reporters of biomolecular structure
and dynamics due to their high sensitivity to the biomolecular environment. However, to
relate a variation of the photophysical parameters to structural changes of the host
biomolecule, a detailed understanding of the fluorophore photophysics in different
environments is required. Here, we studied the fluorescence properties of two commonly
used organic fluorophores, the rhodamine derivative Alexa488 and the cyanine dye Cy5,
in 104 different environments on RNA duplexes, three-way and four-way junctions. For
both dyes, surface interactions are detected by an increase of the fluorescence
anisotropy. In addition, Cy5 shows association-induced fluorescence enhancement, while
Alexa488 is site-specifically quenched by guanine bases through photoinduced electron
transfer. These effects lead to distinct photophysical signatures of different RNA micro-
environments. Notably, end-stacking interactions are detected for labelling positions up
to 7 bp away from the helix ends. The results are corroborated by accessible volume and
molecular dynamics simulations to provide structural insights on potential interaction
modes. By comparing the spectroscopic signatures of fluorescent labels in the different
RNA molecules and measuring the rotational diffusion of RNA using end stacked Cy5
dyes, we show that fluorescence spectroscopy offers the required sensitivity to elucidate
the dynamic tertiary structure of RNA. Lastly, we discuss the implications of our results
for FRET studies. The presented results provide novel insights into structural and
photophysical interactions of flexibly coupled fluorescent dyes with nucleic acids, which

will improve the design and interpretation of future studies.

3.2 Introduction

Fluorescently labeled oligonucleotides are widely used in the life sciences in diagnostic
assays'%12, fluorescence imaging of live or fixed cells®®, super-resolved fluorescence
microscopy?'! and in-vitro mechanistic studies of proteins®?, nucleic acids*® or DNA
origami nanostructures?'?2'3, In these assays, fluorescent dyes are covalently linked to
the nucleic acid backbone or bases at the termini or at internal positions along the
oligonucleotide. Molecular interactions, ligand binding or conformational changes are

then translated into changes of the fluorescence signal (i.e., the molecular brightness), or
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other photophysical parameters such as the fluorescence lifetime, anisotropy, or the
absorption and emission spectrum. A prime example are so-called “molecular beacons”,
short hairpin DNA structures with a quencher and fluorophore on the opposing ends that
light up when binding to the complementary sequence by spatially separating the
fluorophore-quencher pair®121%1 A detailed understanding of how the photophysical
properties are affected by the molecular environment is crucial for the interpretation of
experimental results and the design of improved fluorescent probes with higher sensitivity
and specificity.

Fluorophores are commonly attached via long flexible linkers of ~2 nm length that enable
them to interact with the biomolecular surface in the vicinity of the attachment site in a
variety of ways. For nucleic acids, the propensity of the cyanine dyes Cy3/Cy5 and the
dye rhodamine 6G to stack to the end of the double helix via -1 interactions has been
studied in detail®>°4%_ Much less is known, however, about potential interactions of labels
attached at internal positions with the backbone, the major and minor grooves, or with
magnesium ions bound to the nucleic acid backbone®2'4. Upon interaction with the host
molecule, the fluorescence signal is often reduced or enhanced. Rhodamine and oxazine
dyes are quenched specifically via photon-induced electron transfer (PET) by the
electronegative base guanine (or, in proteins, by the amino acid tryptophan)'%4163_ |f the
guanine base is fully accessible, usually a -1 ground state complex is formed in which
the excited state of the fluorophore is quenched on the picosecond time scale®215
However, PET may also occur in other geometries where the electron orbitals only partly
overlap, or over longer lengths through a bridge of conjugated m-systems'?” or even a
DNA helix'?4216 The high efficiency of the quenching process makes PET an ideal
reporter for fast (nanosecond) conformational dynamics of structured?'” or intrinsically
disordered?'®21® proteins and nucleic acids'®'-'%2 when combined with fluorescence
correlation spectroscopy (FCS). Cyanine dyes, on the other hand, show an increase in
fluorescence when they are sterically restricted, an effect that was first utilized to detect
the binding of proteins to nucleic acids and termed protein-induced fluorescence
enhancement (PIFE)'3%, even though it is not exclusive to protein binding. PIFE has since
been widely applied to various systems'41.147.182.220221 The correlation between steric

restriction and molecular brightness is explained by a modulation of the
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photoisomerization between the fluorescent trans and effectively non-fluorescent cis
configurations'36:222. Blocking the rotation around the central conjugated polymethine
chain increases the brightness of cyanine dyes by hindering the non-radiative relaxation
from the first excited state through a 90° twisted intermediate, as well as by reducing the
steady-state population of the cis state through photo-conversion. While the sensitivity of
cyanine dyes to their environment can be used as a proximity reporter on the molecular
scale, the synthesis of bridged cyanine dyes with optimal brightness and minimal

environmental sensitivity has been reported for Cy3223224 and recently also Cy5225-2%7,

The five intrinsic fluorescence properties are the spectral properties of absorption and
fluorescence, F(Aa, Ar), the molecular brightness, the quantum yield, @r, and the
fluorescence lifetime, 7, and anisotropy, r '6. These dimensions of the fluorescence signal
offer a vast amount of information on the fluorophore, its immediate environment, and the
host biomolecule, as they are sensitive to changes of the polarity of the environment, size
of the solvent shell, presence of quenching moieties, steric restriction of the fluorophore,
and the global rotation of the host biomolecule. Moreover, fluorescence correlation
spectroscopy provides information on processes that modulate the fluorescence intensity,
such as quenching, fluorescence enhancement, or molecular rotations when polarized
detection is employed. With a detailed understanding of the behavior of fluorescent dyes
on nucleic acids currently missing, it remains challenging to predict potential interactions
of the fluorophore with the nucleic acids and their effect on the fluorescence properties.
Decoupling the effect of local interactions on the fluorescence properties from the global
dynamics of the biomolecule is of particular importance for understanding the structural
dynamics of nucleic acids with complex folds, such as DNA Holliday junctions or catalytic
RNA ribozymes, for which the biological function is intricately linked to their dynamic

structure.
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Figure 3.1: Design of fluorescently labeled RNA molecules. A) The four-way junction (4WJ)
RNA molecule is comprised of the four strands a, b, ¢, and d. The red and green symbols
represent the labeling sites for the dyes Cy5 and Alexa488, respectively. The derived three-
way junction (3WJ) and duplex RNA molecules are schematically depicted on the right. The
color of the fragments indicates the analogous helix in the 4WJ molecule. B) Chemical
structures of the fluorophores Alexa488 (green) and Cy5 (red) covalently coupled to RNA with
a flexible hexamethylene linker (blue) on modified uracil or guanine bases(black). The #A refers
to the number of atoms in the flexible region between the ring systems of the nucleobase and
dye. C) The different attachment points on the uracil and guanine bases place the dye linker in
the major and minor grooves, respectively. This results in a preferential orientation of the linker
towards the 3’-end for uracil attachment. Top: The attachment points (yellow) in the Watson-
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Crick base pairs on the C5 atom in uracil and the N2 atom in guanine point towards the major
(pink) or minor grooves (light blue), respectively. Bottom: Structural model of the RNA with the
Cy5 dyes (red) attached to uracil (left) or guanine (right). The accessible volume of the Cy5 dye
is shown in pink and light blue for attachment to the uracil and guanine bases, respectively.

Here we performed an extensive study of the photophysical properties of the commonly
used organic fluorophores Alexa488 and Cy5 attached to double-stranded RNA duplexes,
three-way and four-way junctions. We monitor the position-dependent fluorescence
properties, i.e., the fluorescence lifetime, anisotropy, quantum yield, absorption and
emission spectra, and photophysical dynamics at 22 different labeling sites on nine
different RNA molecules, amounting to 104 combinations of fluorophore, labeling site and
type of RNA molecule. Our extensive dataset provides a comprehensive view of the effect
of the nucleic acid environment and the covalent attachment on the fluorescence
properties, revealing unique signatures of distinct microenvironments on the RNA. The
experimental results are corroborated by accessible volume simulations of the flexibly
coupled fluorophores that predict the accessibility of interaction sites on the RNA surface.
Further atomistic insights are gathered from all-atom molecular dynamics simulations of
the coupled dyes that identify end-stacked conformations and the dominant interaction
modes of internal labels within the major and minor grooves. The gathered insights
drastically improve our understanding and the predictability of dye photophysics in nucleic
acid systems and provide the necessary information for using fluorescent labels as
environmental probes of the local and global structure of nucleic acids. We close by
assessing the effect of the variations of the position-dependent dye behavior on FRET
studies and propose guidelines to minimize undesirable effects to improve the accuracy
of FRET studies.

3.3 Results

To study the influence of the biomolecular environment on the photophysical properties
of the dyes Cy5 and Alexa488 flexibly coupled to RNA, we selected a variety of labeling
sites on RNA molecules of increasing complexity (Fig. 3.1A). All molecules are derived
from a common four-way junction (4WJ) whose junction region is identical to the one
found in the hairpin ribozyme (PDB-ID: 1M5K, Supplementary Fig. 3.1). In addition to the
complete 4WJ, we also consider possible fragments thereof, resulting in four possible
three-way junctions (3WJ, T1-4) and four duplexes (l1-4) (Fig. 3.1A and Supplementary Fig.
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3.2). The fluorescent labels are attached by long flexible linkers either to an uracil base
at the C5 atom, or to a guanine base at the N2 atom (Fig. 3.1B). For uracil labels, the
linker emerges from the major groove of the RNA, while the anchor point for guanine

labels lies within the minor groove (Fig. 3.1C).
3.31 Photophysics of Cy5 are sensitive to the local environment.

We first investigated the position-dependent properties of sulfonated Cy5 tethered to RNA
by recording the time-resolved fluorescence and anisotropy decays for 15 distinct labeling
positions on RNA duplexes, three-way junctions (3WJ) and four-way junctions (4WJ),
resulting in a total of 49 distinct environments (Fig. 3.1A, Supplementary Fig. 3.3). While
free Cy5 in water shows a monoexponential fluorescence decay with lifetime of 0.95 ns,
we observe multiexponential decays for all RNA-coupled Cy5 labels (Fig. 3.1B and
Supplementary Table 3.1). The shortest lifetime component for all studied labels falls in
the range from 0.9 to 1.1 ns (1.0 £ 0.1 ns). This component corresponds to the fraction of
coupled dye that is not interacting with the RNA and freely moving within the constraints
set by the linker. The longer lifetime component, on the other hand, covers a wider range
between 1.5 to 2.1 ns (1.7 £ 0.2 ns). The larger spread of the lifetimes arises from
interactions of the dye with the heterogeneous microenvironment on RNAs. No quenching
mechanisms (such as the formation of long-lived dark states) were found to be relevant

for Cy5 (Supplementary Fig. 3.4 and Supplementary Table 3.2).

The photophysics of cyanine dyes are governed by steric constraints that modulate the
cis-trans photoisomerization*390.131  Steric restriction due to interactions with the local
environment hinders the rotation around the central stretch of conjugated carbon-carbon
double bonds and thus reduces the rate for cis-trans isomerization, which is the
predominant non-radiative pathway in cyanine dyes. A detailed potential energy diagram
of the Cy5 fluorophore is given in Supplementary Fig. 3.5. Consequently, steric hindrance
increases the lifetime of the excited state, an effect that was originally termed protein-
induced fluorescence enhancement (PIFE)'2 and has since also been described for
nucleic acids®'%°. As a more generally applicable acronym, we denote this effect here as
association-induced fluorescence enhancement (AIFE). Steric restriction can be detected
by the time-resolved anisotropy that measures the depolarization of the fluorescence

signal due to rotational motion (Fig. 3.2B). The anisotropy decays for Cy5 are
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characterized by two rotational correlation times. The shorter correlation time (o1 = 0.4-
0.8 ns) describes the fast rotation of the fluorophore (partially restricted by the
environment), while the longer correlation time (pogiobal >15 ns) reflects the overall tumbling
motion of the RNA. The dye motion is interpreted based on the ‘diffusion with traps’ (DWT)
dye model??®, which assumes that the fluorophores either rotate freely or are trapped by
sticking to the surface. The amplitude of the global tumbling motion of the RNA, given by
the residual anisotropy, r., then directly reports on the fraction of fluorophores that stick
to the host molecule by stable interactions. Meanwhile, non-interacting fluorophores can
rotate freely due to the flexible C6-linker, resulting in an almost complete depolarization

of the fluorescence signal.

A plot of the species-averaged fluorescence lifetimes (r), against the residual
anisotropies r. is given in Fig. 3.2A. A clear correlation is observed between the two
variables over all positions with a Pearson correlation coefficient of 0.95. Labeling
positions in similar RNA environments show similar photophysical parameters, resulting
in three major clusters of labels whose attachment points are either (1) close to the 3’-
end (magenta), (2) close to the junctions (purple) or (3) in the internal parts of the helices
(blue). The cluster of internal labels can be further subcategorized into uracil-attached
(dark blue) and guanine-attached labels (blue-gray). Labels close to the 3’-end show the
highest average lifetimes (>1.5 ns) and residual anisotropies (r.. >0.25). Slightly lower
values of (), ~1.4-1.5 ns and r. ~0.25 are observed for labels near the junction, while
the labels at internal positions along the RNA duplex exhibit the lowest lifetimes ((r), <1.3
ns) and residual anisotropies (r-<0.2). The sub-cluster of internal Cy5 labels with the
dyes attached to guanine (blue-gray, Fig. 3.2A) exhibit a narrow range of lifetimes ((t),

~1.2 £ 0.01 ns) and residual anisotropies (r. ~ 0.18 £ 0.01).
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Figure 3.2: Photophysics of Cy5 in different RNA microenvironments. A) A plot of the
species-averaged fluorescence lifetime (t), and residual anisotropy r. reveals distinct clusters
of Cy5 labels originating from the different RNA microenvironments (uracil-coupled internal
labels: bright blue, guanine-coupled internal labels: blue-gray, near-3’-end labels: magenta,
labels close to the junction: purple, non-sulfonated terminal labels: dark red). The inset
illustrates the classification into the different RNA environments on the structural model of an
RNA duplex. The dashed lines denote the lifetimes of the free Cy5 dye and a bridged Cy5 dye??”
that does not undergo photo-isomerization of 1.9 ns. B) Fluorescence (top) and anisotropy
decays (bottom) for representative Cy5 labels of the different clusters. The instrument response
function is shown in dark grey. Fits are shown as solid lines. C) Comparison of absorption and
emission spectra of representative Cy5 labels (colored) and free Cy5 dye (black). The peak
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region is magnified in the insets. D) FCS curves of representative Cy5 labels of the different
clusters reveal the environment-dependent modulation of the cis-trans photoisomerization.
From left to right: uracil-coupled internal labels, guanine-coupled internal labels, labels near 3'
end, labels near junction. Curves were acquired at power densities between 13-76 kW/cm?. Fits
to the model function given by eq. 3.25, accounting for translational diffusion (tg), two
isomerization processes (tiso) and molecular rotation (tr), are shown as black lines. The vertical
dashed lines indicate the fitted relaxation times for the FCS curve at 26 kW/cm? excitation. For
photo-isomerization, the weighted average of the two fitted relaxation times is shown. The
orange curves indicate the partial model functions of the different contributions, assuming only
diffusion (dashed line) or diffusion and photoisomerization (solid line). The displayed FCS
curves represent the average of the parallel-perpendicular and perpendicular-parallel
correlation functions, normalized to the total number of molecules. Insets show the curves
around tiso. E) A plot of the rate constant of fluorescence decay (ko) against the trans-to-cis
isomerization rate constant (kiso) obtained from the FCS curves at 26 kW/cm? excitation power.

3.3.2 Cy5 labels close to the 3’-end stack to the terminal base pair

The longer lifetimes and larger residual anisotropies for the Cy5 labels close to the 3’-end
are likely caused by n-rt stacking interactions with the exposed terminal base pair, which
hinders the cis-trans photoisomerization and enhances the fluorescence by AIFE. This is
suggested by the fact that the high (), values of 1.5-1.8 ns are mainly caused by an
increased fraction of the long lifetime component (65-85%) which also shifts slightly to
longer lifetimes (1.7-1.9 ns), indicating an increased population of a stacked conformation
with high steric restriction. As a control for a fully-stacked conformation, we measured a
non-sulfonated Cy5 label attached to the 5’-end phosphate of the RNA duplex with a
three-carbon linker (Supplementary Fig. 3.6), which has previously been shown to stack
to the terminal base pair®'.?2. We observed long lifetimes and high residual anisotropies
similar to the labels attached near the 3’-end (magenta in Fig. 3.2A), confirming that
efficient stacking occurs for these labels despite a distance of 4-6 bp to the terminal base
(Fig. 3.2A) due to the long flexible linker used to tether the dye to the base (Fig. 3.1B).
Consistent results are obtained for the non-sulfonated Cy5 label on the three-way and
four-way and junction molecules (Fig. 3.2A and Supplementary Table 3.1). The long
lifetimes obtained for the near-3’-end labels are also in agreement with a lifetime of 1.9
ns obtained for a conformationally restrained bridged-Cy52%7. Surprisingly, we observed
low anisotropies and lifetimes for position d27 although it is situated at a similar distance
to the end as the labels at position d26 and d28 (Fig. 3.2A). As label d27 is attached to a
guanine residue, this indicates that the propensity for stacking not only depends on the

distance but also the tether point on the duplex.
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To further elucidate the n-n stacking interactions of the near-3’-end labels, we measured
the absorption and emission spectra for representative Cy5 labels from different clusters
(Fig. 3.2C). While the internal Cy5 labels showed a shift of 3 nm of the absorption maxima
compared to the free dye, the near-3’-end label was red shifted by 5 nm. A similar shift
was observed for the emission spectra (Fig. 3.2C). Although the absorption of the non-
fluorescent cis state is red shifted??°, it is unlikely that the observed red shift is caused by
a change of the cis-trans equilibrium, as only a negligible population of the
thermodynamically unfavored cis state is expected under the low excitation power applied
in the ensemble experiments. Instead, because Cy5 exhibits a bathochromic shift with
decreasing solvent polarity?3%-231, the spectral shift is most likely caused by the less polar
environment experienced by the interacting dye at the terminal base pair or within the

grooves.

To obtain more detailed insights into the photoinduced isomerization, we performed full
fluorescence correlation spectroscopy (FCS)'*® measurements on free Cy5 dye
(Supplementary Fig. 3.7) and representative Cy5 labels from each cluster (Fig. 3.2D).
The FCS curves show a characteristic power-dependent bunching term on the
microsecond timescale, indicative of the cis-trans photoisomerization. We fitted the
curves with a model composed of one translational diffusion term (tqir = 200-250 ys), one
rotational diffusion term (tr = 20-60 ns) and two additional bunching terms with relaxation
times, tiso,1 and tiso2 (~0.3-16 ps) to describe the cis-trans photoisomerization (see
Methods and Supplementary Table 3.3). We did not observe a significant contribution of
triplet states under the applied excitation powers, in agreement with previous reports'4'.
While the correlation amplitude of the photoisomerization process did not change with the
excitation power, we observe a clear decrease of the relaxation times (Fig. 3.2D). This
behavior is expected as the increased excitation rate accelerates both the forward and
backward isomerization rates but has only a minor effect on the cis-trans equilibrium due

to the similar absorption cross-sections of the cis and trans states’',

The power-dependent relaxation times, tiso,1 and tiso.2, are clearly influenced by the RNA
environment as the steric restriction imposed by the interactions with the terminal bases
hinders the conversion between the cis and trans isomers (Supplementary Fig. 3.8).

Accordingly, the relaxation time of the cis-trans process is slower for the end label than
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for the internal labels and the free dye (Fig. 3.2D, Table 3.1 and Supplementary Table
3.3). We also observed a decrease of the amplitude of the cis-trans process from the free
dye over the internal labels to the end label (Fig. 3.2D and Table 3.1), suggesting that the
RNA-dye interactions result in a shift of the equilibrium between the two photoisomers.
From the measured amplitudes and relaxation times of the photoisomerization process,
we computed the excitation-independent trans-to-cis isomerization rate k;s, (Table 3.1,
see Methods). We observed a good correlation (Pearson’s correlation coefficient = 0.88)
between k;5, and k, (Fig. 3.2E), confirming that steric hindrance of the cis-trans
isomerization is the cause for the increased fluorescence lifetimes of the Cy5 labels close

to the junction and 3’-end.

Table 3.1. Photophysical properties of RNA-labeled Cy5 dyes: representative example

and mean for different microenvironments.

o Free Internal U- Internal G- , . .
Dye description dye attached attached Near-3’-end Near-junction
Label position - b27 Mean d27 Mean b33 Mean al12 Mean
Molecule - 1, (SD) Iy (SD) I, (SD) T, (SD)
X4 - 0.22 | 0.24(0.04) | 0.37 | 0.36(0.01) | 0.80 | 0.75(0.07) | 0.4 | 0.37(0.03)
71, NS - 1.67 | 1.66(0.13) | 1.55 | 1.58(0.02) | 1.91 1.86(0.08) | 2.12 | 2.08(0.05)
Fluorescence
decay Xz 1 0.78 | 0.76(0.04) | 0.63 | 0.64(0.01) | 0.20 | 0.25(0.07) | 0.6 | 0.63(0.03)
analysis
y T2,NS 0.95 | 1.01 | 1.00(0.03) | 0.97 | 0.98(0.01) | 0.94 | 0.95(0.04) | 1.06 | 1.07(0.01)
(Tx NS 095 | 1.15 | 1.16(0.04) | 1.18 | 1.20(0.01) | 1.72 | 1.63(0.08) | 1.49 | 1.45(0.03)
ry - 0.24 | 0.24(0.02) | 0.21 0.20(0.01) | 0.09 | 0.10(0.01) | 0.12 | 0.12(0.01)
Time-
resl:;;:ed p1, NS - 0.74 | 0.67(0.06) | 0.64 | 0.65(0.05) | 0.52 | 0.54(0.08) | 0.51 | 0.54(0.05)
anisotropy ro - 0.14 | 0.14(0.02) | 0.17 | 0.18(0.01) | 0.28 | 0.28(0.01) | 0.26 | 0.26(0.01)
analysis
Pglobal; NS - >100 >100 18.1 48.61(51) 18.6 26.18(11) | >100 >100
Aiso 0.6 0.49 - 0.52 - 0.45 - 0.44 -
FCS tiso, US 0.3 0.77 - 0.54 - 2.07 - 24 -
kiso, ns”' | 384 | 7.88 - 17.39 - 3.72 - 2.87 -
Anax(@bs), | 545 | 650 - 650 - 653 - 652 -
Spectral nm
maxima )‘ma:‘(:‘m)’ 664 | 666 - 665 - 668 - 668 -

Fluorescence decays were fitted to a two-component model function with the fluorescence lifetimes 112
and corresponding fractions xi2 according to eq. 3.4. The species-weighted average fluorescence
lifetime, (t)x is calculated using eq. 3.5. Anisotropy decays were described by two components with
rotational correlation times p1 and pgiobai and corresponding fractions r1 and r. according to eq. 3.7. The
amplitude of the slow component is the residual anisotropy r.. Aiso and tiso are the amplitudes and
relaxation times for the cis-trans isomerization process obtained by fitting the FCS curves to the model
function eq. 3.25. The rate constant of trans-to-cis isomerization, kiso is calculated using eq. 3.28.
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Amax(abs) and Amax(em) are the peak wavelengths of the absorption spectra and emission spectra excited
at 635 nm, respectively. For the time-resolved measurements, the mean and standard deviation (SD) of
samples measured within a given cluster (microenvironment) are tabulated.

3.3.3 Cy5 labels interact with the exposed bases at the junction

The Cy5 labels near the junction region exhibit photophysical properties very similar to
the labels near the 3’-end. These near-junction labels have high residual anisotropies
(~0.26), lifetimes (t), ranging between 1.4-1.5 ns with a long lifetime component of ~2.1
ns (35-40%), and a ~5 nm red shifted absorption maximum compared to the free dye (Fig.
3.2C). The FCS curves (Fig. 3.2D) also show slower characteristic cis-trans relaxation

times compared to the internal labels (Table 3.1).

For the label a12 on the 3WJ molecules (positioned four base pairs away from the
junction), a clear restriction of photoisomerization is observed from the significantly longer
lifetimes and higher residual anisotropies ((7), = 1.4-1.5 ns, r.=0.24-0.26). This
contrasts with the same label on the 4WJ molecule ((t), =1.16 ns, r.=0.13), which
behaves like the corresponding label on the duplex ((t), = 1.12 ns, r, = 0.13). In the 4WJ,
the helices most likely assume a coaxially stacked configuration similar to the native
structure of the hairpin ribozyme (Supplementary Fig. 3.1)?3? or the Holliday junction in
DNAZ?33, resulting in a fully base-paired junction that is inaccessible to the dye. In the 3WJ,
however, only two of the three helices can stack coaxially at a time. It is thus possible that
the bases at the junction are exposed and accessible to the dye, enabling potential
stacking interactions. The complex shape of the FCS curves for junction labels on the
3WJ molecules provides further evidence for such interactions (Fig. 3.2D and
Supplementary Table 3.3). In certain cases, AIFE is also observed for labels near the
junction on the 4WJ molecule. For example, the label d18 on the 4WJ, positioned one
base pair away from the junction, exhibits a long lifetime ({r), = 1.46 ns) and a high
residual anisotropy (r-= 0.27). In this case, steric restriction could occur because the dye

is situated in the confined region between two coaxially stacked helices of the 4WJ.

In contrast to the labels near the ends or junction, dyes attached to internal positions
undergo no base stacking but still experience some degree of steric restriction, as
indicated by longer (t), values ranging between 1.1-1.3 ns compared to the free dye with

a lifetime of 0.95 ns. This is also reflected in the FCS curves by the longer relaxation time
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of the cis-trans process and a small red shift of the absorption and emission spectra of
~2 nm compared to the free dye. Among the internal labels, we observe distinct
differences between uracil- and guanine-attached labels. Guanine-attached labels show
slightly increased residual anisotropy and a narrower distribution for both lifetimes and
residual anisotropies compared to uracil-attached labels. These features originate from
differences in the attachment point and the local environment at labeling site, as

discussed further in later sections.
3.34 Site-specific photophysics of Alexa488 are dominated by quenching

Next, we measured the position dependent fluorescence properties of the rhodamine-
based dye Alexa488 for 14 different labeling positions on the different RNA molecules,
resulting in a total of 51 distinct environments (Fig. 3.1A, Fig. 3.3A and Supplementary
Fig. 3.9). The anisotropy decays were characterized by three rotational correlation times
(Fig. 3.3B). The two faster correlation times describe the rotational motion of the
fluorophore (p1 = 0.2 ns) and the linker motion (o2 = 1-2 ns) in the RNA environment,
while the longest correlation time (pgiobal = 7-40 ns) measures the overall tumbling motion
of the RNA. As mentioned for the Cy5 labels, the amplitude of this global motion is given
the residual anisotropy r- which reports on the fraction of fluorophores that interact with
the host molecule. The fluorescence lifetime decays were characterized by two to three
lifetime components (Supplementary Table 3.4). For the coupled dye, the species-
averaged lifetime (t), is consistently found to be lower compared to the free dye ((t), =
4.1 ns) due to quenching by photoinduced electron transfer (PET) from the nucleobase
guanine®104.125234.235  PET occurs upon orbital overlap either through (i) collisions or
short-lived interactions (dynamic quenching) or (ii) formation of stable r-stacked
complexes (static quenching). While both mechanisms reduce the fluorescence intensity,
they have different effects on the observed lifetime. For dynamic quenching, the
interaction occurs due to collisions with the quencher within the excited state lifetime of
the dye, reducing the observed fluorescence lifetime. The reduction of the fluorescence
lifetime relates to the frequency of collisions with accessible guanine bases. For static
quenching, the long-lived quenched species is only weakly fluorescent with a short
fluorescence lifetime in the picosecond range?'%235236 which is generally too short to be

detected in the lifetime analysis but results in a decrease of the steady-state fluorescence
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intensity. The two longest lifetimes (around 1.7 ns and 4 ns) are assigned to environment
dependent dynamic quenching. For some labels, a short lifetime component of ~0.3 ns
was required to achieve a good fit which indicates a significant contribution of strongly

quenched dyes.
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Figure 3.3: Photophysics of Alexa488 in different RNA microenvironments. A) A plot of
the species-averaged fluorescence lifetime (r), and residual anisotropy r. reveals distinct
clusters of Alexa488 labels originating from the different RNA microenvironments (internal
labels: bright blue, near-5’-end labels: orange, near-3’-end labels: magenta). The inset
illustrates the classification into the different RNA environments on the structural model of an
RNA duplex. B) Fluorescence (top) and anisotropy decays (bottom) for representative
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Alexa488 labels of the different clusters. The instrument response function is shown in dark
grey. Fits are shown as solid lines. C) Comparison of absorption and emission spectra of
representative Alexa488 labels (colored as in A) and free Alexa488 dye (black). The peak
region is magnified in the insets. D) FCS curves of representative Alexa488 labels of the
different clusters (colored as in A) reveal position-dependent PET quenching. The FCS curve
of the free Alexa488 dye is shown in black. Curves were fit to a model accounting for
translational diffusion (tqi), triplet photophysics (tt) and PET quenching (o) according to eq.
3.21. The near-3’-end label b33 on duplex |, shows a bunching term at ~45 ns due to PET
quenching by the terminal guanine base. For this label, the model functions describing only
diffusion and diffusion with triplet photophysics are shown as dashed lines. The displayed FCS
curves represent the average of the parallel-perpendicular and perpendicular-parallel
correlation functions, normalized to the total number of molecules. E) Estimated fraction of
statically quenched Alexa488 labels, fsaic, at different labeling positions. The statically
quenched fraction is calculated according to eq. 3.18. Cartoon: Static quenching by PET occurs
upon stacking of the fluorophore to the exposed guanine base (yellow) at the helix end.

Based on the species-averaged lifetimes and residual anisotropies (Fig. 3.3A), we identify
three clusters that correspond to internal labels and labels close to the 3’- or 5’- ends.
Close to the 3’-end, Alexa488 displays the lowest residual anisotropies (r..~0.04) and
lifetimes ((7), < 2.8 ns), while labels close to the 5’-end show higher residual anisotropies
(r-~0.07) and significantly longer lifetimes ({(t), > 3.5 ns) compared to the near-3’-end
labels. Internal Alexa488 labels show the highest residual anisotropies over a wide range
from 0.08-0.14 and a larger spread of the lifetimes from 3-4 ns. Photophysical properties
of representative examples from each cluster are given in Table 3.2. The existence of
these clusters suggests position-specific interaction modes of Alexa488 in different

microenvironments on RNA.
3.3.5 End-stacked Alexa488 fluorophores are efficiently quenched by PET

Alexa488 labels close to the 3’-end exhibit the shortest lifetimes ((r), = 2.2-2.8 ns) and
their fluorescence decays contain a significant contribution of a short lifetime component
(=300 ps), indicating highly efficient quenching by guanines through PET (Supplementary
Table 3.4). At the helix ends, there is not only a high number of guanines in the studied
sequence, but the 1r-electron system of the exposed terminal guanines is more accessible
to the coupled dye than for the internal guanines, resulting in highly efficient PET
quenching. Additionally, the linker is oriented towards the terminal nucleobases at the 3’-
end. Neubauer et. al. studied the dye Rhodamine 6G bound to the 5-end of a DNA
duplex, showing that the dye stacks onto the terminal base pair®. Similar stacking

interactions are thus expected for the rhodamine-based dye Alexa488 studied here.
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Surprisingly, 3’-end labels exhibit significantly lower residual anisotropies of (r. = 0.03-
0.05) compared to the internal labels (Fig. 3.3A), while Cy5 labels close to the 3’-end
showed the highest propensity for end stacking (Fig. 3.2A). This result is explained by the
fact that the stacking of Alexa488 to the terminal guanine base leads to highly efficient
static quenching by PET, making the stacked species virtually non-fluorescent and thus
invisible in the ensemble experiments. The fluorescence signal hence originates
exclusively from the uncomplexed fluorophores that are free to move and thus show low
residual anisotropy. The reduced fluorescence lifetime for the 3’-end labels is therefore
due to the dynamic quenching of the fraction of uncomplexed dyes by collisions and short-
lived interactions with the high number of guanines present at helix ends. To confirm the
formation of a non-fluorescent species for the 3’-end labels, we measured the steady-
state quantum yield of representative Alexa488 labels from the different clusters using
the low-intensity FCS approach?®’. By comparing the steady-state quantum yield ®F with
the dynamic quantum yield @r qyn estimated from the fluorescence lifetime, we estimate
the fraction of statically quenched species as fstatic = 1-@r/®F.ayn (Fig. 3.3E). Indeed, the
highest fraction of statically quenched species was observed for the near-3’-end labels
(27-41%), whereas the internal and near 5’ labels showed only a low amount of static
quenching (6-18%).

While the distinction between static and dynamic quenching based on the effect of the
qguenching process on the fluorescence lifetime suggests the absence of dynamics for
statically quenched species, the dark (statically quenched) species must transition to the
bright (unquenched or dynamically quenched) state on timescales longer than the excited
state lifetime. To probe this exchange, we performed FCS measurements of
representative Alexa488 labels (Fig. 3.3D). For the near-3’-end label, a strong bunching
term is observed at short correlation times (~40 ns) which is absent for the free dye and
appears only as a small amplitude for the internal and near-5’-end labels. This term
describes the dynamic exchange between the statically quenched and bright, unstacked
species observed for the 3’-end labels (for FCS curves of additional Alexa488 labels see
Supplementary Fig. 3.10 and Supplementary Table 3.5). The amplitude of this term is a

measure of the amount of static quenching and correlates well with the fraction of the
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statically quenched species determined from the quantum yield measurements

(Supplementary Fig. 3.11C).

Table 3.2. Photophysical properties of RNA-labeled Alexa488 dyes: representative

example and mean for different microenvironments.

Dye description Free dye Internal Near-5’-end Near-3’-end
Label position b11 b5 b33
Mean (SD) Mean (SD) Mean (SD)
Molecule I, P} I,
X1 1.00 0.94 0.82 (0.07) 0.92 0.85 (0.06) 0.59 0.60 (0.04)
T1, NS 4.05 4.05 4.00 (0.09) 4.11 4.10 (0.02) 3.56 3.62 (0.08)
Xz - 0.06 0.13 (0.04) 0.08 0.11(0.03) 0.17 0.16 (0.02)
Fluorescence
decay T2, NS - 1.35 1.85 (0.40) 1.31 1.68 (0.54) 1.54 1.51 (0.05)
analysis
X3 - - 0.08 (0.3) - 0.07 (0.01) 0.24 0.24 (0.03)
13, NS - - 0.34 (0.11) - 0.50 (0.10) 0.32 0.30 (0.02)
(Tx NS 4.05 3.88 3.53 (0.23) 3.88 3.70 (0.15) 2.45 2.49 (0.16)
rq - 0.16 0.17 (0.02) 0.19 0.19 (0.01) 0.18 0.20 (0.01)
p1, NS - 0.24 0.24 (0.04) 0.23 0.23 (0.00) 0.2 0.22 (0.03)
re-l;lgl‘\?;d r; - 0.1 0.11 (0.01) 0.11 0.13 (0.01) 0.15 0.14 (0.01)
GG p2, NS - 135 | 1.52(0.26) 1.24 1.36 (0.07) 0.92 1.05 (0.09)
analysis
leo - 0.12 0.10 (0.01) 0.07 0.06 (0.01) 0.05 0.04 (0.00)
Pglobals NS - 12.99 17.01 (6.4) 17.67 15.34 (5.0) 8.07 10.72 (2.1)
Aq - 0.07 - 0.07 - 0.33 -
FCS
ta,ns - 79.3 - 98.3 - 45.8 -
Amax(@bs), | 495 493 - 493 - 496 -
Spectral nm
maxima Amax(em), 514 517 - 517 - 518 -
nm
fstatic - 0.08 - 0.14 - 0.4 -

Fluorescence decays were fitted to a three-component model with fluorescence lifetimes t13 and
corresponding fractions x1-3 according to eq. 3.4. The species-weighted average fluorescence lifetime,
(t)x is calculated using eq. 3.5. Anisotropy decays were described by three components with rotational
correlation times p1, p2 and pgiobal and corresponding fractions r1, r2 and r. according to eq. 3.7. The
amplitude of the slow component is the residual anisotropy r.. Ac and tq are the amplitudes and relaxation
times for the static quenching process obtained on fitting FCS curves to the model function eq. 3.21.
Amax(abs) and Amax(em) are the peak wavelengths of the absorption spectra and emission spectra excited
at 488 nm, respectively. fsatc, the fraction of statically quenched species is determined from the
fluorescence quantum yields using eq. 3.18. For the time-resolved measurements, the mean and
standard deviation (SD) of samples measured within a given cluster (microenvironment) are tabulated.

Dynamic quenching resulting from collisional interactions only affects the excited states

of the fluorophores. Consequently, no change in the absorption spectra compared to the
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free dye is expected. In contrast, static quenching involves the formation of a stable
ground-state complex between the dye and the terminal guanine, often resulting in a
characteristic shift of the absorption spectrum?3®. As the complexed fluorophores absorb
but do not emit, the formation of ground-state complexes is manifested as a significant
red shift of the absorption spectra of 5 nm for the representative label from the near-3’-
end cluster (Fig. 3.3C) and a characteristic shift between the absorption and excitation
spectra (Supplementary Fig. 3.12). A much smaller shift of the absorption spectrum of
~2 nm compared to the free dye is observed for the internal and near-5’-end labels (Table
2, Fig. 3.3C and Supplementary Fig. 3.13A). On the contrary, the emission spectra show
no significant environment-dependent shifts (Fig. 3.3C and Supplementary Fig. 3.13B).

Internal labels show a large spread of lifetimes and anisotropies (Fig. 3.3A). As will be
discussed in detail below, this is also seen for the simple duplex molecules and hence
most likely a sequence-specific effect. The presence of dynamic quenching for most
internal labeling positions, as detected from the reduced lifetimes, suggests that the 11-
electron system of internal guanine bases is accessible to the fluorophore in suitable
interaction geometries. Interestingly, we observe higher residual anisotropies for the
internal labels compared to the near-5-end labels, which could originate from a higher
structural flexibility of the RNA at the helix ends as seen in molecular dynamic simulations
(Supplementary Fig. 3.14). There are also distinct differences between the photophysical
properties of Alexa488 labels close to the 3’ and 5’-ends (Fig. 3.3A). Despite similar base
pair distances from the helix ends, the near 5’ labels show considerably longer lifetimes
((7), = 3.6-3.9 ns) and moderately higher residual anisotropies (r. = 0.06-0.07) compared
to the near-3’-end labels ((t), = 2.2-2.8 ns, r.,=0.04 - 0.06). These observations suggest

the absence of end-stacking for the Alexa488 dyes labeled close to the 5’-end.

3.3.6 Predicting photophysical properties from accessible volume

simulations

To gain insights into the molecular interactions underlying the observed photophysical
effects, we assess the sterically accessible volume (AV) of the fluorophores on RNA. The
AV simulation is based on geometric modeling of the dye, which has been widely applied

for the prediction of FRET-derived distances93238-241 The AV approach is simpler, faster,
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and more convenient compared to alternative approaches such as coarse-grained or all-
atom molecular dynamics simulations, while still providing accurate insights into potential
interactions and steric clashes. The dye is modeled as a sphere with an empirical radius
of Rdye, connected to the nucleobase by a flexible linker of length, Link and width, wiink
(Supplementary Fig. 3.15 and Supplementary Table 3.7). The set of sterically allowed
dye positions then defines the AV. Several modifications to the simple AV model have
been proposed that model the dye as an ellipsoid?3®242 or apply weights to the sampled
positions to account for the thermodynamic cost of linker extension?43244 or potential
interactions with the molecular surface®"242. Here, we apply the AV approach to visualize
the accessible space of dyes at specific positions and quantify the accessibility of the dye

to potential interaction sites to understand the photophysical observations.
3.3.7 Terminal base pair accessibility predicts Cy5 stacking interactions

In the experiments, we detected interactions with the terminal bases for labels that are
situated up to six base pairs away from the helix end, facilitated by the long flexible dye
linkers. To evaluate the accessibility of the terminal base pair for potential sticking
interactions with the Cy5 fluorophore, we performed AV simulations on a model A-form
RNA duplex (Fig. 3.4A). We define the terminal base pair accessibility as the fraction of
the AV that is in reach of the terminal base pair, using a cutoff distance of 7 A. The
dependence of the terminal base pair accessibility on the 3’ or 5’-ends as a function of
the base pair distance is shown in Fig. 3.4A for Cy5 labels attached either to uracil (top,
linker length 22 A) or guanine (bottom, linker length 19.5 A). The AV calculations indeed
show that fluorescent labels can reach the ends of the RNA helix even if the dye is
positioned at a distance of up to 8 base pairs. Uracil-attached labels show a higher
terminal accessibility on the 3’-end than on the 5’-end, with maximum distances of 8 and
4 bp, respectively. Such a preference is not seen for the guanine-attached labels which
can only reach the terminus up to a distance of 3 base pairs. Shortening the linker for
uracil-attached labels to 19.5 A did not significantly affect the results (Supplementary Fig.
3.16). To correlate the AV predictions with our experimental results, we plot the scaled
residual anisotropies on the right axis (Fig. 3.4A), which show good qualitative agreement
with the AV predictions for both uracil and guanine attached labels. In addition to the base

pair distance, the effect of the rotation of the labeling position around the helical axis is
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also evident for uracil labels on the 3’-end from the peak of the terminal base pair
accessibility at 5 bp (Fig. 3.4A).
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Figure 3.4. Predicting dye behavior by accessible volume simulations. A) The predicted
accessibility of the terminal base pair (for Cy5 labels) or the terminal guanine (for Alexa488
labels) from AV simulations is given as a function of the base pair distance from the helix ends
for a model duplex (top). The interaction volume was defined within a 7 A distance from the
terminal base pair or terminal guanine. The accessibility is given as the ratio of the interaction
volume to the total AV. For guanine-attached labels, all U-A pairs in the model duplex are
replaced by G-C pairs. For Cy5, the experimental residual anisotropies for the duplexes |13 are
shown as red spheres. For Alexa488, experimentally determined fraction of statically quenched
dyes, fstatic, is shown for the duplexes |13 as green spheres. The experimental data was shifted
and scaled with respect to the prediction curves. B) The effect of the attachment point on the
dye microenvironment is exemplified using the Cy5 labels d26, attached to uracil (magenta),
and d27, attached to guanine (blue-gray). The interaction volume with the terminal base pair is
shown in red. Stacking interactions of label d26 with the terminal base pair are confirmed by its
longer fluorescence lifetime and higher residual anisotropy. C) Near-5’-end labels attached to
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uracil show a drastically reduced accessibility of the terminal guanine compared to near-3’-end
labels. This is exemplified by the Alexa488 labels b33 on the 3’-end (magenta) and b5 on the
5’-end (orange), both placed at a distance of 4 bp. The larger interaction volume (red) with the
terminal guanine base (yellow) for the near-3’-end label is confirmed by the higher fraction of
statically quenched species.
3.3.8 The behavior of Cy5 labels depends on the labeling strategy
To understand the differences between uracil and guanine Cy5 labels, we visualize the
AVs of the guanine label d27 and the uracil label d26 in Fig. 3.4B. The AVs show clear
differences in their shape and orientation due to the different attachment points on the
bases (Fig. 3.1B). The uracil label emerges from the deep major groove which results in
a restricted AV whose shape follows the groove. In contrast, the guanine label emerges
from the shallow minor groove on the opposite side of the RNA, resulting in a large
spherical AV. While the shapes of the AVs would suggest a higher rotational freedom for
the guanine label, our data shows slightly higher lifetimes and residual anisotropies for
internal guanine labels (average (), = 1.2+ 0.01, r.= 0.18 +£ 0.01) compared to uracil
labels (average (1), = 1.17 £0.04, r.= 0.14 £0.02, Fig. 3.2A), indicating that more
interactions with the biomolecular surface occur for guanine labels. This observation is
supported by a quantification of the accessible contact volume, defined as the AV within
7 A distance to the RNA surface, which is found to be larger for internal Cy5 dyes coupled
to guanine compared to uracil (Supplementary Fig. 3.17). The visual inspection of the
AVs of the labels d26 and d27 in Fig. 3.4B also clearly show that the guanine label does
not reach the helix end, while there is significant overlap of the AV with the terminal base
pair for the uracil label, confirmed by the higher lifetime and residual anisotropy of the

uracil label.

The largest difference between the two labeling strategies stems from the attachment
point on the RNA. For uracil, the fluorophore is attached via the C5 atom situated in the
major groove, while the dye is attached to guanine via the N2 atom located in the minor
groove (Fig. 3.1C). The major and minor grooves differ in their ligand accessibility,
polarity, hydrophobicity, and groove structure?>24%246_ The deep and narrow major groove
is lined with negatively charged phosphate groups, while the wide and shallow minor
groove exposes the hydroxyl groups of the sugar backbone (Supplementary Fig. 3.18)%47.

As the linker exits the groove, steric constraints render it unlikely to fold back into the

63



groove that it emerged from. Instead, the linker points the dye towards the neighboring
grooves. Uracil-attached dyes thus access the neighboring minor groove, while guanine-
attached dyes can reach the neighboring major groove. This potentially also facilitates
sticking interactions with the sugar-phosphate backbone through hydrogen bonding and
electrostatic interactions. For uracil labels, the linker exiting the narrow major groove
points towards the 3’-end due to the steric clashes within the groove, while for guanine
labels no such preference is dictated by the shallow and wide minor groove (Fig. 3.1C).
In addition to the reduced linker length for guanine labels (19.5 A for guanine compared
to 22.0 A for uracil coupled labels, Fig. 3.1B), this “pointing effect” of the major groove is
the main reason for the different terminal base pair accessibilities of uracil labels for the
3’ and 5’-ends (Fig. 3.4A). These results exemplify how different labeling chemistries can
lead to drastically different local environments with varying accessibilities to trapping sites

on the biomolecular surface.

3.3.9 PET quenching of Alexa488 correlates with terminal guanine

accessibility

We detected a high propensity for static quenching by PET for Alexa488 labels close to
the helix ends, whereby higher quenching was observed for labels close to the 3’-end. To
understand this observation, we quantify the accessibility of the terminal guanine base
for Alexa488 labels (linker length 20 A, Fig. 3.4C). Mimicking the experimental construct,
we place a cytosine on the 5’-end and a guanine on the 3’-end of the fluorophore-labeled
strand (5'C/3’G model). A slightly higher accessibility of the terminal guanine is observed
for 3’-end labels due to the 3’-end pointing effect of uracil-attached dyes, which reach up
to 5 bp compared to 4 bp for 5’-end labels (Fig. 3.4A). This effect is absent for guanine-
attached labels (Supplementary Fig. 3.19). To compare the AV predictions with the
experiment, we scale the fraction of statically quenched dyes (fstatic) to the terminal
guanine accessibility (Fig. 3.4A, bottom panel). As predicted by the model, higher static
quenching is observed at short distances of 3-4 base pairs for 3’-end labels compared to
5-end labels. To investigate the impact of the terminal sequence, we additionally
calculated the terminal guanine accessibility for a duplex where the G is placed on the 5'-
end of the labeled strand and C on the 3’-end, although this geometry has not been

assessed experimentally in this study (5’G/3’C model, Supplementary Fig. 3.20). This
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model predicts an overall higher terminal guanine accessibility compared to the 5°C/3'G
model with a longer reach on the 3’-end compared to the 5-end (up to 8 bp and 5 bp,
respectively). The consistently higher overlap at the 3’-end for both model duplexes
implies that the increased overlap due to the 3’-end pointing effect is more important than

the position of the guanine within the terminal base pair.

An exemplary comparison of a near-3’-end and near-5-end Alexa488 label, both situated
at a distance of 4 bp from the helix end, is shown in Fig. 3.4C. Despite their similar relative
position on the RNA helix, the AV of the 3’-end label b33 clearly shows a high degree of
overlap with the terminal guanine (fstatic = 27%), whereas for the near-5’-end label b5 only
a small fraction of the AV is in reach of the guanine base (fstatic = 13%). Two effects
contribute to this difference. First, due to the attachment point at the C5 atom of uracil,
the linker is oriented towards the 3’-end, increasing the overlap for the 3’-end label b33.
Second, the terminal guanine is positioned on the same strand for the 3’-end label, while
it is on the opposite strand for the 5’-end label, which significantly reduces the overlap for

position b5 while still allowing sufficient overlap for position b33.
3.3.10 MD simulations explore RNA-dye interaction modes

To obtain atomistic insights into potential interaction modes, Dr. Christian Hanke
performed all-atom molecular dynamics (MD) simulations of tethered dyes on RNA at
internal positions and close to the 3’ and 5’-ends (positions b5, b11 and b33 for Alexa488;
positions b27 and b33 for Cy5, Fig. 3.5A). Five independent simulations of 8 ps length
each were performed for each of the different labeling positions, starting from an extended
linker configuration (see Methods). In the simulations, the internal labels at position b27
(Cy5) and b11 (Alexa488) as well as the near-5’-label b5 (Alexa488) explore a volume
that that corresponds well to the estimated AV (Fig. 3.5A). On the other hand, the spatial
distribution for the near-3’-labels at position b33 are strongly biased towards the helix end
for both fluorophores due to long-lived (>100 ns) sticking interactions with the terminal
base pair (Fig. 3.5A and Supplementary Fig. 3.21). While the internal labels showed less
interactions overall, we still observed frequent short-lived (10-100 ns) interactions with

the RNA surface at these positions (Supplementary Fig. 3.21).
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A Dye positional distribution and dipole orientations at different labeling sites
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cular dynamics simulations provide atomistic insights into dye-RNA
interaction modes. A) Distribution of dye positions and preferential dipole orientations. For
representative Cy5 and Alexa488 labels, the spatial distributions sampled during the MD
simulations are shown with the predicted AVs overlayed as transparent clouds. The scatter
points represent the location of the C19 atom for Cy5 and the O3 atom for Alexa488
(Supplementary Fig. 3.22) at 20 ps intervals. Identified clusters are shown as ellipsoids and
colored according to the type of dye-RNA interaction (green: backbone interaction, red: groove-
interacting and magenta: n-stacking states). The ellipsoids indicate the width of the spatial
distributions within the clusters. The rods show the preferential orientation of the transition
dipole moment of the dye cluster (see Supplementary Fig. 3.22 for the definition of the dipole
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moments). B) The major RNA-dye interaction modes observed in MD simulations include dye
stacking interactions with the electron rich © systems of the exposed nucleobases at the termini,
and interactions with the phosphate backbone or the neighboring grooves (right). For both dyes,
stacking to the exposed terminal bases occurs in two distinct conformations.

To obtain more detailed insights into the potential interaction modes, Dr. Oleg Opanasyuk
performed a cluster analysis of the dye positions to identify stable interactions (Fig. 3.5A).
For each identified cluster, we compute the average position and variance of the spatial
distribution (displayed as an ellipsoid) as well as the preferential orientation of the
transition dipole moment (see Methods and Supplementary Fig. 3.22). For the labels at
position b33, the main clusters were found in contact with the terminal base pairs which
show narrow spatial distributions and a strong confinement of the dipole moment (Fig.
3.5A and Supplementary Fig. 3.23). A more complex picture arises for the internal labels.
For Cy5 at position b27, many clusters were identified along the sugar-phosphate
backbone (colored in green), with the transition dipole moment aligning along the
backbone. Additionally, some minor states were found within the neighboring minor
groove (red). In contrast, Alexa488 at position b11 predominantly formed stable
interactions with the neighboring minor grooves or the backbone at defined positions.
Corresponding results were obtained for the Alexa488 label at position b5
(Supplementary Fig. 3.23). These results suggest that the behavior of Cy5 at internal
positions is dictated by unspecific interactions with the backbone, leading to a diffuse
distribution of interacting states, while Alexa488 forms specific interactions with the bases

in the neighboring groove or the backbone.

To further investigate the nature of the detected interactions, we show snapshots of the
stable binding modes observed in the MD simulations in Fig. 3.5B. Due to the length of
the linker, the Cy5 label at position b33 can only reach the terminal base pair from the
proximal side where it stacks in two conformations that are rotated by 180° with respect
to each other. The long conjugated T-system in the center of the chromophore prohibits
that both indolenine groups bind the terminal base pair at the same time. In the two
conformations, -1 stacking occurred predominantly with the terminal guanine with no
preference for either of the indolenine groups of the Cy5 chromophore. A similar situation
is observed for the Alexa488 label at the same position, which also reaches the terminal

base pair from the proximal side. Stacking between the extended tr-system of the
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chromophore and the exposed terminal base pair occurred in two distinct conformations.
Due to the smaller size of the chromophore, it can fully stack to the exposed terminal
base pair akin to an additional base pair. Less frequently we also observed a partially
stacked conformation where the chromophore only interacted with the terminal guanine.
Both conformations should offer sufficient orbital overlap for highly efficient PET

quenching.

For the internal label positions, interactions occurred either with the nearby RNA
backbone or the neighboring minor grooves. Cy5 showed stable interactions of its two
heterocycles with the sugar-phosphate backbone of the neighboring minor groove, either
on one side or spanning across the minor groove (Fig. 3.5B). Such interactions are
potentially mediated by hydrogen bonding between the sulfo groups of the fluorophore
and the sugar backbone. On the other hand, stable interactions of Alexa488 at position
b5 with the minor groove predominantly occurred in a heads-on conformation wherein the
amino group of the chromophore potentially forms hydrogen bonds with the exposed
bases within the groove (Fig. 3.5B). Different to the unspecific backbone interactions for

Cy5, Alexa488 thus clearly formed stable interactions with the bases in the minor groove.
3.3.11 Origin of PET quenching for internal labels

The observation of dynamic quenching for internal Alexa488 raises the question of how
the dye can access these guanines in a way that provides sufficient overlap of the electron
orbitals for PET. Intercalation of the labeled dye with the nucleobases is unlikely due to
the bulky and highly charged sulfo groups. Internal guanines could potentially unpair with
their complementary base and rotate out of the nucleic acid double helix momentarily
(base flipping)?*824°. To rule out this effect, we performed control measurements on an
RNA duplex where the Alexa488 dye is placed in the vicinity of an internal guanine with
a mismatch on the complementary strand (either A, U or G). We observed no reduction
of the fluorescence lifetime at ambient temperature, indicating that base flipping is not
significant (Supplementary Note 3.1). Instead, we speculate that the accessibility of
internal guanines for PET is modulated by sequence-dependent local structural variation
and flexibility of the RNA duplex, supported by the broad distributions of the fluorescence

lifetimes and residual anisotropies for internal Alexa488 labels ({t), = 3.3-3.9 ns, r.=
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0.08-0.14). Nucleic acid binding proteins recognize specific binding sites by local
structural features of the duplex, such as twist, rise, tilt and roll?°0-253, It is thus likely that
sequence-dependent bending and twisting of the RNA duplex modulates the accessibility
of the nucleobases, as corroborated by the high flexibility of the RNA duplex observed in
the MD simulations (Supplementary Fig. 3.14). Yet another effect that could enhance the
structural flexibility of the RNA and promote PET quenching for labels close to the termini
is fraying, i.e. the temporary unpairing of the terminal bases?%42%. Evidence for a higher
structural flexibility of the helix ends is given by the correlation between the residual
anisotropy and the distance to the nearest end for internal labels (Supplementary Fig.
3.24). Lastly, it has been postulated that PET quenching could be mediated over long
distances by tunneling of electrons between the r-stacked bases along the helical axis'?5.
Indeed, we observed a moderate amount of PET quenching for labeling positions b14
with no immediate guanine in the surrounding (Supplementary Fig. 3.25), where

tunneling-mediated PET quenching could play a role.
3.3.12 Effect of the primary sequence

To assess whether variation of the primary sequence could affect the dye properties, we
selectively investigate the fluorescence lifetimes and residual anisotropies of internal dyes
on duplex molecules (Fig. 3.6A). For Cy5, the narrow distribution of photophysical
properties for guanine and uracil labels (with the exception of labeling position b27)
suggests a low sensitivity to the primary sequence. On the other hand, internal Alexa488
labels show a large spread of residual anisotropies between 0.08-0.14 and fluorescence
lifetimes between 3.3-3.9 ns, with no apparent correlation between the two quantities.
Note that this spread is significantly larger than the measurement error obtained from
repeated measurements (Supplementary Table 3.8). This indicates that PET quenching
by internal guanines is sensitive to the primary sequence, potentially due to variations of
the electron orbital overlap in different interaction geometries and local breathing
dynamics of the RNA. While the strong PET quenching at the helix ends can be predicted
from overlap of the dye accessible volume with nearby guanine bases (Supplementary
Fig. 3.25), a more detailed model would be required to predict PET quenching of internal
position that accounts for these effects. The broad distribution of the experimental

residual anisotropies for internal Alexa488 labels could potentially originate from short-
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lived sticking interactions mediated by hydrogen bonding, as supported by the MD
simulations (Fig. 3.5B) and an apparent correlation between the residual anisotropy and

the accessibility of hydroxyl group on the sugar (Supplementary Fig. 3.26).
3.3.13 Sensing the global structure

So far, we have investigated the effects of the primary and secondary structure of the
RNA molecules, i.e., the linear base sequence and the helical structure of A-form RNA
with the major and minor grooves. The tertiary structure additionally describes the
arrangement of secondary structure elements in space and is especially relevant for the
3WJ and 4WJ molecules where the helical arms can change their orientation based on
the coaxial stacking at the junction. Using fluorescent dyes, the tertiary structure of RNA
could be probed by sensing the structural flexibility and dynamics at the labeling position
or the spatial proximity to the junction or neighboring helices. To assess whether our
measurements could provide such information, we compare the residual anisotropies of
Cy5 labels on the duplex with the corresponding positions the 3WJ or 4WJ molecules
(Fig. 3.6B). Indeed, some positions show significantly lower residual anisotropies on the
duplex compared to the 3WJ or 4WJ, indicating that the dyes at these positions are
sterically restricted (see label a12 on the 3WJ and d18 on the 4WJ, Fig. 3.6B). For these
labels, AIFE occurs due to the significant overlap of the respective AVs with the junction
region (Fig. 3.6A, inset), enabling stacking interactions with the exposed bases at the
junction or promoting steric clashes with the neighboring helices. Interestingly, the Cy5
label at position a12 shows increased anisotropy for the 3WJ but not the 4WJ (Fig. 3.6A),
indicating that the bases at the 3WJ are more exposed compared to the coaxially stacked
4WJ. We did not observe large differences for the residual anisotropies between the
different 3WJ molecules studied here (Supplementary Fig. 3.27-28). Correspondingly, the
FCS curves of the label a12 on the 3WJ, T1, is different from those on the 4WJ and the
duplex (Supplementary Fig. 3.29 and Supplementary Table 3.9).
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Figure 3.6: Sensing the RNA environment using fluorescent probes. A) The distribution of
fluorescence lifetimes and residual anisotropies of internally labeled Cy5 and Alexa488 on RNA
duplexes reveals the effect of the primary sequence on the photophysical properties. B)
Comparison of the residual anisotropy of Cy5 labels on RNA duplexes with the same labeling
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position on the 3WJ (triangle) or 4WJ (square) molecules. The diagonal line follows a 1:1
correlation between the axes. Significant differences of the residual anisotropies arise for labels
in proximity of the junction as illustrated by the AV of the d18 label on the 4WJ (inset). The
labeling site is highlighted in yellow. C) Polarization-resolved fluorescence correlation
spectroscopy senses the size and shape of RNA molecules. The FCS curves of the end stacked
Cy5 label b33 reveal different rotational correlation times for the different types of RNA
molecules. The vertical dashed lines indicate the rotational correlation times (tr) obtained from
a fit to the model for a spherical rotor given by eq. 3.29. The inset shows a magnified view of
the relevant region for rotational motion. Displayed curves are the parallel-perpendicular
correlation functions measured at 11 kW/cm?, normalized to the number of bright molecules.
D) Rotational motions of the different RNA molecules. The 4WJ and 3WJ molecules show
approximately isotropic rotation and are well described as spherical rotors. The cylindrical
shape of the duplex results in anisotropic rotational diffusion with faster rotation around the
helical axis. The red arrows show the directions of rotational diffusion. The length of the longest
axis of rotation is approximately similar for all molecules. The structures for the 4WJ
(PDBDEV_00000019), the 3WJ T42%¢ and the duplex RNA?>" have been adopted from the cited
sources.

3.3.14 Detecting RNA shape and size by polarization-resolved FCS.
(The theoretical work in this section was performed by Dr. Oleg Opanasyuk)

The rotational tumbling of biomolecules is sensitive to their size and shape and can be
predicted based on the atomic structure?®®2%° or coarse-grained representations 2%°. For
the molecules studied here, the rotational tumbling times are larger than 20 ns. These
times are too long to be accurately resolved by time-resolved anisotropy experiments,
which are limited by the excited-state lifetime of the fluorophore. However, the global
tumbling motion can be resolved by polarization-resolved fluorescence correlation
spectroscopy (pFCS) by investigating the correlation between the fluorescence emission
in the parallel and perpendicular detection channels with respect to the polarization of the

incident light?61.262,

For optimal sensitivity, the rotation of the fluorescent label should be maximally coupled
to the rotation of the biomolecule, which can be achieved by using short, rigid
linkers103.262.263  Here, instead, we chose the Cy5 label at position b33 due to its high
propensity to stack at the helix end. The pFCS curves reveal clear differences between
the duplex and the 3WJ/4WJ molecules in the diffusional (0.1-1 ms) and rotational (10-
100 ns) part of the correlation function (Fig. 3.6C, Supplementary Table 3.10). By fitting
the curves to the model function for a spherical rotor, we obtained global rotational
correlation times, pgiobal, 0f 24 ns for the duplex and 38-39 ns for the 3WJ/4WJ molecules.

Interestingly, we observed no significant difference between the 3WJ and 4WJ molecules
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despite the larger number of nucleotides of the latter, suggesting a similar hydrodynamic
radius. Similar results were observed for Cy5 at position c1 and Alexa488 at position b11

(Supplementary Fig. 3.30-31 and Supplementary Table 3.11-12).

To assess the sensitivity of the pFCS curves to the shape and size of the molecule, we
computed theoretical estimates of the diffusion tensors using hydrodynamic modeling?%®
based on the ideal rigid structure of the RNA duplex and FRET-derived structural models
for the 3WJ and 4WJ molecules (see Methods)?6:264, Using this information, we model
the theoretical pFCS correlation functions by accounting for the relative orientation of the
fluorophore dipole with respect to the rotation axes of the RNA, as estimated from the MD
simulations (Supplementary Note 3.3). The theoretically expected rotation times (defined
as 1/6D where D is the rotational diffusion coefficient) for the 3WJ and 4WJ molecules
are consistently longer (~50-70 ns) compared to the experimentally fitted values (~40 ns),
while the theoretical prediction matches well for the RNA duplex (exp.: 20 ns, predicted:
24 ns) (Supplementary Fig. 3.32A-D and Supplementary Table 3.13-14). This indicates
that additional processes must contribute to the depolarization of the fluorescence signal
for the 3WJ and 4WJ molecules.

The predicted correlation functions of the various 3WJ and 4WJ molecules can be well
approximated by the model function for the spherical rotor, while the duplex clearly
deviates from the spherical model (Supplementary Fig. 3.32E-H). This is supported by an
improved fit quality for the duplex when using the scaled predicted diffusion tensor
compared to the spherical model (Supplementary Table 3.14). For the rod-shaped duplex,
the rotation around the helical axis should cause less friction than for the other axes,
resulting in a faster rotational diffusion coefficient around this axis (Dz > Dxy, Fig. 3.6D).
To test this prediction, we fitted our experimental data to a generalized model for a prolate
ellipsoid assuming equal rotational diffusion coefficients in the x-y plane
(Dx= Dy = Dxy < Dz, Supplementary Note 3.3 and Supplementary Fig. 3.33). Indeed, the
ratio of Dz to Dxy was largest for the duplex (D2/Dxy = 10.5, predicted 5.7) and smaller for
the 3WJ and 4WJ molecules (Dz/Dxy = 2.5-3.0, predicted 1.5-1.9, Supplementary Table
3.14). Interestingly, the measured ratio of D2/Dxy exceeds the theoretical estimate
approximately by a factor of two for all molecules, which is mostly due to a faster rotation

around the helical z-axis compared to the prediction (ADz = 3.3 MHz for the 3WJ and

73



4WJ, and ~8 MHz for the duplex, Supplementary Table 3.14). This suggests that the
faster rotational correlation times observed when the experimental data was fitted by a
spherical model originate from additional depolarization processes along the helical axis
due to wobbling or twisting motions. In summary, our results show that pFCS informs on
the size and shape/sphericity of biomolecules if the rotation of the fluorescent label is
sufficiently coupled to the global rotation, as is the case for end-stacked fluorophores.
The faster rotational times compared to the theoretical predictions further indicate the
presence of additional structural dynamics in the studied 3WJ and 4WJ molecules., which

are not accounted for by the rigid model used for theoretical predictions.
3.4 Discussion

In this study, we characterized the dye behavior of Cy5 and Alexa488 fluorophores at
various sites and local environments in different RNA molecules and identified distinct
dye-RNA interaction modes. n-n stacking interaction between the dye and exposed bases
occur predominantly at the helix termini or junctions. The wide distribution of
photophysical properties for internal labels indicates interactions with the sugar-
phosphate backbone, as well as with the bases within the neighboring major or minor
grooves of the double helix. Most of the observed interactions occur over long distances
(> 1 nm) and are hence facilitated by the long flexible dye linkers. In addition, the labeling
chemistry was found to be a determining factor for the dye behavior. The different
attachment points on the uracil and guanine bases determine whether the dye emerge
from the major or minor groove for U and G, respectively, from where it can predominantly
access the neighboring grooves of the opposite type. Moreover, for uracil labels, the deep
major groove directs the dye linker towards the 3’-end, facilitating interactions with the

helix ends.

These detailed insights into dye-RNA interactions provide a foundation for sensing the
unknown nucleic acid environment using the spectroscopic methods presented here,
allowing to, e.g., assess the proximity of the dye to the helix ends or secondary structure
elements, estimate the local concentration of guanine, or even sense local structural
dynamics and the global structure and shape of the nucleic acid. To this end, we

summarize the information provided by the different photophysical observables and
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experimental methods and how they report on the microenvironment of the fluorophore
and the structure and dynamics of the biomolecule.

(1) A bathochromic shift of the absorption spectrum generally correlates with dye
sticking, most prominently at the ends of the double helix. Thus, a significantly
red-shifted absorption spectrum indicates that a fluorescent label is in proximity
to exposed bases either at the helix end or a junction where -1 stacking
interactions could occur.

(2) Anincrease of the residual anisotropy is an indicator for dye trapping or a sterically
restricted environment. This effect is most pronounced for n-n-stacking
interactions to the helix ends for cyanine labels. Special care must be taken to
ensure that the trapped species is not statically quenched, as observed here for
Alexa488.

(3) For cyanine dyes, steric restriction also results in an increase of the fluorescence
lifetime and brightness due to association-induced fluorescence enhancement
which should correlate with an increase of the residual anisotropy.

(4) For Alexa488 and other rhodamine or oxazine dyes, a reduction of the
fluorescence lifetime indicates dynamic quenching due to a high concentration of
partially accessible, buried guanines around the attachment site.

(5) A reduction of the brightness and steady-state quantum yield of Alexa488
indicates long-lived interactions (>10 ns) with exposed guanine bases at the helix
ends or junctions. The presence of static quenching is detected from a
comparison of steady state and dynamic quantum yields and/or characteristic
spectral shifts of the absorption spectrum.

(6) FCS is sensitive to any interaction that affect the brightness of the fluorophore,
either by quenching or enhancement, and provides quantitative information on the
kinetics of the interaction. Possible interactions are revealed by a direct
comparison with the FCS curve of the free dye or a dye-labeled reference

molecule.

In general, the sensing of cyanine-based dyes by AIFE is independent of the nucleic acid
sequence, while the PET-based sensing is specific to guanines. This allows for site-

specific control through the placement of guanine bases at positions of interest, e.g., to
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detect the accessibility of a specific base at the helix end or detect local melting of the

double strand.

MD simulations provided further atomistic insights into potential interactions. Interactions
with the helix ends were mediated by =n-r stacking interactions which could occur in
different geometries for both dyes. Alexa488 formed stable interactions in two
conformations which are rotated by 180° with respect to each other, while the two end-
stacked conformations of Cy5 involved only one of the two indolenine groups. These
simulation results are in excellent agreement with structural studies of end-stacked
dyes®92.94-96 |mportantly, many of the interaction modes could be accurately predicted
by AV simulations. This includes the lowered accessibility of the helix termini for 5’-end
compared to 3’-end labels, the different accessibility of the major and minor grooves
between uracil and guanine labels, the local quencher concentration, as well as the
proximity to specific interaction sites. Particularly, AV simulations were well suited to
predict the interactions with the terminal bases as seen from the good agreement
between the predicted overlap from AV simulations and the residual anisotropy for Cy5
labels or the propensity of static quenching for Alexa488 labels (Fig. 3.4A). These results
show that accurate predictions of dye-nucleic acid interactions can be obtained from the
simple and efficient AV model, reducing the need for computationally expensive MD

simulation.

Lastly, we explored the potential of polarization-resolved FCS to sense the size and
shape of an RNA molecule. Using a Cy5 label with a high propensity for end-stacking
ensured optimal coupling between the depolarization of the fluorescence signal and the
rotational motion of the RNA. We detected a higher asymmetry and faster rotational
motion for the duplex compared to the 3WJ/4WJ molecules, while the similar rotational
correlation times for the 3WJ and 4WJ molecules indicate comparable hydrodynamic radii
for these molecules. Rotational correlation times for the 3WJ and 4WJ molecules were
also significantly shorter compared to theoretical predictions, suggesting the presence of
additional conformational dynamics that lead to a faster depolarization of the fluorescence
signal. These results highlight the potential of polarization-resolved FCS to sense the

size, shape, and local flexibility of biomolecules.
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3.41 Consequences of environmental dependence of photophysics for FRET

studies.

Forster resonance energy transfer (FRET) is a widely used and powerful method to
investigate the structural dynamics of nucleic acids over timescales ranging from
picoseconds to minutes/hours on the ensemble or single-molecule level?®s. In FRET, the
efficiency of the energy transfer from a donor to an acceptor fluorophore, coupled to the
biomolecule at suitable positions, reports on the interdye distance. A clear understanding
of the photophysics, linker dynamics, and interactions of the dye with the host biomolecule
is essential to the design, proper interpretation, and quantitative evaluation of FRET
experiments, especially if the distance information is to be used for integrative structural
modeling and to avoid misinterpretation of photophysics as conformational
dynamics?42-266.267 Therefore, we examine our results in the context of FRET studies and
provide guidelines on how to minimize and correct for the effect of dye-biomolecule

interactions.

In a typical FRET experiment, the measured fluorescence intensities in the donor and
acceptor channel are corrected for background signal, spectral crosstalk of the donor
signal into the acceptor channel, and direct excitation of the acceptor fluorophore by the
donor excitation laser. From the corrected fluorescence intensities F, and F,, the accurate

FRET efficiency is then calculated as:

F 1
E=—2%2 = -, (3.1)
Yy Fp + Ey 1+(RDA)
Ry

which relates the FRET efficiency E to the interdye distance R,,. The estimation of
accurate FRET efficiencies depends on several setup and dye dependent correction
factors 268269 of which the y-factor is generally most important (and most challenging to
determine). It accounts for the different detection efficiencies of the donor and acceptor
fluorophore and is given by:

_ 9rja Pra

) (3.2)
9eip Prp
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where gr 4 and gq|p are the detection efficiencies of the donor and acceptor emission in
the red and green detection channels, respectively. ®. , and @, are the quantum yields
of the acceptor and donor fluorophores. Note that if the quantum yield of fluorophores
that undergo transitions to dark states (e.g., triplet states or photoisomers) is estimated
from the fluorescence lifetime, it needs to be additionally corrected for the fraction of

molecules in the bright state a, by ®¢f = a,®, (Supplementary Table 3.15).

The accuracy of the distance derived from a FRET experiment crucially depends on the
Forster radius R,, the characteristic length scale of the energy transfer process. This
quantity depends on the spectral overlap between the donor and acceptor fluorophores,
J, the refractive index of the surrounding medium, n, the quantum yield of the donor
fluorophore, @, and the relative orientation of the donor emission and acceptor

absorption transition dipole moments, expressed in the orientational factor x?2:

Ry ~ 6/] ®pp k2074, (3.3)

In a previous benchmark study, the joint error of these quantities has been estimated to
introduce a distance uncertainty of 5% 28. Often, a single value for the Forster radius is
estimated in FRET studies to convert the measured FRET efficiencies between dyes in

different environments into distances.

Table 3.3. Estimation of Forster radius Ro and correction factor y for representative

Alexa488-Cy5 donor-acceptor pairs with donor and acceptor at different labeling sites.

Overlap Reduced . Detection
Donor(D)- . Forster
integral, J Forster . ®rp/ | efficiency
Acceptor(A) @rF,p radius, OF,A y-factor
[M'cm™'nm?] | radius, Rou DA ratio,
combination Ro[A]
1015 [A] gria/geip
Free dyes 1.27 55.5 0.96 51.5 0.30 | 3.17 0.74 0.23
b11(D)-b27(A) 1.36 56.1 0.90 51.5 0.37 | 243 0.74 0.30
b33(D)-b27(A) 1.35 56.0 0.35 44.0 0.37 | 0.95 0.74 0.78
b11(D)-b33(A) 1.27 55.5 0.90 50.9 0.48 1.88 0.74 0.39

The overlap intergral J quantifies the spectral overlap between the emission spectrum of D and absorption spectrum of
A, where D is the donor and A is the acceptor, computed according to eq. 3.35. Ro is the Férster radius calculated
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according to eq. 3.34 under the assumption of x2=2/3, and Ro, is the reduced Forster radius calculated according to
eq. 3.37 by omitting the contributions of the donor quantum yield ®r,p and the orientational factor 2. ®rp and ®F are
the fluorescence quantum yields of the donor and acceptor, respectively. gz 4and ggp are the detection efficiencies of

acceptor and donor dyes, respectively. The correction factor y is applied for the normalization of fluorescence quantum
yields and the detection efficiencies as given by eq. 3.2.

We first assess how much the observed variation of the photophysical properties
contributes to the uncertainty of R,, which evaluates to 51.5 A for the free dyes. We
consider the ideal situation based on the parameters of the free dyes and compare it to
representative dye pairs for two internal labels, and for two combinations of an internal
and a near-3’-end label (Table 3.3). The overlap integral can deviate by up to ~15%
compared to the free dyes due to the large spectral shift of the acceptor at position b33,
however the propagated error on the Forster radius remains below 1 A due to the sixth-
root dependence in eq. 3.3. The donor fluorescence quantum yield @y ;,, on the other
hand, shows larger variation between 0.96 for the free dye and 0.35 for the near-3’-end
label, resulting in deviations of the Férster radius of up to 8 A. The variation of the
photophysical properties also affect the y-factor, and thus the inferred interdye distance
Ry ,. As the detection efficiency ratio is only affected by spectral shifts, it shows a variation
of less than 5% (distance uncertainty < 1 A). On the other hand, the large variations of
the donor and acceptor quantum yields due to PET quenching and AIFE, respectively,
result in a variation of the y-factor by more than 2-fold between the exemplary dye pairs,
corresponding to an approximate relative distance error of 10%. Taken together, while
the observed spectral shifts affect both the Foérster radius and setup-dependent correction
factors, the error on the FRET-derived distances remains minor. Contrarily, the large
variations of the donor fluorescence quantum yield propagate into a significant distance
uncertainty if they remain unaccounted for. It should be noted that, technically, the donor
fluorescence quantum yield is not required for the conversion of the measured
fluorescence intensities into physical interdye distances (see Supplementary Note
3.2)%70.271 Thus, while any error related to @, could in principle be avoided, care must
be taken to account for the position-specific photophysical properties of the donor
fluorophore if fluorescence intensities are first converted into accurate FRET efficiencies

that are interpreted in terms of physical distances at a later step of the analysis.
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In addition to the photophysical effects, we observed strong binding of the fluorophore to
the helix termini and junctions in addition to weak interactions with the grooves and
backbone. Such interactions can affect FRET experiments in three ways by 1) by biasing
the spatial distribution of the fluorophore, 2) causing a deviation of the orientation factor
k% from its isotropic average, and 3) giving rise to a correlation between the interdye

distance and k?, which will be discussed below.

First, the position of the fluorophore deviates from the average position estimated by AV
calculations. Previously, dye-surface interactions have been treated in the AV framework
by weighting the occupancy within the AV towards the surface by defining a contact
volume?*2. This unspecific treatment of surface interactions, however, does not account
correctly for the specific interaction sites observed here, e.g., at the helix termini. In this
case, weighting towards the surface layer would move the average dye position closer to
the helical axis, while the interactions with the helix terminus results in an actual
displacement along the helical axis towards the helix end. The accuracy of AV predictions
could thus be further improved by defining specific interaction sites on the biomolecular
surface to account for the spatial displacement of the fluorophore, which can be identified
in silico by MD simulations®® or experimentally using X-ray crystallography®? or NMR

spectroscopy®'?72 of fluorescently labeled biomolecules.

Second, the trapping interactions affect the orientation factor k? which depends on the
mutual orientation of the donor emission and acceptor excitation transition dipole
moments. Generally, it is assumed that the dyes rotate freely on a timescale that is much
faster than the excited state lifetime of the donor (<100 ps), leading to the isotropic
average of (k?2);s, = 2/3. For the case of steric restriction, the uncertainty of k2 can be
estimated from the residual anisotropy'93273274 with a typical value of 5% 268275, In this
model, axially symmetric distributions of the transition dipole orientation are assumed,
and the residual anisotropy is interpreted in terms of the opening angle of a cone that
describes the possible orientations of the transition dipole. The results presented here,
however, reveal a drastically different behavior where the dye alternates between a freely
rotating state and trapped conformations at distinct binding sites on the surface. This is

especially true for the end-stacked conformations, where it has previously been shown
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that a modulation of the FRET efficiency between two end-stacked dyes can arise due to

the restricted dipole orientations®% .

Third, the trapping of dyes in preferential conformations gives rise to a correlation
between the dye position and the mutual orientation of their dipole moments, resulting in
a dependence between the donor-acceptor distance and the orientational factor x? 276,
An accurate treatment of this effect requires a characterization of the preferential dipole
orientation of the trapped conformation and needs to account for the correlation between
trapped states of the donor and acceptor fluorophores. The observed switching between
free rotation and long-lived trapped states suggests a model where the residual
anisotropy can be interpreted in terms of the fraction of trapped dyes. The variation of k2
(and hence R,) may then be estimated by considering all combinations of free or trapped
donor and acceptor dyes. While the precise assessment of the x? error would require
further knowledge of the dipole orientation in the trapped conformations, an upper-bound
estimate can be obtained under the assumption of the least favorable dipole orientation
for the trapped conformation (x? = 0). This “diffusion-with-traps” model is expected to
provide a more accurate and realistic estimation of the distance uncertainty compared to

current approaches and is the subject of future work.

Finally, our results reveal a correlation between dye trapping and the brightness of the
dye, which will likewise cause significant errors in the FRET-derived distances.
Rhodamine-based labels may be quenched by guanine nucleobase through PET,
resulting in a near depletion of the fluorescence signal, while for cyanine labels, the
trapped state shows increased brightness due to the hindrance of the cis-trans
isomerization. A refined AV model should thus not only account for the preferential
occupancy of interaction sites and their predominant dipole orientations, but also consider
position-dependent changes of the brightness, quantum yield and excited-state lifetime.
Based on the presented insights, we summarize in Table 3.4 the effect of the local
environment on the dye properties and the FRET process, outline how the different

artifacts can be detected, and formulate guidelines on how to minimize related errors.
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3.5 Conclusion and Outlook

In this study, we provided a detailed characterization of the surface interactions of
covalently attached fluorescent labels on RNA, revealing distinct photophysical
fingerprints of the different microenvironments on the RNA and highlighting the potential
of single fluorescent labels to inform on the structural dynamics and hydrodynamic
properties of biomacromolecules. Our results have direct implications for the modeling of
interdye distance in FRET studies. In addition to quantifying the sterically accessible
volume, improved dye models should account for specific interaction sites on the
biomolecular surface and the respective preferential orientation of the fluorophore’s dipole
moment. Improved modeling of the spatiotemporal dynamics of fluorescent labels will
enable researchers to avoid photophysical artifacts during the design of experiments and
significantly improve the accuracy of FRET experiments and FRET-derived structural

models.

3.6 Materials and methods

General. The studied RNA molecules are derived from the RNA four-way junction found
in the hairpin ribozyme (PDB-ID: 1M5K, Supplementary Fig. 3.1, 3-7 bp from the junction)
which was extended to obtain the 4WJ molecule (Fig. 3.1A). RNA 3WJ and duplexes are
derived from the 4WJ by omission of one or two of the helices, respectively. The naming
of the labels corresponds to the analogous position in the 4WJ molecule. In our study, we
employ the C5 position for uracil labeling and N2 position for Cy5 dye coupling at guanine
(Fig.1B) where the amino-modified dU or dG is coupled with the NHS ester of the dye.

Unlabeled and fluorescently labeled RNA was obtained from Purimex (Grebenstein,
Germany), IBA (Goéttingen, Germany), Biomers (Ulm, Germany) or Dharmacon
(Lafayette, CO, USA) (see Fig. 3.1 and Supplementary Fig. 3.2 for an overview of the
RNA sequences, dye labeling positions and the structures of modified U and G
nucleotides with linker and dye). All RNA was purified by polyacrylamide gel
electrophoresis. In order to minimize the sticking of dyes to the negatively charged RNA
helix, sulfonated Cy5 labels have been used 277, with the exception of the terminally-
labeled duplex (see Supplementary Fig. 3.6). Free-dye reference measurements were

performed with the 5-isomer of Alexa488 (Thermo Fischer Scientific) and Cy5-NHS-ester
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(GE Healthcare Life Sciences), which was hydrolyzed before the experiment to obtain the

carboxylic acid.

Hybridization of RNA. Hybridization was performed in phosphate buffer containing 20
mM KH2PO4/K2HPO4, 100 mM KCI, and 20 mM MgClz at pH 6.5. The same buffer was
used later for all measurements. Concentrations of labeled strands for the hybridization
were in the range of 0.5 to 1.5 uM. A three-fold excess of unlabeled strands was used.
Samples were heated to 85°C inside a thermo-cycler (primus 96 advanced, peqlLab,
Erlangen, Germany) at 0.1 °C/s, immediately cooled down to 52 °C, kept for 2 h and

quickly cooled down to and stored at 4°C until the measurement.

Fluorescence lifetime and anisotropy decay measurements and analysis.
Fluorescence decays were recorded using a FluoTime300 spectrometer (PicoQuant,
Germany) equipped with a white light laser (SuperK Extreme EXW-12, NKT Photonics,
Denmark) at a repetition rate of 20 MHz. Filters with cutoff wavelengths 495 nm and 645
nm (Farbglas FGL 495 and FGL 645, Thorlabs, New Jersey, USA) were used to reduce
the contribution of the scattered light in Alexa488 and Cy5 samples respectively. All
samples were measured in quartz ultra-micro cuvettes (Helma #105.252.85.40) with a
total volume of 20 pl. A LUDOX scattering solution was used to record instrument
response function (IRF) at 5% transmission. For Alexa488 samples, the excitation and
emission wavelengths were set at 488 nm and 520 nm. For Cy5 samples, they were set
at 635 nm and 665 nm, respectively. Temperature was maintained at 20°C with a

temperature controller (TC 425, Quantum Northwest, USA).

To estimate the fluorescence lifetimes and anisotropies, the measured fluorescence
decays (F.xp) With the polarizer-detector settings VV (parallel-parallel) and VH (parallel-
perpendicular), were fitted jointly with the corresponding VM (parallel-magic angle)

fluorescence decay.

The fluorescence decays f(t) of single-labeled RNA molecules were described by

O = e, (3-4)

i
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where 1; and x; are the fluorescence lifetimes and corresponding species fractions with
Y. x; = 1. Up to three lifetime components were used in the analysis. The number of
components chosen were always the minimum number required to achieve a reduced
chi-squared of 1.15 and flat residuals. The species weighted average lifetime is then
defined by:

(= ) xiti. (3.5)

i

For the fluorescence lifetime measurements, decays were measured under magic angle
condition with the detection polarizer set at an angle of 54.7° (VM). In this case, the model

decay is given by:

Foxpym(®) = fo IRFyy(t — tepig) * f () + syy (t) - IRFyp(t) + bgyy, (3.6)

where f, is the amplitude scaling factor, IRFVM(t - tsm-ft) is the instrument response

function shifted by the time ty,x, sy is the scatter amplitude and bgy,, is the constant

background level. The * sign designates circular convolution.

The anisotropy decays were described by:

r(t) = Z r,e~t/pi (3.7)

l

where p; and r; are the rotational correlation times and respective amplitudes. The sum

of the anisotropy amplitudes is equal to the fundamental anisotropy ).; r; = ry, where r, =
0.38 Up to three rotational components were used for the analysis. The residual
anisotropy 1, is defined as the anisotropy amplitude of the component with the longest

rotational correlation time (pglobal) which reflects the overall tumbling motion of the

molecule (global motion).

The model functions for the parallel (VV) and perpendicular (VH) fluorescence decays

are then given by:
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L

fov(@®) = f®[1+2r(®)] = [Z x gt/

1+ ZZ rie~t/Pi, (3.8)
j

fou(® = FOIL - r@®)] = [Z x@e—f/fi] ll =) meieil. (3.9)
J

l
In analogy to eq. 3.6, the model decays are then given by:

Foxpyv(®) = fo IRFyy (t — teniee) * fyv (£) + sy (£) - IRFyy (t) + bgyy, (3.10)
Fexpvu(®) = gvvyva fol RFyy(t — tonie) * fyu(£) + syu(£) - IRFyy(t) + bgyy, (3.11)

where gyy vy is g-factor, f, is the amplitude scaling factor, IRF,y(t — tg,s) and
IRF,y(t — tyir) are the instrument response functions that are shifted by the time ty,¢, s
is the scatter amplitude and bg is the constant background level. The subscripts VV and
VH indicate the excitation and detection polarizer settings (parallel-parallel and parallel-

perpendicular, respectively).

Least-squares fitting was performed using the Levenberg-Marquardt method?”® to

estimate the relevant times and their fractions by minimizing the reduced chi-squared

defined as:
Naata { (k) 0\? (3.12)
)(2 _ 1 Z (Fmodel - Fexp)
red Ndata - Nparam =1 Fe()g ’
where Fe(fg and Fg‘o)del are the intensities of the measured and model decay in TCSPC

bin k, and Ngar, and Np,ram are the number of bins in the TCSPC histogram and the
number of fit parameters, respectively. The measurement uncertainty (i.e., the weights in
the numerator) are approximated as o7 = Fe(fg based on the Poisson statistics of photon

counting. Details of further corrections applied are given in Chapter 7.
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Absorption and emission spectral measurements: Absorption spectra were measured
with a UV-Vis spectrometer (Cary 4000, Agilent Technologies) and fluorescence spectra
with a fluorescence spectrometer (FluroMax-4, Horiba Scientific) at room temperature in
measurement buffer. For absorbance measurements, the optical density was kept below
0.01 to avoid inner filter effects. To exclude polarization effects, the fluorescence was
collected at a 90° angle with the emission polarizer set to the magic angle (54.7°). For
emission spectra of Alexa488 labels, the samples were excited at 460 nm and for the Cy5
labels at 614 nm to record the complete spectra. In a second step, the Cy5 dye was
excited closer to the maximum at 635 nm to rule out effects due to excitation wavelength
dependencies. Comparison of both spectra after normalization yielded exact overlap in

all cases.

Dynamic fluorescence quantum yield (®g 4y,)- In the absence of any static quenching
process, the species-weighted average fluorescence lifetime (), of a dye is proportional
to its fluorescence quantum yield. Since this estimator of the quantum yield only accounts

for dynamic quenching, we call it the dynamic fluorescence quantum yield (®g gy, ) defined

by:

(T)
(I)F,dyn = cI)F,ref ) <T>_x, (313)

x,ref
where ®gr and (1), . are the fluorescence quantum yield and species-averaged
fluorescence lifetimes of a reference sample with known quantum yield. For Alexa488,
reference values of (1), = 4.05 ns and ®g,.s = 0.964 were used. For Cy5, (1), = 0.95 ns

and ®g.¢ = 0.30 were used. Reference quantum yields were determined as described

below.

Determination of the steady-state fluorescence quantum yield (®g). Two different

approaches were used to determine the steady-state quantum yield.

(1) Conventional method based on the fluorescence intensity:
These measurements were performed according to reference 27° by comparing the
emission of the sample with a spectrally similar standard reference dye. The steady-state

quantum yield is determined from:
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F, A ne 12 3.14
®F=®F,ref' s ref Sf] , ( )

Fref As Nye

where @, and ¢, are the steady state fluorescence quantum yields of the sample and
reference, F is the integrated intensity of the fluorescence emission spectra; A is the
measured absorbance at the excitation wavelength, n is the refractive index of the
solution of measurement and the subscripts s and ref refer to the sample and reference,
respectively. Practically, the emission and absorption spectra were measured thrice at
three different analyte concentrations and the slope m of the plot between integrated
fluorescence intensity and absorbance used to determine the fluorescence quantum yield

as.

DO = Op rer - ’
' Myet

mq [ns ]2, (3.15)

Nyef

For the emission spectra of Alexa488 and Cy5 labels, the samples were excited at 460
nm and 590 nm, respectively. The reference dyes were either free Cy5 (®,=0.30) or
Alexa488 (®=0.964). The fluorescence quantum yields of free Cy5 was calibrated
against Rhodamine 700 in ethanol with a @ .= 0.38 2% and that of free Alexa488 was
calibrated against Rhodamine 110 with a @¢,..r = 0.94 (measured versus Rh6G in EtOH

and Fluorescein in NaOH 27°. Details of corrections applied are given in Chapter 7.

(2) Fluorescence quantum yield measurements by low-intensity FCS (liFCS) method:

For the Alexa488 dyes, we additionally determined the quantum yield using the low-
intensity FCS (liFCS) method??’. In this approach, the molecular brightness is measured
by FCS at low excitation intensities (in the range from 0.5-2 kW/cm?) and the slope m of
the molecular brightness plotted against the excitation intensity is determined. The

molecular brightness (MB) is defined by:

g = D (3.16)

- )
N total

where (I) is the average count rate and N, is the particle number estimated from the
FCS curve (see eq. 3.19). Analogous to eq. 3.14, the steady-state quantum yield is

determined by comparison to a reference measured under identical conditions:
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loe o (3.17)
®Op = (I)F,ref ’ g_ ' ’ )

where e”ex s the extinction coefficient at the excitation wavelength 1., g is the fraction
of the signal that is detected (detection efficiency of the setup), and the subscripts s and
ref refer to the sample and reference dyes, respectively. Free Alexa488 dye was used as

a reference with @ ¢ = 0.964.

Fraction of statically quenched species. From the steady state fluorescence quantum
yield @, which accounts for both static and dynamic quenching, and the dynamic
fluorescence quantum yield @ 4,,, Which is only sensitive to dynamic quenching, we

calculate the fraction of statically quenched species as:

Dp (3.18)

cI)F,dyn

fstatic = 1 —

FCS measurements of Alexa488 labels. FCS experiments of Alexa488 labels were
performed on a custom-built confocal microscope. The fluorescent molecules were
excited by a diode laser (Cobolt 06-MLD, Germany) at 488 nm in continuous wave mode.
The laser was focused into the sample by a water-immersion objective lens (UPLAPO 60
NA = 1.2, Olympus, Hamburg, Germany). The fluorescence was collected by the same
objective and separated from the excitation by a dichroic beam splitter (488/636 PC, AHF,
Tldbingen, Germany). In the emission path, a polarizing beam splitter (VISHTII, Gsanger)
was used to split the beam into two polarizations (parallel and perpendicular to the
polarization of the excitation laser light) to eliminate dead time and after-pulsing artefacts
in the correlation functions. Fluorescence signals were passed through bandpass filters
(HQ 533/467, Germany) and registered on avalanche photodiode detectors (APD, SPCM-
AQR-14, Perkin-Elmer). Cross-correlation functions of the parallel and perpendicular
signals were computed using a homebuilt hardware correlator 28!, For the FCS measured
at low excitation intensities, the average of parallel-perpendicular and perpendicular-

parallel correlations were fitted to the 3D diffusion model 21282;
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G(tc) = offset + . Gdiff(tc)' (319)

total

where N, refers to the total number of molecules. The diffusional part of the correlation

function, Ggig(t,), is given by:

1 1
Gaigr(tc) = L - ,
+ - - 3.20
Lairf 1+(Z—°)2-t _ ( )
Wy diff

where tg;f/ is the diffusion time and w, and z, are the 1/e? radii of the 3D Gaussian
shaped observation volume in the lateral and in axial dimension, respectively (typically,
zy/wo = 3-6 for our setup). The curves were fitted over a range from 576 ns to 18 ms to
exclude contributions from fast quenching dynamics on the nanosecond timescale and

therefore no triplet states were detected.

The FCS measurements to investigate the static quenching of Alexa488 labels were
performed at a higher power density of 15.3 kW/cm? to increase the signal-to-noise ratio
of the FCS curves. The average of parallel-perpendicular and perpendicular-parallel
correlation curves were fitted in the range from 4 ns to 100 ms with a 3D diffusion model
and two bunching components at 3-5 pus and 45-130 ns that are assigned to triplet state

formation and quenching dynamics, respectively:

x (3.21)
G(t.) = offset + ,

x ———
- Gaife(tc) - (1 —Ar+Ar-e fr—Ag+A4p-e @
bright

where t; and A, are the time and fraction, respectively, of the molecules in the triplet
state and t, and A4, the corresponding quantities for statically quenched molecules, and

the fraction of bright molecules is given by:

Nbright = Niotal * (1 —Ar — AQ)- (3.22)

For the polarization-resolved FCS measurements of Alexa488 labels, the FCS curves

were fit to the following model function:
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(3.23)

G(tc) = offset + . Gdiff(tc)

bright

X _x _t
: <1 —Ar+Ar-e fT—Ay+Ag-e R—Ay e tAb) -G (¢ ),

rot

Photon antibunching is additionally accounted for by the photon anti bunching time
t4p With amplitude A,,. The last term in eq. 3.23 is given by the rotational autocorrelation

function of a spherical rotor?62:

. p tp1 .o tpy
1+c ¢ “tiyce™

t C t
Gspher(tc) —1 +AR( ), (3.24)

rot

which contains two exponential terms with depolarization times tg and tg, with iﬁ = 0.3,
R1

and amplitudes Az, = % and Ag, = % w, with € = 0.0889 for parallel-parallel correlation.

FCS measurements of Cy5 labels. For the Cy5 labels, polarization-resolved full FCS
(pFCS) was performed on a confocal laser scanning microscope (FV1000, Olympus,
Germany) equipped with a single photon counting module with picosecond time-
resolution (counting electronics: HydraHarp400, PicoQuant, Berlin, Germany) at 20 *
1°C. Fluorescent molecules were excited by a diode laser (Olympus) operated in
continuous wave mode with a wavelength of A = 635 nm. The detected signal passed the
dichroic beam splitters (630 DCXR, Chroma, Vermont, USA) and was split into parallel
and perpendicular polarized components by a polarizing beam splitter (PBS 101,
Thorlabs, New Jersey, USA) and detected on MPD detectors (PDM-R by Micro Photon
Devices, Bolzano, Italy) after passing a band pass filter (HQ 715/120, AHF).

To investigate the photoisomerization of Cy5 labels under different environments, pFCS
measurements were performed at power densities of 13, 26, 52 and 78 kW/cm?. The
average of parallel-perpendicular and perpendicular-parallel correlation curves were fitted
to a model function G (t,.) that accounts for translational diffusion in a 3D-Gaussian volume
(diffusion time t4;¢f), rotational diffusion (depolarization time t; and amplitude Ag), photon
antibunching (time t,;,, and amplitude A,;) and two bunching terms that are assigned to

the cis-trans isomerization process (relaxation times ¢;50,, t;s0,and amplitudes Ao, ,
Ajso,):
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) S (3.25)
G(t.) = offset + Norght Gaie(te) - [ 1 — Ajso, + Arso, - € 1 — Ajso, + Arso,

__t _t _t
e tISOZ - AAb e tAb> . (1 + AR e tR)_
Here, Nyrign: is the effective number of molecules in the bright state, given by:

Nbright = Niotal * (1 - A15‘01 — AISOZ)' (326)

Since here we focus on the cis-trans photoisomerization, we use a simplified expression
for the rotational contribution compared to eq. 3.23. Due to the large size of the pinhole
used (200 pm), the detectors observe almost all molecules in the Gaussian shaped
excitation volume. The fit uses two bunching terms A5, and 4,5, to describe the
molecules in various excitation states in the cis-trans isomerization process. The sum of
their amplitudes, A;so = A0, + Aiso,, Yields the total fraction of molecules in the non-
fluorescent cis state. Due to the distribution of excitation powers, the relaxation times are
also distributed. The average cis-trans relaxation time t;5, is obtained as the amplitude
weighted average of the two fitted times, t;50 = Ajso, * tiso, + Aiso, * tiso,- We do not
assign any of the fitted bunching terms to the triplet state because 1) we do not observe
a bunching term with a power-dependent amplitude in the microsecond range and 2)
previous studies showed that a significant triplet state population of Cy5 is observed only

at excitation intensities above 50 kW/cm? at 647 nm excitation wavelength'4'.

The excitation-dependent apparent trans-to-cis isomerization rate, k;,, and the cis -to-
trans back isomerization, kg,s,, can be calculated from the amplitude, A;5p = kis0/kg1s0>

and the relaxation time, 1/ t;5o = kjso + Kpis0, as™":

P and oo (3.27)
B0 1+ Aiso tiso BISO ™ Arso’

The excitation-independent trans-to-cis isomerization rate constant k;g, is related to kg,

by:
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Ky = k10k+ ko1 Ko, (3.28)
01
where k,, is the fluorescence decay rate constant estimated as k;o = 1/(7),, and ko, is
the excitation rate constant. The excitation rate constant is given by ky; = g4,y Where
091 1S the absorption cross section, y; is the inverse photon energy and I is the excitation

power.

Analysis of polarized-FCS measurements. For the measurement of rotational motions,
pFCS measurements were performed at a power density of 11 kW/cm?. The pFCS curves

were fitted to the following model function:

G(t.) = offset +

Gdiff(tc) GAb,ISO (tc) Grot(tc)' (329)
bright

where Ggi(t.) is the translational diffusion correlation factor defined by eq. 3.20.
Gap1s0(t.) is the factor accounting antibunching and photoisomerization:

__t __t _t
Gapiso(te) = 1— Arso, + Arso, € 1501 — Ajsp, + Ajsp, - € 1502 — Ay -e tav,  (3.30)

and G, (t.) is the rotational contribution to the correlation function as given in eq. 3.24,

with C=-0.519 for parallel-perpendicular correlation. This takes the general form:

Grot(te) = 1+ fr Ry (xp 9P (te; fr Drop 1) + (1 = x,) g (te; f; Drot M))- (3.31)

Here, the amplitudes R, and x,, depend only on the choice of the excitation and emission
polarizers, designated by the index p. The multiexponential functions g® and g™ depend
only on the diffusion tensor of the rigid rotating molecule, D, = (Dx, Dy,DZ), and the
orientation of the transition dipole moment of the dye, u = (uy, py,1,). To fit the
experimental data using the theoretically predicted diffusion tensor, two scaling
parameters were introduced to scale the common amplitude of time-dependent part of
correlation (fz), and the diffusion tensor (f;), which consequently scales the
depolarization correlation times. These theoretical calculations were performed by Dr.

Oleg Opanasyuk.
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The rotational contribution as given in eq. 3.31 is derived using the solution of the
Smoluchovski diffusion equation by the matrix method proposed by Kalmykov?23. For the
derivation, it is assumed that the excited state lifetime is significantly shorter than the
rotational diffusion time (i.e., 6D,,.T < 1). This allows the rotational contribution to the
correlation function to be factored out and makes the correlation functions for the polarizer
settings p = (llll, IL) and (L, llll) indistinguishable. Here, (llll, L) denotes that the signal
detected in the parallel channel is correlated with the signal detected in the perpendicular
channel, whereby both signals are obtained after excitation by parallel polarized light. A
detailed derivation is presented in Supplementary Note 3.3. The theoretical values for the
amplitudes R, and x, for common experimental polarizers setups are presented in the

Supplementary Table 3.16 and 3.17.

The experimental polarization-resolved FCS curves for the two polarizer settings p =
(m, 1) and (IlL, 1IN were first averaged and then fitted to three different model functions
for the rotational contribution in the form of eq. 3.31, assuming 1) isotropic rotation (D, =
D, = D, = D, spherical model), 2) rotation according to the expected diffusion tensor
estimated from the molecular structure (scaled model), and 3) isotropic rotation described
by prolate diffusion tensor (D, = D, = D,, < D,, prolate model), where the amplitude
scaling factor f; was fixed to the value obtained for the scaled model. The position of the
transition moment u was estimated based on the end-stacked conformation of Cy5
obtained from the MD simulations. The expected diffusion tensor was estimated using the
HYDROPRO program?%® using the molecular structures of duplex,3,4-way RNA junctions.
Note that for the spherical model, the functions g® and g™ in eq. 3.31 reduce to mono-
exponential decays with rate constants 6f,.D.,; and 20f,D,,: and hence do not depend on

the orientation of transition dipole moment (see eq. 3.24).

For the fitting, the weights for data points in the diffusion range above 1 ms were
suppressed by a factor of 20 to prioritize the fitting of the rotational contribution For the
prolate model, we additionally define the excess mobility around the helical z-axis
compared to the HYDROPRO model, AD,, by:

AD, = D,(fit) — f,D,(pred), (3.32)
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where D, (fit) and D,(pred) are the fitted and predicted values for D,. For the prolate
model, the scaling factor f, is computed from the fitted and predicted average values of

the x- and y-components of the diffusion tensor, D, as:

D, (fit)

T = W- (3.33)

Computation of Forster radii. The Forster radius R,, is the characteristic distance for a

given dye pair at which the FRET efficiency is 50%:

2

®
R, = 0.2108 ° < r.bt )]. (3.34)
n

It depends on the donor fluorescence quantum yield @ 5, the orientation factor x* and
the refractive index of the surrounding medium, n, and the spectral overlap between the
donor emission spectrum and acceptor absorption spectrum, quantified by the spectral

overlap integral J:
1= | Foeartan, (3.35)
0

where F, is the normalized emission spectrum donor [nm'] and &,(1) is the extinction
coefficient of acceptor [M-' cm'] at wavelength 1. The reduced Forster radius (R,,) is

defined analogous to eq. 3.34 by omitting the contribution of @ ;:

6| [ K2
Ry = 0.2108 <F>J (3.36)

Peulen et al. additionally introduced the reduced spectral Forster radius which combines

only the contributions of n and J as:

Ro; = 0.2108 Gj@ (3.37)

which can usually be assumed to be constant over different labeling positions for a given

dye pair.?7°
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Computational methods

AV calculations. AV calculations were performed using the single-radius AV model
which approximates the dye as a sphere with radius Ruaye, tethered to the biomolecule by
a flexible linker of length Liink with width wink '°3. The linker length Link was estimated from
the fully extended conformation of the linker using the CambridgeSoft Chem3D software.
The AV parameters were as follows: for Alexa488 coupled to uracil, Link = 20.0 A; for Cy5
coupled to uracil, Link = 22.0 A and for Cy5 coupled to guanine, Link = 19.5 A. In all cases,
wiink = 2.5 A and Rdye = 4A. The attachment point for the labels was the C5 atom of uracil
or the N2 atom of guanine. Terminal base accessibilities was calculated as the fraction of
the AV within 7 A of the terminal base pair for Cy5, or the terminal guanine for Alexa488.
The geometric modeling was performed using the software Olga®”

(https://github.com/Fluorescence-Tools/Olga).

The structure for the double-stranded RNA used for the AV simulations was generated
using Nucleic Acid Builder from the AmberTools suite of programs?®’. The model
duplexes used for predictions are 32 base pair long and consist of either all U-A or all G-
C as internal base pairs, while the terminal bases are either G or C. For the extensively
studied model duplex 5'C/3'G, the terminal bases at the 5’-ends are cytosines, and 3’-ends
are guanines. For the model duplex 5'G/3’C (see inset in Supplementary Fig. 3.20), the
terminal bases are guanines at the 5’-ends and cytosines at the 3’-ends.

Structural models of the RNA three-way and four-way junctions

Structural models for the RNA three-way?°¢264 and four-way?%* junctions were established
using the FRET-restrained structural modeling approach as described previously?*2.
Briefly, 50 donor-acceptor FRET pairs on the 4WJ and 42-45 FRET pairs on each of the
four 3WJs were measured and their FRET-averaged distances and corresponding errors
computed. Computational structural modeling, including MD and coarse-grained
simulations, were employed to construct the full atom 3D structural models of RNA with
precision of ~2 A. To demonstrate that the inferred structure satisfies the experimental
data, statistical analysis, employing the goodness of fit parameter and the RMSD to
differentiate between the clusters of solutions, were conducted. For the 4WJ, additional

coexisting minor populations were revealed?®*, however their distance uncertainties were
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significantly larger than for the major conformer. In this study, the major conformer has

thus been exclusively adopted as the 4WJ structure.

MD simulations. (Work performed by Dr. Christian Hanke) All simulation were performed
using the ff990L3 force field, which contains modifications to the ff99 force field?®* by
Perez et al. 2% and Zgarbova et al. 286, For simulations of the unlabeled RNA duplex, Mg?*
ions corresponding to a concentration of ~20 mM were placed within the first hydration
shell of the RNA duplex following a protocol described earlier?®” in order to ensure initial
hexahydration of the Mg?* ions. Subsequently, the system was placed in an octahedral
box of TIP4PEW 28 water molecules such that the minimal distance between the RNA
and the edge of the system was at least 11 A. In addition to the Mg?* ions, K* and and CI
ions were added to achieve a concentration of ~80 mM and to neutralize the system. For
Mg?* ions, the parameters by Li & Merz?®® were used, while for the monovalent ions, the

parameters by Joung and Cheatham were used?®°,

For the simulations with the explicit dyes Alexa488 and Cy5 attached to the dsRNA, the
respective base of the labeling position was replaced by a modified uracil base with the
attached linker and dye molecule. Parameters for the modified base, linker, and dyes are
from described in Spiegel et al.?*' The modified RNA was placed in a rectangular water
box of TIP4APEW water molecules?8® such that the minimal distance between RNA-dye
system, and the edge of the system was at least 11 A. The system was neutralized with
Na* ions using the parameters by Joung and Cheatham?®. Positional restraints of 1 kcal
mol! A2 were applied to the phosphorus atoms of the RNA throughout these simulations,

as we were only interested in the movement of the dye with respect to the RNA.

Prior to the simulation, the system was thermalized adapting procedures described
earlier?®”. In brief, each system was minimized by 500 steps of steepest decent
minimization, followed by 2000 steps of conjugate gradient minimization. In the
simulations, the particle mesh Ewald method 2%? was used to treat long-range electrostatic
interactions, and bond lengths involving hydrogen atoms were constrained using the
SHAKE algorithm 23, During the next steps, harmonic force restraints with force
constants of 5 kcal mol' A2 were applied to all solute atoms, and if present, to the Mg?*

ions and their first hydration shell water molecules. We carried out canonical ensemble
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(NVT) MD simulations for 100 ps, during which the system was heated from 100 to 300
K. Subsequently, isothermal isobaric ensemble NPT simulations were run for 300 ps to
adjust the solvent density. Finally, the force constants of the harmonic restraints were
gradually reduced to 1 kcal mol' A2 during 100 ps of NVT-MD simulations. This
thermalization process was performed with different initial velocities for each repetition of

the simulations.

In case of the unrestrained simulations of the RNA duplex only, all restraints were
subsequently removed, while for the simulations with the dyes, positional restraints on
the phosphorus atoms of the RNA were kept. Subsequently, NVT-MD simulations with a
time step of 4 fs were performed using the GPU version of pmemd?®#-2% from the

Amber18 suite of programs?”.

For the unrestrained RNA duplex, we performed five independent simulations of 300 ns
length each. We performed simulations for Alexa488 attached to position b5, b11, and
b33, and for Cy5 attached to position b27 and b33. For each of these positions, five
independent simulations of 8000 ns length each were performed. Conformations were

extracted every 20 ps.
Cluster analysis of MD simulations (Performed by Dr. Oleg Opanasyuk)

The dye position and transition dipole moments (TDM) were defined based on the atom
coordinates as shown in Supplementary Fig. 3.22. For Alexa488, the TDM is defined
along the long axis of the central xanthylium unit using the middle points of the outermost
pairs of C atoms. For Cy5, the two terminal C atoms of the polymethine chain are used.

The central position of the TDM was taken as the middle point of these vectors.

Agglomerative hierarchical clustering using centroid linkage was performed based on the
central coordinates of the dye using the fastcluster library

(https://github.com/cran/fastcluster). The hierarchy of clusters was established using the

fcluster method of the SciPy package?®” using a maximum number of clusters of 70.
Clusters were sorted according to their population weight. Any cluster with more than 1%
contribution was classified as an interacting state, while all other clusters were assigned
to diffusive states of the dye. Interacting states in close spatial proximity were manually
combined. For the Cy5 label at position b27, the cluster assignment was performed
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manually to improve the resolution of closely spaced conformations as described in

Supplementary Fig. 3.34.

For each identified cluster, the mean of the position of the TDMs was calculated as the
average of the coordinates, (r) = ((x),(y),(z)). The variance of the TDM position was
calculated using the eigen-value decomposition. First, the direct product of the
coordinates was calculated for each position:
XX yx zx
r@r= <xy Yy Z)’). (3.38)
XZ YyZ ZZ

Then, the variance-covariance matrix (£) was calculated as the average of the direct

product of the coordinates:

XX yx ZzZx
2=(r®r)=<<x3’ yy Zy>>, (3.39)

Xz yz zZ

The eigen-values A; of £ are the principal variances of the positional distribution, ¢ = 4;
for i = {x,y, z}. The square roots of the variances, i.e., the standard deviations ¢;, define
the width of the positional distribution along the eigen-vectors v; which define the principal

axes of the variance ellipsoid.

For the calculation of average TDM orientations, the TDM vector m was first normalized:

=, (3.40)
B = m

where |m] is the norm of the TDM vector. For the averaging of vector orientations, it is
important to account for the bidirectionality of the TDM. This is done by including the

inverse of each TDM to set of TDM u; before averaging:

{”1' Ko Ky, } - {”1! Hoy Ry ooy —H1, —H2, —Hy, ... } (341)

Then, the averaging of the normalized TDM is performed as described for the position
vector r above. As for the position vector, the eigen-values define the directional
variances along the eigen-vectors. The normalized eigen vectors for TDM orientation
represent the rotation matrix R, that transforms a TDM vector from the coordinate frame

of the PDB atomic coordinates to the eigen-frame of the orientational £ matrix.
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RO' = ﬁxy ﬁyy ﬁzy . (3'42)

Uxz Vyz Vzg

3.7 Supporting information
Supplementary Figures
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Supplementary Figure 3.1: The crystal structure (A) and sequence (B) of hairpin ribozyme (PDB:
1M5K)?32. The colored bases near the junction have been preserved in the RNA four-way junction
molecule used in our study (see Fig. 3.1A in the main text).

100



&
88
28 o strand d strand b )
o 3 m 2 o1~ [BEUULUORRBRIB P BURUUR <UDUDULULLULULUY =1
am,o 9 2 g - DUUED YD PR ERRALUBBOYR DUKULIDUUDUDBUY - ¢
2 puesns q puesns N m 3 @ ® puens <
-_
€ ~990N9OVVOOI99ND — NOBASOYNAYAYANDONDDID- . & g9
. 5-DDDVIONNDDDIONID YOOVDDNVYNVNVYIOYI0DD - .€  _
2 4 . £-D90NHOVYHODONDS 7 _ <
& 89 . §-DDDYDINNIDOIOVID ~
0 88 > B 5 My
0@ s OO ¥el m =1
% B K &2 B ® strand ¢
88 © % 882 ) :
85 o™ 89 @ A m- BOUDUUAKBULTUBUG DUUUURLUPUU-UUUT -0
e — Bg % — - DUBHUOD BUBBUUAVU KOOUUBBYLUBDUBU - 7
3] B3
.ﬁ ° g0 [ p puess qpuens €9
™M
it v
™ 0 o
nm 0 n b
[ ! o
5] g =
N g 0 oS .  standa strand ¢ )
D ge g8 - BUUUA DDA LSRR AEUULUUR P UL UDUURDUT - 0
O < B8 o - 2 BB o o .._m in-DUBYBLUDDLEEDDLUUBUED KUBLUSEBLUTDBBEE -
c S a8 % _| & B 4 - q puens
@ ol (3 & 3] ®, N
5 @0 o 3 g O (/)] —
» ] 0o
o 38 32 g
q \N99NIIYNNYAYNANOONDDID- | § 1 €-9900N9D¥YOIDIINDD 4 \nHHNDIVNNYAYANTOINDDIDI -, § c
% A¥DOVDONVYONAYYOOV0DDD- . & 1 §-D09¥0DNND99I0¥ID — ¥OOVDDNVYNYAVYOIVIDD9 -, € m
(=]
) © g m ? P pUEss o pes =) strand ¢ strand a
- &b e} .
c go & O oe——onUe00sOLOEUD D
T B m & Qo - .
3 W "ﬁUv “ S 1n - D0OALVLDDUUDDADD DUAUAUDUUDODLUNY -m
o
B p puens x
m 8
< I o
™

Supplementary Figure 3.2: Primary and secondary structure (A) of the three-way junction
molecules T1.4 derived from the parent four-way junction, and (B) of the duplex molecules l1.4
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Supplementary Figure 3.3: Detailed plot of the species-weighted average fluorescence
lifetime (), and residual anisotropies r,, of Cy5 labels, including all label names. Positions of
the studied labels within the RNA 4WJ parent structure are shown in the inset.

102



0.6
b33(l,)
1 °
0.5
a12(T,)
S, J
o
'8
]
0.4 d27(,)
b27(1,)
0-3 T | T | T
0.3 0.4 0.5 0.6
O

Supplementary Figure 3.4: Comparison of the dynamic (®¢4,,) and steady-state (®¢) quantum
yields of representative Cy5 labels for the four clusters of Cy5 labels identified in Fig. 3.2A of
the main text. No large differences are observed between the two estimates of the fluorescence
quantum yield, indicating that there is no static quenching occurring for the Cy5 labels.
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Supplementary Figure 3.5: Schematic potential energy diagram of Cy5 photoisomerization as
a function of the dihedral angle, 0, of the central conjugated double bond. The structures of the
fluorescent trans and non-fluorescent cis isomers of Cy5 are shown above. The energy levels
in the absence of steric hindrance are shown as black lines, while the modulation of the energy
levels with increased steric hindrance is shown as in gray. The ground state is in all-trans
conformation and denoted as So'™@"s. Upon absorption of light, the molecule is excited to the
Sq'ans state. Relaxation from this state can occur either (1) radiatively through fluorescence with
a rate constant, k2" or (2) via a twisted intermediate (I) formed by rotation (6 =90°) around
the C-C bond (red arrow) with rate constant kgtrans_,;. Relaxation from the twisted intermediate
occurs non-radiatively either back to the trans ground state, S{™"S, or to the cis photoisomer
S§is. Since the trans configuration is energetically favorable, the population of the cis
photoisomer will slowly convert back into the trans state thermally. Back-conversion of the cis
isomer S§i can also occur after re-excitation into the S and relaxation over the twisted
intermediate via S§iS —» SfiS — | — STans_Gteric hindrance increases the energy barrier to the
twisted intermediate state, thereby blocking the non-radiative relaxation from the S{ans state by
photoisomerization and enhancing the fluorescence. This is the cause of association-induced
fluorescence enhancement (AIFE).
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Supplementary Figure 3.6: Chemical structure of the terminally attached Cy5 fluorophore
used as a control for end stacking. The Cy5 label is non-sulfonated and attached to the 5’
terminal phosphate of the RNA duplex with a three-carbon linker This design is similar to the
labeling approach used in °.°2 where stable end stacking was shown by 2D NMR and X-ray

crystallography studies.
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Supplementary Figure 3.7: Fluorescence correlation curves of free Cy5 dye measured at
different power densities of 13, 26 and 52 kW/cm?. The FCS curves were measured using
polarized excitation and detection. Shown are the average curves of the parallel-perpendicular
and perpendicular-parallel correlation functions, normalized to the total number of molecules
Niotar. The model correlation functions for translational diffusion only (dotted orange line) and

translational diffusion with cis-trans photoisomerization (solid orange line) are calculated based
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on the parameters estimated for the FCS curve obtained at a power density of 26 kWW/cm? using
the model given by eq. 3.25. The vertical green lines indicate the fitted relaxation times for
translational diffusion (tsr) and cis-trans photoisomerization (tiso) for the FCS curve at
26 kW/cm?. The corresponding FCS curves for the Cy5 labels on RNA at different excitation
are shown in Fig. 3.2D of the main text. The fitted parameters are given in Supplementary Table
3.3.
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Supplementary Figure 3.8: Comparison of the cis-trans isomerization amplitudes and
relaxation times for representative Cy5 labels. The given amplitude is the sum of the amplitudes
of the two terms assigned to the cis-trans isomerization process, Aisor and Aisoz, and the
isomerization relaxation time is taken as the amplitude weighted average relaxation time of the
two components. The relaxation times are more sensitive to the local environment than the
corresponding amplitudes. The isomerization is found to be slower for the end label b33(l) and

the near-junction label a12(T+) compared to the free dye and the internal labels.
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Supplementary Figure 3.9: Detailed plot of the species-weighted average fluorescence lifetime

(1), and residual anisotropies r,, of Alexa488 labels, including all label names. Positions of the

studied labels within the RNA 4WJ parent structure are shown in the inset.
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Supplementary Figure 3.10: FCS curves of Alexa488 labels measured at a power density
of 15 kW/cm? with respective fits to the model given by eq. 3.21 (solid lines). The FCS curves
were measured using polarized excitation and detection. Shown are average curves of the
parallel-perpendicular and perpendicular-parallel correlation functions, normalized to the total
number of molecules Nioa. This figure includes additional curves to those in Fig. 3.3D of the
main text. All near 3’-end labels (magenta) show a significant bunching term in the 40-60 ns
range with a fraction of 30-50%, which is assigned to the static quenching process (see
Supplementary Fig. 3.11C). This bunching term is reduced for the almost near 5'-labels
(orange) and internal labels (blue) to a fraction of 7-13%. The FCS curve of the free Alexa488

dye is given for comparison. The fitted parameters are given in Supplementary Table 3.5.
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Supplementary Figure 3.11: A) A comparison of the steady-state quantum yield, ®f,
measured by the low-intensity FCS (liFCS) method and from the spectral emission shows
that the liIFCS provides quantum yield estimates that are consistent with the conventional
method (see Supplementary Table 3.6). B) A plot of the fraction of statically quenched
species, fsatic, calculated from the dynamic and steady-state fluorescence quantum yields
using eq. 3.18, against the fraction of the shortest lifetime component, xs, in the ensemble
lifetime measurements. The fraction of statically quenched species correlates well with the

fraction of the shortest lifetime component (<300 ps) obtained from the ensemble fluorescent
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lifetime measurements (Supplementary Table 3.4), indicating that the short lifetime

component originates from static quenching. C) A plot of the fraction of statically quenched

species fsatic against the amplitude of the bunching term of the FCS curves in the range of 50

to 100 ns. The good correlation between the two quantities supports that the observed

bunching originates from static quenching.
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Supplementary Figure 3.12: Comparison of absorption and excitation spectra of Alexa488

labels (blue: internal labels, magenta: near 3’-end labels, orange: near 5-end labels). The

excitation spectra were recorded by scanning the excitation wavelength and monitoring the

emission at 550 nm. For the labels near the 3’-end, a shift between the absorption and excitation

spectra is detected that is absent for the internal, near 5’-end labels, and free dye control

measurements. This is in support of the formation of stable n-nm ground state complexes

between the chromophore and terminal base pair.
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A. Absorption spectra of Alexa488 labels
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B. Emission spectra of Alexa488 labels
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Supplementary Figure 3.13: A plot of the absorption and emission spectra of the free dye
and select Alexa488 labels from each cluster. All labels on the RNA consistently show a shift
of the absorption maximum of ~2 nm compared to the free dye, while the near 3’-end labels

show a significantly larger shift of ~5 nm, indicating the formation of a stable ground state
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complex. The emission spectra of the labels on RNA are consistently shifted by 2 nm

compared to the free dye, with the exception of the near 5’-end labels b5 and d7.

MD simulations of unrestrained RNA duplex, I,

aligned with
respect to
all residues

aligned with
respect to
central residues

Supplementary Figure 3.14: Structural flexibility of the RNA duplex characterized by MD
simulations. The starting structure (red) is overlaid with every 100" frame of the MD
simulations (gray). A) Conformations are aligned to all atoms. The starting structure is shown
in the surface representation. B) Extracted conformations aligned to the four central base
pairs are highlighted in blue. The MD simulations show the flexibility of the RNA duplex which

undergoes bending motions. The fluctuations are largest at the helix termini.

Supplementary Figure 3.15: lllustration of the parameters used in AV simulations. The dye

is approximated by a sphere with radius Rqye and is attached to the RNA base by a flexible
linker of length Link and width wiink. The resulting spatial distribution of sterically allowed dye

positions is shown in green.
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Supplementary Figure 3.16: The terminal base pair accessibility for Cy5 labels attached to
uracil on model duplex Is with a linker length of 22 A, as determined for uracil labels (black
line), and using a shortened linker of 19.5 A length, corresponding to the linker length on
guanine (magenta line). The shortening of the linker reduces the 3’-end accessibility by

approximately one base pair.
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Supplementary Figure 3.17: A plot of the interaction volumes of Cy5 labels on the RNA
duplex, estimated from AV simulations, against the measured residual anisotropies. Cy5
labels attached to guanines (blue-gray) generally have larger interaction volumes compared
to the uracil-attached internal labels (bright blue), resulting in a higher amount of dye-RNA
interactions as reflected by the higher residual anisotropies for the G-attached Cy5 labels.
For the Cy5 labels near the helix ends (magenta), dye-base stacking at the termini
additionally contributes to the high residual anisotropies. The RNA-dye interaction volume is
defined as the volume of the AV within 7 A of the RNA.
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Supplementary Figure 3.18: Electrostatic potential of the RNA surface. While the RNA
surface is generally negatively charged, the minor groove is less negatively charged than the
major groove. The major groove is lined with negatively charged phosphate groups, resulting
in the strong negative charge. The minor groove, on the other hand, is lined with the
uncharged hydroxyl groups of the sugar residue, thus exhibiting only a slight negative
charge?”’. The electrostatic potential surface was computed using the APBS software
package?® using standard parameters and visualized in PyMol. A Cy5 dye is manually placed
into the groove for illustration purposes. The electrostatic potential surface was computed

without considering the dye placement.
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Supplementary Figure 3.19: The terminal guanine accessibility for Alexa488 labels

attached to guanine on model duplex ls as function of the base pair distance from the 3’-end
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(black lines) and 5°-end (gray line). In accordance with the results obtained for Cy5 labels on

guanine (Fig. 3.4A), no 3’ pointing effect is observed for guanine-attached labels.
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Supplementary Figure 3.20: A) The terminal guanine accessibility for Alexa488 labels
attached to uracil on the model duplex 3’G/5°C as function of the base pair distance from the
3’-end (black lines) and 5’-end (gray line). In the model duplex (5'G/3’C), the positions of the
terminal guanine and cytosine base are switched compared to the construct used for the
experiments (3'G/5°'C). This results in a drastic increase of the accessibility of the terminal
guanine. B) The terminal base pair accessibility for Cy5 labels attached to uracil on the
5'G/3’C model duplex as function of the base pair distance from the 3’-end (black lines) and
5-end (gray line). No significant change of the terminal base pair accessibility is observed

for duplex (5’G/3'C) compared to the duplex used in the experiments (3'G/5°C).
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Supplementary Figure 3.21: Exemplary time traces of the root-mean-square deviation
(RMSD) with respect to the initial position of the dyes during the MD simulations. A) Cy5 label
attached to uracil at the internal position b27 and the end position b33. B) Alexa488 label
attached at internal position b11, the near 3’-end position b33 and almost near 5’-end at b5.
The RMSD was calculated for the O3 atom in the case of Alexa488 and the C19 atom in the
case of Cy5.
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Supplementary Figure 3.22: Definition of transition dipole moment vectors used in the

analysis of the MD simulations. Transition dipole moments (TDM) are indicated by red
arrows. The center of the TDM, shown as black dots, is used to define the dye position in
cluster analysis. The atoms, O3 and C19 (blue), serve to represent the location of Alexa488
and Cyb5, respectively, in the depiction of complete (non-clustered) dye position distributions
and for the calculation of time traces of the RMSD during the MD simulations, due to their

positions being approximately at the center of the dye.

Dye positional distribution and dipole orientations
at different Alexa488 labeling sites

b33 b5 .
— — 4 e . .
— (<" = terminal guanine

b33

Supplementary Figure 3.23: Dye position distributions and dipole orientations of dye
clusters obtained from MD for the Alexa488 labels at positions b33(l2) and b5(l»). Magenta
clusters indicate n-stacking, green clusters have predominantly backbone interactions and
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red clusters interact primarily in the groove region. The terminal guanine is colored yellow.
The b33 label shows prominent end-stacking dyes in defined orientations. The near 5’ label,
b5, shows highly defined clusters originating from backbone or groove interactions.
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Supplementary Figure 3.24: Residual anisotropies of Alexa488 labels on duplexes as a
function of base count from the 5’ (empty circles) and 3’ (filled circles) helix ends. Internal
labels are shown in blue and labels near 5’-end are shown in orange. The labels near the 3'-
end undergo considerable static quenching and are therefore biased towards lower residual

anisotropy because the interacting dyes contribute no photons to the fluorescence signal.
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Supplementary Figure 3.25: A plot of the guanine proximal volume, estimated as the volume
within the AV that is within 7 A of any guanine, against the dynamic quantum yield, ®¢ 4, (left),
and the fraction of the statically quenched species, fsiiic (right), reveals a correlation (Pearson’s
correlation coefficient, r, given) for both quantities. A higher guanine proximal volume

corresponds to a lower dynamic quantum yield and higher fraction of statically quenched dye.
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Supplementary Figure 3.26: Hydrogen bonds facilitate dye-RNA surface interactions. A) A
plot of the free hydroxyl group surface accessibilities (defined here as the ratio of the volume

of the AV cloud within 7A of the free hydroxyl group to the duplex surface accessible within
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7 A) of Alexa488 labels on duplexes against their measured residual anisotropies. B) A

snapshot from the MD simulations of Alexa488 at position b11, showing the formation of a

hydrogen bond between a sulfo group of the dye and a hydroxyl group of a sugar residue.
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Supplementary Figure 3.27: Comparison of the residual anisotropies, r., obtained for Cy5
(A) and Alexa488 (B) labels on the different three-way junction. The 3WJ T4 is compared
against T, T3 or T4. The diagonal line indicates a 1:1 correlation. No significant differences

are observed between the different three-way junction molecules. The observed variation of

+0.01 is on the order of the experimental uncertainty.

A J B
mb14 < 3WJ(T1) <
0.12 4 0.12 A b11
611 3WJ(T2)
2 000 2 v aware .
E 0.10 mbs mes = 0.10 - b28 o923
c c
o T (] '
_ ) c8
8 0.08 S 0.08
= S ¢
S d7 b5 S a7 X
_80.06 —| 8 0.06 b5 v»
Y R
: b33 b3 B
c29 + \ AT
d28 LRSI ATH PN
0.04 428 0.04 — (.
c29 c8(T1)
T T T T T T I I T I T I T I T | T
0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12

r,, of label on duplex r., of label on duplex

Supplementary Figure 3.28: A) Comparison of the residual anisotropies, r., of Alexa488

labels on the four-way junction and the corresponding duplex. The diagonal line indicates a
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1:1 correlation. Label b14 shows the largest deviation, potentially due to proximity to the
junction as illustrated by the AV of the b14 label on the 4WJ (inset). The structure of the RNA
four-way junction was obtained using 50 FRET pairs as described in 264, B) Comparison of
the residual anisotropies, r., of Alexa488 labels on different three-way junction molecules
and the corresponding duplex. The diagonal line indicates a 1:1 correlation. The inset shows
the AV cloud of label c8 on the 3WJ T4. The structure of the RNA three-way junction was
obtained using 42-45 FRET pairs as described in 264 and 2%. The labeling sites are highlighted

in yellow in the insets.
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Supplementary Figure 3.29: FCS curves of Cy5 labels at position a12 in the four-way junction
molecule (4WJ), the three-way junction T4 and the corresponding duplex, ls. The FCS curves
were measured at a power density of 11 kW/cm? using polarized excitation and detection.
Shown are parallel-perpendicular correlation functions, normalized to the total number of
molecules N. The corresponding fits to the model given by eq. 3.25 are given as solid lines.
The fitted parameters are listed in Supplementary Table 3.9. A clear difference is observed for
the label close on the three-way junction T4, while the FCS curves for the four-way junction and
duplex overlap. The longer relaxation time observed for the cis-trans photoisomerization on the
three-way junction indicates that the dye experiences steric restriction due to interaction with

the nearby junction.
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Supplementary Figure 3.30: Polarization-resolved FCS curves of the non-sulfonated Cy5
labels at the terminal position c1 on the four-way junction, the three-way junctions Tz and T4
and the duplex Is. The FCS curves were measured at a power density of 11 kW/cm? using
polarized excitation and detection. Shown are the parallel-perpendicular correlation functions.
FCS curves were fitted to the model given in eq. 3.29-30 with the generalized model function
for a spherical rotor as given in eq. 3.29 and normalized to the total number of molecules Niotar.
Vertical lines indicate the fitted longest rotational diffusion times (tr1). The rotational
depolarization of this label monitors predominantly the global tumbling motion of the RNA
because the non-sulfonated terminal Cy5 prominently stacks to the terminal bases (compare

Supplementary Fig. 3.6). The fitted parameters are given in Supplementary Table 3.11.
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Supplementary Figure 3.31: Polarization-resolved FCS curves of Alexa488 labels at the
internal position b11 on the four-way junction, the three-way junction T3 and the duplex I> The
FCS curves were measured at a power density of 17 kW/cm? using polarized excitation and
detection. Shown are the average of 2 parallel-parallel correlation functions. FCS curves were
fitted to the generalized model function for a spherical rotor as given by eq. 3.23 and normalized
to the total number of molecules N Vertical lines indicate the fitted longest rotational diffusion
times (tr1). The inset magnifies the region of the curve that is relevant for the rotational
contribution. The rotational times and their corresponding amplitudes are given in

Supplementary Table 3.12.
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Supplementary Figure 3.32: Comparison of predicted and fitted rotational correlation terms
for end-stacked Cy5 labels for the four-way junction (A), the three-way junctions T+ (B) and T3
(C), and the duplex I, (D). The parallel-perpendicular pFCS curves fitted to the model function

for a spherical rotor as given in eq. 3.29. Shown is only the rotational correlation term, defined

t

t
as 1+ A4p (ﬁ-e tR1 +ﬁ-e fRz) , Where the two rotational terms are characterized by
depolarization times tg , tg, and amplitudes Ag , Ag,. For the spherical rotor, Z"J =03, Ag, =

R1

AR
TaC and Ag,

_ AgC

=T and C = —0.519 for parallel-perpendicular correlation functions 262 . The
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theoretical rotational correlation functions were calculated using the diffusion tensor obtained
from the HydroPro software?®® based on the FRET restrained structures of the three and four-
way junctions and the average dipole moment of the fluorophore obtained from the MD
simulations, as described in the methods. The amplitude of the rotational contribution to the
correlation is underestimated by a factor of ~2 in the experiment compared to the prediction.
The fitted parameters are given in Supplementary Table 3.14. The fitted curves were scaled
with respect to their amplitude and time dependence to match the predicted curves (E-F). A
good agreement is obtained for the three and four-way junction molecules, while the predicted
duplex clearly deviates from the spherical rotor model. The scaling factors are given in

Supplementary Table 3.13.
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Supplementary Figure 3.33: Inferring the molecular shape of RNA from polarized-FCS curves.
The experimental correlation curves (black curves) of the end-stacked Cy5 label b33 labeled
on the different RNA molecules are compared with fits that assume a spherical model (red
curve, eq. 3.29), the asymmetric model based on the predicted diffusion tensor (blue, eq. 3.31)

and the prolate model with a fixed amplitude of the rotational contribution (orange, see
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Methods). The quality of the fits show that the spherical model is a good approximation for the
4WJ and 3WJs. For the duplex, the fit quality is notably improved using the asymmetric model

due to its rod shape. See Supplementary Table 3.14 for a summary of the fitted parameters.
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Supplementary Figure 3.34: Manual clustering of the MD simulation for the Cy5 label at
position b27. The spatial coordinates of the dye center position as shown in Supplementary
Fig. 3.22 are defined in cylindrical coordinates as shown in B, with ry, being the distance of the
dye from the helical axis, ¢y the angle within the lateral xy plane, and z the position along the
helical axis. A) A plot of the distance from the helical axis, ry, against the angular position in

the xy plane, ¢yy. C) A plot of the axial position, z, against the angular position in the xy plane,
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@xy- D) A plot of the axial position, z, against the distance from the helical axis, rxy,. The manual
clustering was performed as follows. First, diffusive states were identified in the z-r,y projection
shown in D based on a minimum distance from the helical axis of ry, > 14.3 A. After the diffusive
states were removed, a total of 14 clusters were manually identified in the z- ¢y, parameter
space as shown in C. The polygon edges were drawn through the regions of minimum density
between the clusters. For each cluster, the mean dye position and transition dipole moment

orientation was then calculated as descried in the methods. Work performed by Dr. Oleg

Opanasyuk.
Supplementary Tables
Supplementary Table 3.1. Fitted lifetime and anisotropy values for Cy5 labels.
label
name molecule X1 T1(ns) X2 T2(ns) | (t)x(ns) r p1 (ns) r2 (reo) Pglobal (ns)
free dye free dye 1.00 0.95 0.95
b27 4WJ 0.25 1.82 0.75 1.04 1.23 0.21 0.64 0.17 > 50
b27(T3) 3WJ 0.25 1.75 0.75 1.00 1.19 0.23 0.55 0.15 > 50
b27(T4) 3WJ 0.20 1.78 0.80 1.03 1.17 0.23 0.64 0.15 > 50
b27(T4) 3WJ 0.22 1.70 0.78 1.02 1.17 0.22 0.75 0.16 > 50
b27(1) duplex 0.22 1.67 0.78 1.01 1.15 0.24 0.74 0.14 > 50
b27(13) duplex 0.19 1.89 0.81 1.02 1.18 0.23 0.63 0.15 > 50
d23 4WJ 0.25 1.61 0.75 1.01 1.16 0.24 0.70 0.14 > 50
d23(l4) duplex 0.31 1.51 0.69 0.96 1.13 0.25 0.68 0.13 324
c8 4WJ 0.26 1.74 0.75 1.03 1.21 0.20 0.65 0.18 > 50
c8(T5) 3WJ 0.23 1.81 0.77 1.05 1.23 0.20 0.63 0.18 > 50
c8(T,) 3WJ 0.21 1.85 0.79 1.05 1.22 0.22 0.61 0.16 > 50
c8(T4) 3WJ 0.23 1.72 0.77 1.03 1.19 0.23 0.62 0.15 > 50
c8(ls) duplex | 0.20 1.73 0.80 1.03 1.16 023 | 074 0.15 > 50
c8(lp) duplex 0.34 1.47 0.66 0.94 1.12 0.25 0.67 0.13 34.11
a26 4WJ 0.24 1.53 0.76 0.99 1.12 0.26 0.71 0.12 > 50
a26(T4) 3WJ 0.30 1.48 0.70 0.96 1.1 0.26 0.66 0.12 > 50
a26(l4) duplex 0.21 1.60 0.79 1.00 1.13 0.25 0.73 0.13 > 50
a28 4WJ 0.30 1.58 0.70 1.00 1.18 0.27 0.69 0.11 20.90
a28(T,) 3WJ 0.24 1.52 0.76 0.99 1.1 0.26 0.67 0.12 > 50
a28(l4) duplex 0.30 1.46 0.70 0.96 1.1 0.26 0.83 0.12 > 50
b28(13) duplex 0.16 1.78 0.84 1.01 1.13 0.26 0.63 0.12 > 50
al2 4WJ 0.22 1.71 0.78 1.00 1.16 0.25 0.55 0.13 > 50
a12(Ty) 3WJ 0.40 2.12 0.60 1.06 1.49 0.12 0.51 0.26 > 50
al12(T,) 3WJ 0.34 2.1 0.66 1.07 1.43 0.13 0.52 0.25 > 50
al12(Ty) 3WJ 0.35 2.07 0.65 1.06 1.41 0.14 0.53 0.24 > 50
a12(ly) duplex | 0.24 1.55 0.76 0.99 1.12 025 | 073 0.13 > 50
d18 4WJ 0.40 2.01 0.60 1.09 1.46 0.11 0.62 0.27 > 50
d18(l4) duplex 0.39 1.59 0.61 0.97 1.21 0.19 0.67 0.19 24.80
d27 4WJ 0.35 1.61 0.65 0.99 1.21 0.21 0.67 0.17 > 50
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d27(T,) 3WJ 0.37 1.55 0.63 0.96 1.18 0.21 0.72 0.17 40.09
d27(T,) 3WJ 0.35 1.58 0.65 0.97 1.19 0.21 0.66 0.17 39.76
d27(1,) duplex 0.37 1.55 0.63 0.97 1.18 0.21 0.64 0.17 18.10
c12 4wy 0.36 1.61 0.64 0.99 1.21 0.20 0.57 0.18 > 50
c12(1;) duplex 0.37 1.59 0.63 0.97 1.20 0.19 0.62 0.19 19.07
c24 4wy 0.34 1.59 0.66 1.00 1.20 0.20 0.56 0.18 21.98
c24(1;) duplex 0.37 1.54 0.63 0.96 1.18 0.20 0.66 0.18 18.33
d10 4wJ 0.36 1.60 0.64 0.99 1.21 0.19 0.74 0.19 > 50
d10(l,) duplex 0.37 1.57 0.63 0.98 1.20 0.19 0.64 0.19 18.52
b33 4WJ 0.85 1.91 0.15 0.91 1.76 0.09 0.54 0.29 32.94
b33(T1) 3WJ 0.80 1.90 0.20 0.97 1.72 0.09 0.71 0.29 31.13
b33(Ts) 3WJ 0.72 1.95 0.28 1.02 1.69 0.11 0.60 0.27 26.68
b33(1,) duplex 0.80 1.91 0.20 0.94 1.72 0.09 0.52 0.28 18.55
b33(ls) duplex 0.79 1.89 0.21 0.93 1.69 0.09 0.44 0.29 15.36
d26 4WJ 0.78 1.74 0.22 0.92 1.56 0.11 0.56 0.27 26.58
d26(T1) 3WJ 0.79 1.71 0.21 0.87 1.53 0.11 0.58 0.28 18.90
d26(1,) duplex 0.75 1.74 0.25 0.96 1.55 0.10 0.53 0.28 15.03
d28 4WJ 0.65 1.90 0.35 0.99 1.57 0.12 0.53 0.26 > 50
d28(T,) 3WJ 0.67 1.89 0.33 0.96 1.59 0.13 0.42 0.25 29.63
d28(l,) duplex 0.64 1.88 0.36 0.98 1.56 0.11 0.51 0.27 20.54
cl awJ 0.87 1.69 0.13 0.85 1.57 0.06 0.47 0.32 28.2
c1(T) 3WJ 0.86 1.69 0.14 0.87 1.58 0.06 0.41 0.32 20.66
c1(Ta) 3WJ 0.89 1.69 0.11 0.88 1.60 0.06 0.49 0.32 25.34
c1(ls) duplex 0.90 1.68 0.10 0.81 1.59 0.05 0.40 0.33 13.58

The fitted lifetime components are 1., and the corresponding fractions are x1-2. The anisotropy decay is described by
two depolarization times p;., with corresponding fractions, r1 and r». The longest anisotropy component arises from the
global motion and its amplitude is the residual anisotropy (r»). The colors given to the label names indicate the dye
environment. Bright blue: internal labels attached to uracil, purple: labels near the junction, blue-gray: internal labels
attached to guanine, magenta: labels near the 3’-end, non-sulfonated terminal labels: dark red.

Supplementary Table 3.2. Comparison of dynamic (®r4n) and steady state (Dr)

quantum yields of Cy5 labels.

The dynamic quantum yield was determined from the species-averaged fluorescence lifetime given in Supplementary
Table 3.1 using eq. 3.13. The steady-state quantum yields were determined by measuring the spectral emission with

Label name Molecule DF dyn OF
b27(l2) duplex 0.37 0.37
d27(l4) duplex 0.38 0.37
b33(l2) duplex 0.55 0.50
a12(T) duplex 0.48 0.47

respect to a reference as described in the methods.
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Supplementary Table 3.3. The fit results for the FCS curves of Cy5 labels.

Label Label Power | offset | Nuignt | tair | Zo/Wo A1501 tiso1 AISOZ tiso2 | Aab tan Ar tr
type name (kw/ (ms) (us) (us) (ns) (ns)
cm?)
Free dye Cy5 13 1 0.93 [ 0.05 6 025 [ 126 | 035 | 0.23|0.95]0.27
26 1 0.85 [ 0.05 6 0.16 | 098 | 044 | 0.19 | 0.96 | 0.67
52 1 0.74 | 0.05 6 0.16 | 0.69 | 0.44 0.1 | 095 | 0.6
Internal | b27(l,) 13 1 1.08 | 0.23 6 0.1 8.26 0.4 0.72 1 1.01 | 1.02 | 0.18 | 211
attali-hed 26 1 0.93 [ 0.23 6 011 | 624 | 038 | 051089 | 1.04 | 0.18 | 56.9
52 1 0.7 0.23 6 013 | 524 | 0.34 04 | 0.89 | 0.98 | 0.25 [ 52.3
76 1 0.6 0.23 6 015 | 457 | 032 | 032089 |0.93|0.28 399
Internal | d27(l4) 13 1 1.31 | 0.21 6 0.09 |397 | 044 0.7 | 084 | 1.36 | 0.21 18
atta?:-hed 26 1 1.14 | 0.21 6 011 | 242 | 042 | 038 (092|106 | 02 | 178
52 1 0.85 | 0.21 6 0.1 241 ] 041 | 0.27 | 0.89 | 0.98 | 0.23 [ 21.1
76 1 0.74 | 0.21 6 0.11 | 247 | 0.38 | 024 [ 0.91 | 0.87 | 0.23 | 34.6
Near 3’- | b33(l,) 13 1 0.87 | 0.24 6 0.1 16.5 | 0.35 | 227 [ 0.96 | 1.42 | 0.18 | 34.3
end 26 1 0.78 | 0.24 6 0.14 | 6.46 | 0.31 1.32 | 0.96 | 144 | 0.17 [ 343
52 1 0.68 | 0.24 6 021 [ 363 | 025 |0.76 [0.95 ]| 1.19 | 0.13 | 39.8
76 1 0.59 | 0.24 6 025 [ 298| 023 | 056 [091] 12 | 0.13 | 339
Junction | a12(T4) 13 1 148 | 0.25 6 016 | 145 | 028 | 144 [ 091 | 192 | 0.27 | 474
label 26 1 1.26 | 0.25 6 019 [ 844 | 025 | 097 [0.92 | 149 | 0.24 | 64.8
52 1 0.95 | 0.25 6 0.23 | 617 | 023 | 0.67 [ 091 | 134 | 0.25 | 56.6
76 1 1.02 | 0.25 6 024 | 574 | 022 |061[093]| 1.2 | 0.26 | 52.7

FCS curves were fitted to the model function described in eq. 3.25. Nurignt is the effective number of molecules in the
bright state, taf is the diffusion time, =zo/wo describes the shape of the observation volume,
Asso,_, are the fitted amplitudes and t;gq, _, the relaxation times of the cis-trans isomerization process, tas is the photon
anti bunching time with amplitude Aab and tr is the rotational depolarization time with amplitude Ar. The FCS curves
are displayed in Fig. 3.2D and Supplementary Fig. 3.7.

Supplementary Table 3.4. Fitted lifetime and anisotropy values for Alexa488 labels.

Inaabn‘:Ie L= O X1 T1(ns) | xz :rzis) X3 ::15) E:?Sx) r ?nls) r2 ?nzs) (r :m) ?r?s()gbbal)
free dye | free dye 1.00 4.05

b11 4WJ 0.93 4.02 0.07 | 1.45 3.83 0.16 | 0.22 | 0.11 | 1.37 | 0.12 17.81
b11(Ty) | 3WJ 0.94 4.03 0.06 | 1.44 3.88 0.17 | 0.24 | 0.10 | 1.35 | 0.11 14.55
b11(Ts) | 3WJ 0.92 4.00 0.08 | 1.43 3.80 0.16 | 0.24 | 0.11 | 1.40 | 0.12 16.80
b11(Ty) | 3WJ 0.93 4.00 0.07 | 1.41 3.81 0.16 | 0.27 | 0.10 | 1.71 | 0.12 19.72
b11(l) duplex 0.94 4.05 0.06 | 1.35 3.88 0.16 | 0.24 | 0.10 | 1.35 | 0.12 12.99
b28 4WJ 0.77 3.91 0.16 | 2.07 | 0.07 | 0.32 | 3.37 0.16 | 0.25 | 0.12 | 1.63 | 0.10 18.76
b28(T4) | 3WJ 0.78 3.94 0.15 | 2.07 | 0.07 | 0.31 | 3.40 0.16 | 0.23 | 0.12 | 1.37 | 0.10 14.31
b28(Ts) | 3WJ 0.78 3.95 0.15 | 214 | 0.07 | 0.28 | 3.42 0.16 | 0.23 | 0.12 | 1.39 | 0.10 13.60
b28(T+) | 3WJ 0.79 3.94 0.14 | 2.04 | 0.07 | 0.22 | 342 0.16 | 0.23 | 0.12 | 1.42 | 0.10 14.53
b28(l,) duplex 0.80 3.96 0.14 | 2.07 | 0.07 | 0.25 | 345 0.16 | 0.23 | 0.12 | 1.43 | 0.10 11.78
d23 4WJ 0.80 3.97 0.13 | 2.28 | 0.07 | 0.35 | 3.49 0.16 | 0.25 | 0.11 | 1.52 | 0.11 16.29
d23(T4) | 3WJ 0.78 3.98 0.15 | 240 | 0.08 | 0.40 | 347 0.17 | 0.22 | 0.11 | 1.32 | 0.10 12.86
d23(T,) | 3wJ 0.78 3.99 0.14 | 2.39 | 0.08 | 0.36 | 3.49 0.18 | 0.30 | 0.10 | 1.82 | 0.10 16.02
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d23(,) | duplex 079 | 399 | 014 | 234 | 007 | 035|352 | 016|024 | 011 | 1.34 | 0.11 11.27
c8 4wy 070 | 391 | 017 |1.83 | 0.13 | 0.29 | 3.08 | 0.15 | 0.25 | 0.13 | 1.54 | 0.10 13.97
c8(Ta) | 3wWJ 0.80 | 3.85 | 0.20 | 1.25 3.35 | 0.19 | 0.33 | 0.10 | 2.09 | 0.09 19.98
c8(Ts) | 3wJ 0.84 | 388 |0.16 | 1.22 345 | 0.18 | 0.31 | 0.12 | 2.29 | 0.08 21.45
c8(Ty) | 3wJ 071 | 393 | 014 |1.78 | 0.16 | 0.26 | 3.05 | 0.17 | 0.23 | 0.13 | 1.32 | 0.08 13.27
c8(l3) duplex 075 | 395 |0.16 |1.96 | 009 | 0.31 | 3.30 | 0.16 | 0.23 | 0.12 | 1.22 | 0.10 9.12
b8 4wy 0.80 | 410 | 013|192 | 007 | 053|358 |0.15 | 031|013 |1.85 | 0.10 38.77
b8(l) | duplex 0.75 | 406 | 0.16 | 2.07 | 0.09 | 057 | 343 | 0.17 | 0.22 | 0.13 | 1.34 | 0.08 13.35
b14(l,) | duplex 074 | 418 | 0.8 | 2.29 | 0.09 | 054 | 354 | 0.17 | 0.19 | 0.10 | 1.30 | 0.11 19.79
b14 4WJ 0.88 | 419 | 0.08 236 | 004|032 389 [014|022]011 | 164 |0.13 32.59
a23(l,) | duplex 0.85 | 4.06 | 0.16 | 1.24 3.62 | 018 | 0.25 | 0.12 | 1.55 | 0.08 14.33
a26(l,) | duplex 0.88 | 405 |0.12 | 142 3.75 | 017 | 0.24 | 0.12 | 1.50 | 0.09 13.50
c16(,) | duplex 0.80 | 4.19 | 0.07 | 1.81 | 013 | 019 | 351 | 024 | 0.14 | 0.10 | 1.46 | 0.14 20.94
b5 4wy 078 | 413 | 015 | 260 | 0.07 | 063 | 3.66 | 0.19 | 0.23 | 0.12 | 1.40 | 0.07 21.03
b5(Ts) | 3WJ 079 | 412 | 0415 | 247 | 007 | 058 | 3.64 | 0.19 | 0.23 | 0.12 | 1.40 | 0.07 21.12
b5(T,) | 3wWJ 093 | 411 |0.07 | 1.26 3.92 | 022|024 |011 | 136|006 14.39
b5(T) | 3wWJ 091 | 411 |0.09 | 1.29 3.87 | 020 | 0.24 | 0.11 | 1.41 | 0.07 20.54
b5(1,) | duplex 092 | 411 | 0.08 | 1.31 3.88 | 0.19 | 0.23 | 0.11 | 1.24 | 0.07 17.67
d7 4WJ 0.80 | 4.07 | 011|165 | 009 | 041 | 348 | 0.7 | 0.23 | 0.15 | 1.44 | 0.06 13.58
d7(Ty) | 3w 0.83 | 407 | 009|172 | 008 | 046 | 357 | 0.18 | 0.23 | 0.14 | 1.36 | 0.06 11.88
d7(Ty) | 3wJ 0.83 | 4.07 | 010 | 1.71 | 007 | 041 | 359 | 0.18 | 0.23 | 0.14 | 1.31 | 0.06 10.04
d7() | duplex 0.88 | 407 | 0.12 | 1.09 372 | 0.19 [ 023 | 0.13 | 1.29 | 0.06 7.81

b33 4WJ 053 | 356 | 019 | 148 | 027 | 031|226 |0.19 |0.17 | 0.14 | 0.97 | 0.05 10.91
b33(Ts) | 3WJ 0.60 | 354 | 018 | 153|023 | 032|245 | 020|020 |0.14 | 0.96 | 0.05 8.68
b33(Ts) | 3WJ 051 | 354 | 020|142 | 029 | 030|219 | 017 | 0.15 | 0.16 | 0.84 | 0.06 8.17
b33(T:) | 3wWJ 0.60 | 358 | 017 | 162 | 023 | 034 | 249 | 0.20 | 0.23 | 0.14 | 1.07 | 0.05 10.80
b33(1,) | duplex 059 | 356 | 017 | 154 | 024 | 032 | 245 | 0.18 | 0.20 | 0.15 | 0.92 | 0.05 8.07
d28 4WJ 058 | 356 | 015|151 | 027 | 027 | 236 | 021 | 0.25 | 0.13 | 1.09 | 0.04 11.91
d28(T,) | 3wJd 0.60 | 357 | 014 | 153 | 026 | 0.28 | 243 | 0.21 | 0.25 | 0.13 | 1.10 | 0.04 15.08
d28(T,) | 3wJd 059 | 357 | 015|155 | 026 | 028 | 241 | 021 | 0.24 | 0.13 | 1.05 | 0.04 12.43
d28(Ty) | 3wJ 0.60 | 356 | 014 | 151 | 026 | 027 | 242 | 0.21 | 0.25 | 0.13 | 1.05 | 0.04 12.51
d28(1;) | duplex 059 | 357 | 014 | 145 | 027 | 026 | 239 | 0.20 | 0.24 | 0.13 | 1.01 | 0.04 9.43
c29 4wy 0.61 | 371 | 017 | 151 | 022 | 030 | 260 | 0.20 | 0.23 | 0.14 | 1.10 | 0.04 10.88
c29(T,) | 3wJ 062 | 372 | 016 | 148 | 022 | 029 | 261 | 020 | 0.22 | 0.14 | 1.03 | 0.04 8.76
c29(Ts) | 3WJ 0.66 | 374 | 015|155 019|030 | 276 |021 | 023|013 |1.16 | 0.04 11.55
c29(T,) | 3wJ 0.65 | 374 | 016 | 151|020 | 029|270 | 021|024 |013 |1.20 | 0.04 13.78
c29(ls) | duplex 063 | 371 | 016 | 153|022 | 032|264 | 021023013 |1.07 | 0.04 8.27
c29(1) | duplex 0.63 | 366 | 016 | 148 | 0.20 | 030 | 262 | 0.21 | 0.24 | 0.13 | 1.17 | 0.04 10.35

The fitted lifetime components are t;.; and the corresponding fractions are x1.3. The anisotropy decay is described by
the three depolarization times p;.; with corresponding fractions, ri-2 and r.. The longest anisotropy component arises
from the global motion and its amplitude is the residual anisotropy (r-). The colors given to the label names indicate the
dye environment. Bright blue: internal labels, orange: labels near the 5’-end, magenta: labels near the 3’-end.
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Supplementary Table 3.5: Fit results for the FCS curves of different Alexa488 labels.

Label type Label name offset Noright tair (MS) Zolwy Aq ta(ns) Ar tr (us)
Free dye Alexa488 1 6.87 0.17 3.62 0.24 3.74
Internal b11(l) 1 4.09 0.84 3.34 0.07 79.34 0.2 5.28

b28(l,) 1 4.32 0.76 3.72 0.12 86.06 0.18 4.9
d23(14) 1 9.6 0.77 4.06 0.1 66.26 0.19 5.01
c8(l3) 1 7.02 0.72 4.92 0.13 73.17 0.17 5.21
Near 5’-end b5(l,) 1 6.98 0.82 3.69 0.07 98.34 0.18 4.65
d7(l4) 1 7.92 0.7 2.96 0.04 130.7 0.21 4.33
Near 3’-end b33(lp) 1 7.98 0.76 4.73 0.33 45.82 0.12 3.92
d28(14) 1 4.79 0.71 4 0.47 46.85 0.1 3.59
c29(15) 1 5.03 0.7 417 0.53 60.49 0.09 3.71

FCS curves were fitted to the model function described in eq. 3.23. Nurignt is the effective number of molecules in the
bright state, tairt is the diffusion time, zo/wo describes the shape of the observation volume, t; is the relaxation time of
the triplet state with fraction A, and ¢, is the relaxation time of the static quenching process with the fraction of statically
quenched molecules A,. The label d7 required an additional bunching term to achieve a good fit with an amplitude of

0.04 and a relaxation time of 80 ys. The FCS curves are displayed in Fig. 3.3D and Supplementary Fig. 3.10.

Supplementary Table 3.6: Comparison of dynamic (®rqn) and steady state (Dr)

quantum yields of Alexa488 labels.

Label name Molecule DF ayn @ (liFCS) fstatic @ (spectral)
b11(ly) duplex 0.92 0.85 0.08 0.9
b28(l,) duplex 0.82 0.74 0.1 0.76
d23(l4) duplex 0.84 0.72 0.14
c8(l3) duplex 0.78 0.71 0.09

0.92 0.8 0.14

0.88 0.75 0.15 0.8
b33(l,) duplex 0.58 0.35 0.4 0.42
d2s(l,) duplex 0.57 0.33 0.42
c29(l3) duplex 0.63 0.39 0.37 0.34

The dynamic quantum yield was determined from the species-averaged fluorescence lifetime given in Supplementary
Table 3.4 using eq. 3.13 The steady-state quantum yield was determined using the low-intensity FCS (liFCS) method.
The fraction of statically quenched species (fstatic) was calculated from the measured dynamic and steady-state quantum
yields using eq. 3.18. As a control, the steady-state quantum yield was also measured from the spectral emission,

which yielded consistent results (see Supplementary Fig. 3.11A for a comparison).
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Supplementary Table 3.7: Parameters used in AV simulations.

Parameter Cy5 Alexa488
22.0 (U attached)
Liink (A) 20.0
19.5 (G attached)
wiink (A) 2.5 2.5
Raye (A) 45 45

The dye is approximated by a sphere with radius Raye and is attached to the RNA base by a flexible linker of length Liink
and width wiink, as illustrated in Supplementary Fig. 3.15.

Supplementary Table 3.8: Standard deviations for the ensemble measurements of
lifetime and residual anisotropy for Alexa488 and Cy5 labels.

wt + w L
Algﬁz‘l‘:S Mean((nrz;i SD Measrlr)r 3t Cy5 labels Meag|§1>x MeasnDr +
(ns)
b11(4WJ) 3.81+0.04 0.12+0.01 b27(4wW)J) 1.21+0.04 0.18+0.01
b11(T,) 3.85+0.04 0.12+0.01 b27(l2) 1.19+0.04 0.16+0.02
b11(Ts) 3.78+0.03 0.12+0.01 d23(4wJ) 1.21+0.07 0.16+0.03
b11(T1) 3.80+0.01 0.13+0.01 c8(4w)) 1.24+0.04 0.19+0.02
b11(l,) 3.86%0.03 0.12+0.01 c8(ls) 1.15+0.02 0.15+0.01
d23(4WJ) 3.55+0.09 0.11+0.01 a26(4wJ) 1.12+0.01 0.13+0.01
c8(4W)) 3.10+0.03 0.09+0.01 a12(Th) 1.42+0.11 0.24+0.04
c8(T3) 3.38+0.10 0.09+0.01 d27(4wJ) 1.21+0.01 0.17+0.01
c8(T1) 3.20£0.16 0.08+0.02 c12(4wW)) 1.20+0.01 -
c8(l3) 3.27+0.04 0.10+0.01 b33(4wW)J) 1.51+0.22 0.28+0.02
b8(12) 3.47+0.06 0.08+0.01 b33(l2) 1.64+0.07 0.28+0.01
b14(l,) 3.49+0.07 0.11+0.01 d28(4wyJ) 1.51+0.09 0.25+0.02
b5(4W)J) 3.52%0.20 0.07+0.01
b5(12) 3.83+0.06 0.07+0.01
d7(T2) 3.57+0.01 0.06+0.01
b33(Ts) 2.13+0.08 0.05+0.01

“Mean (1)x £ SD” and “Mean r» = SD” refer to the average of the species-weighted fluorescence lifetimes and residual
anisotropies, respectively, over all repeated measurements for a given sample. The samples were measured between
2-4 times. SD is the standard deviation calculated for repeated measurements performed on different days. In many

cases, the samples for the repeated measurements were newly hybridized from single strands.
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Supplementary Table 3.9: Fit results for the FCS curves of Cy5 labels at position a12 in

the different molecules.

Lair tiso1 tisoz tiso tan
Molecule | offset | Ny Zolwy | A A A A, A tr1(ns
bright (ms) 0/ Wo 1ISO1 (IJS) 1SO2 (ps) ISO (ps) Ab (ns) R R1 ( )
awJ 1 25 [ 029| 6 | 008 |557|041|061]|049|072]|088]| 1.13 0.08 35.76
3WY, T, 1 25 | 024 | 6 02 | 728 | 024 | 087 | 044 | 165 | 0.93 | 1.58 0.11 33.58
D“’I"ex’ 1 19 | 025| 6 | 008 |373| 043 | 055|051 |054|089]| 1.12 0.08 13.11
3

FCS curves were fitted to the model function described in eq. 3.25. Nurignt is the effective number of molecules in the
bright state, tdiff is the diffusion time, zo/wo describes the shape of the observation volume, Aiso 12 are the fitted
amplitudes and tiso,1-2 the relaxation times of the cis-trans isomerization process, tab is the photon antibunching time
with amplitude Aab, tr1 is the longest rotational depolarization time and Ar is the amplitude of the rotational term. The
total fraction of molecules in the cis state, Aiso = Aiso1 + Aiso2 and tiso is the amplitude weighted average of tiso1 and

tiso1. The FCS curves are displayed in Supplementary Fig. 3.29.

Supplementary Table 3.10: Fit results for FCS curves of Cy5 labels at position b33 on

different molecules.

Molecule | offset Noright (:;‘;) zlwo | Aisor :';g; Aiso2 :':g; Ano (:1“;’) Ar (:‘R;) (:‘Rsz)
4wJ 1 1.3 0.31 6 0.16 | 7.36 | 0.26 164 | 09 1.62 | 0.11 | 389 | 11.7
3WJ, T, 1 1.6 0.27 6 0.17 | 6.62 | 0.25 162 | 093 | 1.51 | 0.10 | 38.3 | 11.5
3WJ, T; 1 2.0 0.29 6 0.14 | 7.88 | 0.28 1.8 | 0.94 15 | 0.10 | 38.7 | 11.6
duplex, I, 1 1.9 0.24 6 0.15 | 8.18 | 0.28 181 | 096 | 1.53 | 0.08 | 24.2 | 7.26

FCS curves were fit to the model function specified in eq. 3.29, as shown in Fig. 3.6C. Nuright is the effective number of
molecules in the bright state, tdit is the diffusion time, zo/wo is the ratio of the axial to the lateral width of the observation
volume, Aiso,1-2 are the fitted amplitudes and tiso1-2 the relaxation times of the cis-trans isomerization process, tas is the
photon anti bunching time with amplitude Aao, tr1-2 are the rotational depolarization times and Ar is the amplitude of the

rotational term. The curves were measured at a power density of 11 kW/cm?.

Supplementary Table 3.11: Fit results for the polarization-resolved FCS curves of Cy5

labels the terminal position c1 on the specified molecules.

Molecule Ar tr1(ns) | trz=0.3-tr1(ns)
4WJ 0.13 38.03 11.41
3WJ, T3 0.11 34.13 10.24
3WJ, T4 0.13 28.36 8.51
duplex 0.09 23.91 7.17

FCS curves were fit to the model function for a spherical rotor as given by eq. 3.29. tr1-2 are the rotational depolarization

times with corresponding amplitudes Ari1-2. The FCS curves are shown in Supplementary Fig. 3.30.
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Supplementary Table 3.12: Fit results for the polarization-resolved FCS curves of

Alexa488 labels at the internal position b11 on the specified molecules.

Molecule Ar tr1(ns) tr2 = 0.3-tr1 (nS)
4WJ 0.48 35.31 10.59
3WJ, T3 0.46 31.45 9.43
duplex 0.49 22.28 6.69

The FCS curves were fit to the model given in eq. 3.23 in the methods, using the model function of the spherical rotor
as given in eq. 3.24 to describe the molecular rotation. FCS curves are shown in Supplementary Fig. 3.31.

Supplementary Table 3.13: Scaling factors used to overlay the fitted rotational
correlation terms from the experimental pFCS curves using the model for the spherical
rotor (eq. 3.29) with the predicted curves based on the HYDROPRO model as given in
Supplementary Fig. 3.32.

mc?lglcﬁjle t’ [(r?;]e d) t?,n(:]t) tr’ (pred) / tr’ (fit) AR(pred) AR (iit) AR(pred) / AR (iit)
4WJ 91.0 51.9 1.75 0.19 0.11 1.67
3WJ, T4 80.2 51.1 1.57 0.19 0.10 1.96
3WJ, Ts 60.1 51.6 1.17 0.19 0.10 1.99
Duplex, |2 25.3 32.8 0.77 0.19 0.08 2.27

The given relaxation times tr’ correspond to the time point where the amplitude-scaled correlation amplitude of the
rotational term decayed to a value of 1.1. Argi is the amplitude of the rotational term obtained from the fitting of
experimental FCS curve (Fig. 3.6C) to the model function given by eq. 3.29. Arpred) = 0.19 is the theoretical amplitude

of the rotation contribution for the spherical rotor obtained from eq. 3.46.
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Supplementary Table 3.14: Fit results for polarization-resolved FCS curves of end-

stacked Cy5 labels in the different RNA molecules.

duplex 4WJ 3WJ, T 3WJ, T,

predicted rotational diffusion tensor

D, (MHz) 3.30 1.97 2.33 2.09
D, (MHz) 3.37 2.09 3.02 2.99
D, (MHz) 19.06 3.33 4.97 3.97
D (MHz) 8.58 2.46 3.44 3.02

1/(6D)

(ns) 19.43 67.67 48.49 55.29
1/(20D)

(ns) 5.83 20.30 14.55 16.58
D./D,y 5.72 1.64 1.86 1.56
fit result

Model spher. | scaled prol. spher. | scaled prol. | spher. | scaled prol. spher. | scaled prol.
Xled 0.737 | 0.664 | 0.643 | 0.802 | 0.797 | 0.793 | 0.787 | 0.784 | 0.776 | 0.837 | 0.801 0.797
Ar 0.070 | 0.081 | 0.086* | 0.084 | 0.086 | 0.086* | 0.081 0.083 | 0.086* | 0.086 | 0.086 | 0.086*

f: - 0.80 0.51 - 2.05 1.65 - 1.52 1.06 - 1.72 1.50
Dy (MHz) - 2.64 1.70 - 4.03 3.34 - 3.54 2.84 - 3.60 3.81
Dy, (MHz) - 2.70 1.70 - 4.28 3.34 - 4.58 2.84 - 5.15 3.81
D, (MHz) - 15.27 | 17.82 - 6.82 8.83 - 7.54 8.62 - 6.84 9.40

D (MHz) 6.61 6.87 7.07 5.37 5.04 5.17 5.19 5.22 4.76 5.90 5.20 5.67

1/(6D
(( )) 25.21 24.26 23.56 | 31.03 33.04 32.26 | 32.10 31.95 34.99 | 28.24 32.08 29.38
ns
1/(20D)
(ns) 7.56 7.28 7.07 9.31 9.91 9.62 9.63 9.59 10.50 8.47 9.62 8.81
ns
Asym.
- 5.72 10.48 - 1.64 2.64 - 1.86 3.04 - 1.56 2.47
(D./Dyy)
excess D, compared to prediction
AD, (MHz) - - 8.1 - - 3.35 - - 3.34 - - 3.45

Experimental curves were computed from the parallel and perpendicular signals and fit using the general model function
given in eq. 3.29-30 using the spherical rotor model as given by eq. 3.29 or the asymmetric model function as described
in the methods and given in eq. 3.31. The orientation of the transition dipole moment was fixed to the average orientation
obtained from the MD simulations. For the asymmetric model function, the rotational diffusion coefficients, Dxiyz, were
fixed to the values obtained from the HYDROPRO software based on the FRET-restrained structural models of the
RNA molecules and scaled by a common factor f.. The theoretically predicted values for amplitude of the rotational

correlation term, AR, is Ar = 0.19. For the prolate fit model, the amplitude was fixed to Ar = 0.086 as obtained for the
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asymmetric model (indicated by an asterisk, *). The asymmetry is defined as the ratio of Dz and Dxy, where Dyy is the
average of the x- and y-components. The excess D; compared to the prediction (ADz), is computed as the difference
between the fitted and scaled predicted values for Dz, ADz = D(fit) — f:Dz(pred), where f: for the prolate model is obtained

as the ratio of the fitted and measured values for Dxy, f: = Dxy(fit)/Dxy(pred) (see eq. 3.32-33).

Supplementary Table 3.15: Fluorescence quantum yields for representative Cy5 labels.

Cluster Label position | Molecule | ®rayn | A1s0 | Prcorr

Internal U-attached label b27 duplex,l2 | 040 [ 049 | 0.20
Internal G-attached label d27 duplex, I+ | 0.38 | 0.52 | 0.18
Near-3’-end label b33 duplex,l2 | 0.55 | 0.45| 0.30
Near-junction label al2 3WJ, T« 048 | 044 | 0.27

®r corr is the fluorescence quantum yield corrected for cis-trans dark state using the equation ®g corr = Prayn(1 — 4;s0),
g qyn is the fluorescence quantum yield calculated from species-weighted average lifetime, and 4,5, is the amplitude
of cis-trans relaxation determined from FCS measurements.

Supplementary Table 3.16: The polarization coefficients C((Zel).(azez) as givenineq. 3.10

for standard settings of the excitation and emission polarizers. The coefficients are scaled
to be consistent with previous work by Kask et al.?®® and must be multiplied by a factor
(5-7-9)% for use in eq. 3.10.

L 0 2 4

(L)
Cai,amy | 3969 | 6480 | 576

W
cinan | 441 | 180 | 324

(L)
Cam,aw

(L)
€L,

1323 | 540 | —288

Note that coefficients for both cross-correlations c(("L"))’(”l) and c((ﬁ)‘("”) are the same, and that an error in Kask et al. for
the coefficient for L = 4 has been corrected. The subscripts denote the polarizations of the excitation-emission cycle,
i.e., c((”L"))’(”l) is the coefficient for excitation by parallelly polarized light, detection in the parallel channel, re-excitation

by parallelly polarized light and detection in the perpendicular channel.
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Supplementary Table 3.17: The normalized polarization coefficients R, and x, as used

in eq. 3.31 of the main text and eq. 3.12 in Supplementary Note 3.3 for standard settings
of the excitation and emission polarizers (p).

P R

x (

p p p

16 45 4
I, iy 5 1778 | —~ 0918 | 72~ 0.089

49
(iIL), (L) 8 ~ 1.143 > ~ 0.357 2= 0.180
7 14 5
8
am, Ly | 4 15 8 0533

Supplementary Notes

Supplementary Note 3.1: Base flipping does not cause significant changes in

photophysical properties at room temperature

To investigate whether internal guanines could spontaneously un-pair and flip out of the
stacked helix to quench the neighboring Alexa488 labels by PET, control experiments
were performed on RNA duplexes containing mismatches using the following sequence:

5-CGAAUUAAUUGUUAUUAAUUAGC-3’
3'-GCUUAAUUAARAAUAAUUAAUCG-5’

Here, a mismatch at position X (marked in red) may cause the guanine (yellow) adjacent
to the dye attachment point on uracil (green) to flip out of the RNA helix. We studied
different RNA duplexes where the complementary base to guanine (position X) is:

(1) cytosine, resulting in a Watson Crick base pair GC,
(2) adenine, resulting in a mismatched GA pair,

(3) uracil, resulting in a mismatched GU pair,

(4) or guanine, resulting in a mismatched GG pair.

The variants (2), (3) and (4) with mismatched base pairs could potentially show base
flipping. The labeling chemistry and the length of duplex mimic duplexes l14 of our
primary study as closely as possible. We performed time-resolved fluorescence
measurements of the different constructs and fitted the resulting decays to a three-
component exponential decay and determined the dynamic quantum yield @ 4., and the
steady-state quantum yield ®p (Supplementary Table SN1.1). We observed no
significant dynamic or static quenching for the mismatches compared to the fully base-
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paired duplex, indicating that no significant amount of base flipping occurs at ambient
temperatures (T = 20 “C). This excludes the possibility that PET quenching of Alexa488
labels could be caused by temporary unpairing of internal guanines.

Supplementary Table SN1.1: Investigation of base flipping of guanine bases.
Photophysical properties of Alexa488 labels adjacent to base-paired or mismatched
guanine bases, measured at 20°C. See Supplementary Note 3.1 for experimental details.
The steady-state quantum yield & was estimated using the liFCS method.

ensemble time resolved fluorescence ensemble time resolved anisotropy
. T T T T, 1 2 r 3
Mismatch X1 ! X2 : X3 : N Dr,dyn r s r2 . ’ . D | fstatic
(ns) (ns) (ns) | (ns) (ns) (ns) [ (r=) | (global)
Fupiglirzzse 0.84 | 415 | 0.16 | 1.94 3.79 0.90 0.14 | 0.21 | 0.10 | 1.37 | 0.14 8.77 0.89 | 0.01
V\.mh GA 092 [ 415 0.08 | 1.88 3.96 0.94 0.15 | 0.21 | 0.10 | 1.12 | 0.13 9.27 0.91 0.03
mismatch
V\.mh cu 091 | 4.15 | 0.09 | 2.41 4.00 0.95 0.13 | 0.20 | 0.09 | 1.14 | 0.16 9.32 0.86 | 0.09
mismatch
V\.Mh ce 0.83 [ 419 [ 0.11 [ 2.46 | 0.05 | 0.56 | 3.80 0.90 0.14 | 019 | 0.11 | 1.14 | 0.13 9.60 0.89 | 0.01
mismatch

Supplementary Note 3.2: FRET-derived distances are independent of the donor

quantum yield

In this section, we show that FRET-derived distances are independent of the donor
quantum yield if the same donor quantum yield is used for the determination of the Forster
radius R, and the calculation of accurate FRET efficiencies.

The Forster radius is defined as:

R, = 0.2108 6/(1)”) k2] n=4, (3.43)

where @, is the donor fluorescence quantum vyield, k2 is an orientational factor that
depends on the mutual orientation of the donor emission and acceptor absorption
transition dipole moments, J is the spectral overlap integral and n is the refractive index
of the surrounding medium.

The FRET efficiency is calculated from the corrected signal in the donor and acceptor
channel, F, and F,, as %%%:
F
E=—X2
YFp +F,
where the y-factor corrects for the different detection efficiencies and quantum yields of
the donor and acceptor fluorophores, defined as:

(3.44)

_Yr|a D 4
9e\p Prp

(3.45)
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Note that F, and F, are corrected for background signal, crosstalk of the donor
fluorophore into the acceptor detection channel, and direct excitation of the acceptor
fluorophore by the donor excitation laser.

The FRET efficiency is related to the donor-acceptor separation distance Ry, by:

1
E=—1 - (3.46)
1+ (Gpa)

Combining the above equations, we obtain the direct relation between R, and the
corrected signals:

1 1 1
1 6 9ria Pr .4 FD>6 < 9rja FD>6
R =R(——1) =R< A DY) = Ry @ L), (3.47)
- °\E ° Jeip Prp Fa or\ A Jeip Fa

where we define the reduced Forster radius R,, without consideration of the donor
quantum vyield as:

Ro, = 02108 3/ k2] n=* = @ }/° R,. (3.48)

In eq. 3.47, the donor fluorescence quantum vyield cancels. Thus, the FRET-derived
distance R, is independent of the donor quantum yield. Identical considerations apply to
time-resolved FRET measurements 270,

Supplementary Note 3.3: Derivation of rotational correlation functions for arbitrary

diffusion tensors (performed by Dr. Oleg Opanasyuk)

Although the measured polarization-resolved FCS correlation functions are second-order
fluorescence intensity correlation function, they represent 4"-order correlation functions
G (t,,t], t,, t5) of the excitation and emission probabilities, meaning they depend on four
time points in the following sequence of events. First, the fluorophore is excited by light
of a given polarization at time t;, after which it can rotate during its excited state lifetime
until it relaxes back to the ground state by emission of a photon at time t;. After an
additional time delay, the fluorophore is re-excited at time t, and it the second photon is
emitted at time t;. This sequence of events is illustrated in the following scheme:

fl. delay Aty fl. delay At,
——— ———
t, Aa(Aty) t; AQq1(t-Atp) t, A22(At2) ¢t
Q4 Q) Q, Q, (3.49)
correlation time ¢t
€1 )

where (); denotes the orientation of the fluorophore dipole moment at step i and e; marks
the emission of a photon at time ¢t;. The excitation probabilities at time t; and t, depend
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on the polarization of the incident laser light, and the emission probabilities at times t;
and t;, depend on the polarization of the detection channel. The fourth-order correlation
function for the rotational contribution is expressed as?%:

GW(ty, b1, o, t7) = (a(Qe(Q))a(@z)e(Q})), (3.50)

where a(Q) and e(Q) denote the absorption and emission probabilities and the angular
brackets denote the average over all orientations Q;. The second-order correlation
function is then obtained by integration over all possible time delays At; = t; —t; and
At, = t; — t, consistent with the correlation time t, i.e., the time between the two photon
detection events at the times t; and t;. The problem can be simplified if the excited state
lifetime is much shorter compared to the rotational diffusion time (i.e., 6D, < 1). In this
case, the rotational contribution to the correlation function, G..(t.), is given by:

Grot(te) = G(0,0,t,t.) = (a(0)e(0)alt)e(t,)). (3.51)

In this case the rotational contribution G.,.(t) can be decoupled from all other
contributions, and the total intensity correlation function can be factorized:

G(t) = Gap(t) Grot(t) Giso(t) Gaire(t) +1, (3.52)

~1lns ~10-100ns ~1ps ~1ms

bright

where the contribution of photon antibunching (G,5(t)), photoisomerization (G5, (t)), and
diffusion (Gq;sr(t)) are described as given above.

Explicit expressions for the rotational correlation function have previously been derived
for the spherical and ellipsoidal rotors''42%°. Here, we derive expressions for the rotational
correlation function for arbitrary diffusion tensors D = (D,, D,, D,) based on the matrix
method presented by Kalmykov?83. According to this formalism, the rotational correlation
functions for isotropic rotation can be expressed as the weighted sum of elements of

Wigner D-matrices D,%(Q) averaged over the time-dependent angular distribution p(Q, t):

Gror () = Y €O FO) = Y RO, (3.53)
l

Lp.q

where the functions Tp(g (t.) are given by:

ﬁ&o=w$mmm@=f%mmmawﬂL (3.54)

and the angular probability distribution function p(Q, t) follows the Smoluchovski diffusion

equation. The diffusion averaged time-dependent functions Tz,(fq) (t) can be expressed as:
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FO(t) = eAVD), (3.55)

where the matrix A® is a function of the (diagonalized) rotational diffusion tensor D =
(D, Dy, D,):

[AQD)],, = —2D(cpbpq + ApBpq-2 + Ap-28pq+2);

I(a+1 1
o - +Ap% ay=20JE— @+ DA+ D2~ @+ D2 (3.56)
D:Dx+Dy; A= 2 —1, 9=Dx_Dy
2 D, +Dy 2 D, +Dy

Here, the parameter 6 is a measure of asymmetry of the diffusion tensor D in the xy plane,
and the parameter A is the measure of asymmetry relative to the z-axis. In practice, the
matrix exponential in eq. 3.55 can be calculated using the eigen-value decomposition of
the matrix A®:

FO(t) = AVt = g AVt gOT, (3.57)
where the matrix U consist of normalized eigen-vectors of A as rows and A is the

diagonal matrix of eigen-values of A®.

For collinear absorption and emission transition dipole moments, the rotational correlation
function G%°(%2°2) (¢ ) for a certain combination of excitation and emission polarizer

settings (a,e;), (aye;), is given by:

(aie1).(azez) _ )]
Grotl ! e (tc) - Z C(alel),(azez) g(L) (tc)’ (358)

L=0,2,4

Here, the time-dependent functions g™ (t) are given by:

2
O]
g®(¢,) :Zc§L>e kivte; o) = ‘Z Dy () u,| Eci@) =1, (3.59)
i Q i

where kl.(L) are the eigenvalues and ulé,i the eigen-vectors of the matrix A defined in
eq. 3.57, and Q, are Euler angles defining the position of the transition dipole moment u

in the eigen-frame of the diffusion tensor, i.e., the frame where the diffusion tensor is
@)

(aie1).(azez)
for given combinations of excitation and emission polarizations?®® and are given in
Supplementary Table 3.16.

diagonal. The respective amplitudes ¢ of the functions g)(t) can be calculated
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To account for the normalization of the experimental FCS curves, eq. 3.58 can be
rewritten in the form:

Grot (te) = Gror (t)/cy” =1+ Ry (2, 9@ (t0) + (1 - 1) g9(t0)), (3.60)
where:
@, @ @
¢, tc c
Ry ="—Gr— % =g @ P=(qe) (aze2). (3.61)
Cp Cp + Cp

Alternatively, the parameter x,, can be replaced by the parameter €, as used in eq. 3.31
in the main text defined as:

4
1 —
c=-__%_ (3.62)
p Xp C(Z)
p

From which the normalized rotation correlation function, G, (t.), is obtained as:

~ C
Grot ((c) =1+R, <1 TC gD t) + =+ 9(4)(tc)>, (3.63)

P 1+,

The values for the parameters R,, x,,, and C,, are given in in Supplementary Table 3.17.
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4.1 Introduction

Since the large diversity of functions in biomolecules is a direct manifestation of the
chemical structure and dynamic behavior of the biomolecular system, their structure
determination is crucial. There are several biomolecular research tools like X-ray
crystallography390-302 cryo-electron  microscopy3?33% and nuclear magnetic
resonance3%%:3% that are conventionally employed to probe the conformational structure
and dynamics of biomolecules and report on their biomolecular interactions. Another
important technique to study biomolecular structural dynamics is Forster resonance
energy transfer (FRET), which is particularly useful for large and dynamic biomolecules
and complexes. The FRET technique utilizes fluorescent dye labels, strategically placed
on the biomolecule, and determines their inter-dye distance by measuring the relative
changes in fluorescent properties'159.187.265307-309 = A" thorough understanding of the
fluorophore photophysics is essential for the choice and design of suitable fluorescent
probes and the correct interpretation of the dye behavior. The local environment in the
biomolecule has a profound effect on the fluorescence properties of the dye. A notable
example is protein-induced fluorescence enhancement (PIFE). Here an increase in
fluorescence intensity occurs when a protein binds to a nucleic acid in the proximity of a
fluorescent probe like Cy3 or Cy5'3%136.220 |n certain cases, fluorescence quenching may
occur through interactions of amino acids like Tryptophan and organic fluorophores like
rhodamine or oxazine due to photoinduced electron transfer (PET)'%41%5, For example,
when FRET is used to measure the distance between two regions of a protein, the
presence of quenchers can cause systematic deviations in recovered distances?°.
Therefore, one must be cautious while interpreting changes in spectroscopic properties

of the dye since they may originate from features of the local environment of the dye.

The influence of the local environment on the fluorophore properties can however be used
to our advantage to report on the local biomolecular environment. Depending on the
fluorophore, the protein and the solvent conditions, dye-protein interactions can occur in
a variety of ways. The different modes of interactions or binding mechanisms include =-
stacking3'%-312, electrostatic interactions®'® and hydrophobic interactions3'. Interactions

with a protein can have significant consequences on the dye behavior resulting in
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fluorescence quenching'®, fluorescence enhancement'3%136  spectral shifts''431%, and

anisotropy changes'01.102,316,317,

In this study, we use the bacteriophage T4 Lysozyme (T4L) as a prototype system for
exploring the influence of the local dye environment in proteins. It is a modular protein
consisting of two subdomains, the N-terminal subdomain and the C-terminal subdomain
linked by a long a-helix3'® (Helix C, Fig. 4.1A). Additionally, there is a highly flexible
domain, which acts as a connector and integral to the structure of T4L (Helix A, grey Fig.
4.1A,C) . T4AL has been extensively used as a model protein in protein unfolding3'®-320 and
ligand binding studies®'-323, |t is very tolerant of mutations, even accommodating
insertions and deletions®?4. Mutations introduced for the covalent labeling of organic
fluorophores onto specific sites is therefore expected to cause little perturbations to the
protein conformation. The function of T4L is the hydrolysis of the peptidoglycans of
bacterial cell walls, this cleavage involving a hinge-bending motion between open and
closed conformations. An even more compact minor state, referred to as the Cs state,
was discovered by Sanabria et.al.® The equilibrium fractions of the 3 conformational
states were found to be 54%(C+1), 30%(C2) and 16%(C3) of the wild type T4L. From the
500+ structural models of T4L available within the Protein Data Bank (PDB), we chose
PDB 172L to represent the open (C1) structure and 148L to represent the closed (C2)
structure of T4L 3267 (Fig. 4.1B).

The main objective of this study is to investigate the effect of fluorescent properties of
coupled dyes in different protein environments and subsequently use the dye as a probe
to sense the environment. The commonly used fluorophores, Alexa488 and Alexa647,
were chosen and covalently coupled to chosen labeling sites in the protein via long flexible
linkers. The experimental output from fluorescence spectroscopy is combined with
computational simulations to give a detailed insight into the origin, type and extent of dye-
protein interactions under various environments. The amino acid residues responsible for
dye trapping and quenching, the effect of dye trapping on fluorescence quenching, the
extent of static quenching and H-bonding interactions and the interference to dye motion
from protein dynamics are presented. Finally, specific examples are shown where the
coupled dyes act as sensors and report on changes in the local and global protein

environment.
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A. Structural features of T4L and labeling sites B. Electrostatic surface potential
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Figure 4.1. Structural details of protein and dye labels used in the study. (A) The T4 Lysozyme
(T4L) protein comprises of a rigid C-terminal subdomain (dark red), an N-terminal subdomain
(green) connected by a 21 amino acid long long a-helix (Helix C, orange) and a connector helix
(Helix A, grey). The dye labeling sites are indicated as spheres (red: Alexa647 labels, green:
Alexa488 labels). (B) The van der Waals surface of T4L(PDB: 1Lw9 ) color coded with the
electrostatic surface potential (ESP, calculated by APBS325-327), The electrostatic potential is
given here in dimensionless units of kb T ec”! where ks, the Boltzmann's constant = 1.3806504
x 10723 J K, T is the temperature in K and e. is the charge of an electron, e = 1.60217646 x
10" C. (C) The function of T4L is realized by its hinge bending motion from open (C+, PDB:
172L) to closed (C2, PDB:148L) to compact (Cs) conformations. (D) The amino acid sequence
of T4L along with the labeling positions of Alexa488 (green) and Alexa647 (red) used in this
study. The colored blocks behind the sequence indicate the corresponding region in (A). The
secondary structural elements like helix, B-sheets and coils are also indicated as described by
the legend.

4.2 Results and Discussion

In order to investigate the effects of the T4L protein environment on the photophysics and

local motions of the coupled dyes Alexa488 and Alexa647, we use labeling sites span
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over all subdomains of T4L (Fig. 4.1D). Subsequently, we combine fluorescence
techniques and computational simulations to gain information on potential interactions
between the protein and the dye. From the insights gathered from these studies, we could
use the fluorophores as sensors and identify the characteristics of unknown local

biomolecular environments or global events.
4.2.1 Alexa488 labels exhibit environment-sensitive photophysical properties

(The T4L variants P86C, R119C, D127C, N132C and I1150C were prepared and
measured by A.P., with help from L.S. The variants E22pAcF, S36pAcF, Q69pAcF,
K19pAcF, S44pAcF, K60pAcF were prepared and measured by K.H., to the best of my

knowledge)

In order to study the environment-dependent behavior of Alexa488 dye, ensemble time
resolved fluorescence lifetime and anisotropy measurements of Alexa488 labels on 11
sites were studied(Fig. 4.1D, Supplementary Fig. 4.1). The original residue at each of
these sites have been mutated to either cysteine (C) or pAcPhe (pAcF) to accommodate
the dye labeling chemistry, thus leading to 11 T4L mutants. Hereafter, | refer to each
labeled T4L variant by its mutation site which is also the labeling site (For example: P86C,
S44pAcF etc.). Fig. 4.2A shows the spread of the species-weighted fluorescence lifetimes
of Alexa488 labels over a time range (t)x= 2.3-4.1 ns and that of residual anisotropies
over a wide range 0.15-0.24. For the free Alexa488 dye, the fluorescence is single
exponential with a lifetime of 4.1 ns, while the fluorescence of the coupled labels is
multiexponential, indicating interactions between the dye and the protein. Fluorescence
decay curves of highly quenched (N132) and relatively less quenched (P86) Alexa488
labels are shown in Fig. 4.2B(top). The multiexponential fluorescence decays are
characterized by two or three lifetime components (Table 4.1, Supplementary table 2).
Among the labels studied, the longest lifetime was exhibited by S44, with fluorescence
lifetime (t)x= 4.1 ns, similar to that of the unquenched dye; while E22 had the shortest
lifetime (t)x= 2.4 ns. The anisotropy decay curves of the Alexa488 labels, N132 and P86,
are shown in Fig. 4.2B(bottom). The decays are characterized by three rotational
correlation times (Supplementary table 2), of which the longest correlation time describes

the global rotation of the protein and the corresponding amplitude is a measure of the
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rotational freedom of the molecule and is called the residual anisotropy (r-). The highest
and lowest residual anisotropies were exhibited by K19 (r. = 0.25) and R119 (r, = 0.15),
respectively. In presence of only transient interactions, we expect an inverse correlation
between lifetime and residual anisotropy because when the lifetime of the dye is lowered
due to quenching, the increased dye-quencher interactions is presumed to raise the
anisotropy. However, this expected correlation is not observed for the studied Alexa488
labels. This indicates that there are specific environment-dependent interactions affecting
the photophysical properties of these labels. The elements in the local protein
environment affecting the fluorescence properties of the dye labels are investigated in the

following sections.

Table 4.1. Photophysical properties of representative Alexa488 labels.

)\max
Label <‘E>x, (I)F,dy
. X1 T1,NS X2 T, NS X3 T3,NS [ OF fstatic | (abs) Aa
position ns n
nm
P86C
081 | 422 | 013 | 245 | 0.06 | 0.31 | 3.76 | 0.18 | 0.84 | 0.89 | 0.06 496 0.06
R119C 065 | 404 | 024 | 190 | 0.11 | 045 | 314 | 0.15 | 0.68 | 0.75 | 0.08 495 0.13
D127C

0.71 | 413 | 0.20 | 2.35 | 0.08 | 0.38 | 346 | 0.19 | 0.72 | 0.82 | 0.12 496 0.13

N132C | 560 | 3.99 | 029 | 207 | 0.09 | 0.43 | 3.10

0.22 | 0.68 | 0.74 | 0.09 496 0.11

l1s0c 0.70 | 4.04 | 0.23 | 240 | 0.07 | 040 | 3.40 | 0.20 | 0.75 | 0.81 | 0.08 496 0.15

Alexa488
free dye

4.05 | 0.02 | 0.96 - - 491 0.00

The species-weighted average lifetime, (t)x, calculated using eq. 4.5 and residual anisotropy, r., are obtained from
fluorescence and anisotropy decay analysis. The steady state fluorescence quantum yield (®f), the dynamic
fluorescence quantum vyield (®r qyn) and the fraction of statically quenched species (fstatic) are calculated using eq. 4.9-
11. Amax(abs) is the wavelength at absorption maxima. Aqis the amplitude of the static quenching process with a
relaxation time 68 ns obtained on global fitting of FCS curves measured at 485 nm and 5.6 kW/cm? power to the model
function given by eq. 4.15.
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A Alexa488 labels: Position dependent properties B Lifetime and anisotropy decays
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Figure 4.2. Photophysics of Alexa488 depends on local protein environment.(A) The species-
weighted average fluorescence lifetime s and residual anisotropies exhibit a wide range of
values due to difference in dye environments. An inverse correlation between these two
observables can be seen only for 6 of the 11 labels, indicating specific interactions for each
label. (B) Exemplary fluorescence and anisotropy decays of Alexa488 labels, P86 (orange) and
N132 (brown), representative of less quenched and highly quenched lables, with the instrument
response function (grey) and their corresponding fits (black lines). (C) Absorption spectra of
Alexa488 free dye and representative labels, P86 and N132, show the red shift of labels
compared to the free dye. (D) FCS curves (parallel-perpendicular correlations) of selected
Alexa488 labels (dotted lines) and their fits (solid lines) measured at 485 nm and at an excitation
power of 5.6 kW/cm?. The vertical lines indicate the fitted relaxation times for the translational
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diffusion (t«i), triplet (tr) and quenching (tq) for the N132 label. Inset: Zoom of static quenching
regime showing fitted curves. (E) Steady state fluorescent quantum yield (®f) and dynamic
fluorescence quantum yield (®r4yn) are plotted for the selected Alexa488 labels. The black line
shows a 1:1 relationship. The difference between the two values arises due to static quenching.
The fraction of static quenching can be calculated using the displayed formula and is seen to
be approx. 10% for the Alexa488 labels.

A combination of spectroscopic methods sheds light on Alexa488 fluorescence
quenching. One of the major factors affecting the photophysical behavior of Alexa488
dye is PET quenching'® where electron transfer occurs from an electron donor with
suitable oxidation potential to the chromophore. The amino acids Trp, Tyr, Met and His
can serve as effective electron donors for Alexa488'% and other Rhodamine-based
dyes'%4. The mechanism of PET by amino acid residues involves a combination of both
static and dynamic quenching pathways. While dynamic quenching, which occurs by
collisional encounters, effects both fluorescence lifetime and intensity, static quenching

reduces the intensity without influencing the lifetime104.105.108,

Static quenching occurs by ground-state complex formation between the dye and a
quencher. This results in the perturbation of the ground state and therefore in the red shift
of the dye absorption''4. The absorption spectra can thus act as indicators for dye-protein
interactions, if such interactions lead to static quenching. In the present study, we observe
a 5 nm shift of absorption spectra for the coupled dyes compared to the free dye,
indicating potential stacking interactions (Fig. 4.2C). Since polarity differences and
presence of H and J aggregates also result in absorption shifts, we cannot make
conclusive statements about the quenching pathway from these spectral shifts alone. In
addition, there is no significant difference in the absorption maxima between the
measured coupled dyes, which further hampers our efforts to extract information about

individual dye environments from the absorption spectra.

In order to quantify the magnitude of quenching, selected T4L labels and the free dye
were probed by FCS measurements performed at a constant power density of 5.6 kW/cm?
at 485 nm. A fluorescence intensity fluctuation at 68 ns was observed to varying degrees
for the T4L labels, but was absent for the free dye. Since this is a protein environment-
dependent observation, and amino acid quenching of Alexa488 is expected, this
fluctuation is assigned to PET dye quenching. The fits of the FCS curves of R119, D127,
N132 and 1150 (Fig. 4.2D, Table 1, Supplementary table 3) show a fluorescence intensity

151



fluctuation with amplitude Q >11% at a correlation time ta = 68 ns, while the amplitude of
P86 is lower at Q=6%. This lower quenching amplitude for P86 agrees with its longer
lifetime from the time resolved measurements. It must be remembered that the FCS
amplitude may be an average of more than 1 process occurring in the same time range,

and does not necessarily reflect a single quenching mechanism.

To unravel the quenching pathway, we measured the fluorescence quantum yields for the
free dye and selected T4L labels (Fig. 4.2E). We measure two types of fluorescence
quantum vyields : (i) The dynamic fluorescence quantum yield (®rdyn)measures the
dynamic/collisional quenching and is proportional to the average lifetime (t)x as given by
eq. (4.10). (ii) The steady state fluorescence quantum yield (®r) measures the reduction
in fluorescence intensity relative to a standard reference and therefore accounts for both

static and dynamic quenching processes.

From Fig. 4.2E, it is clear that ®r ayn is consistently higher than ®r. This difference is due
to static quenching which is not reflected in ®r ayn, but reduces ®r. From these quantities,
the fraction of statically quenched species (fstatic) can be calculated as given in eq. 4.14.
For the measured Alexa488 labels, the fstatic is between 6-12%, P86 being the least (6%)
and D127 being the most (12%) statically quenched. From previous studies of Alexa488
labels on RNA (Chapter 3), fstatic up to 41% were observed. Compared to that, the loss of
fluorescence due to static quenching is considerably lower for the T4L protein labels.
Therefore, we conclude that dynamic quenching is the major quenching pathway for the
T4L-coupled Alexa488 labels. In proteins, the aromatic PET quenchers are usually found
within hydrophobic pockets where dye accessibility is low; in contrast to the exposed
guanine quencher at the nucleic acid helix ends (Chapter 3). Therefore, effective dye-
quencher stacking, necessary for ground state complex formation in static quenching, is
less probable in proteins compared to nucleic acids with dyes labeled close to the

Guanine terminus.
4.2.2 Simulation studies predict probable dye-protein interactions

In order to investigate the behavior of Alexa488 dyes on the T4L protein two independent
simulation approaches were applied: Molecular Dynamics (MD) simulations and

accessible volume (AV) calculations. The MD simulations yield atomistic representations
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of the dye attached to the protein while the AV simulations provide sterically allowed dye
positions while assuming all positions to be equally probable'%3242, Since conformational
sampling in MD simulations is time-consuming process, it was performed only on selected
labels (P86, R119, D127, N132 and 1150). For each labeling position, we performed 10
simulations of 3000 ns simulation time each. The more coarse-grained AV simulations,
on the other hand, are based on simple geometric calculations, and were carried out for

all measured labels.
a) MD simulations allow a closer look at interaction modes
(MD simulations and their analysis were carried out by Dr. Christian Hanke)

In order to investigate the sampled conformational space in the MD simulations, the
positions of a selected atom in the dye (the xanthene oxygen atom, Supplementary Fig.
4.3B) over the course of the simulation is shown as spheres in Fig.4.3A and
Supplementary Fig. 4.2. A high density of spheres at regions near the T4L surface
suggest interactions and indicate potential dye trapping, whereas a more uniformly
distribution of spheres would correspond to a less trapped label (e.g. P86). For a better
understanding of dye interactions, we computed the dye-amino acid distance over the
simulation time for several amino acids (Supplementary Fig. 4.3). From these traces,
stable and long-lived interactions can be inferred as distinct plateaus with distances ~ 10
A. Some of the frequently occurring interaction modes are presented in Fig. 4.3B and

discussed below.

n-stacking interactions of dye with PET quenchers: In order to investigate potential rt-
stacking, we follow Vaiana et. al', who describe a combination of distances and angles
between the dye and quencher by which n-interactions lead to effective PET quenching.
The distance (r) is defined between the centers of dye and quencher ring systems and
the angle (o) is defined between the normal vectors of the planes of these ring systems
(Supplementary Fig.4.4). These interaction parameters are calculated for the MD
trajectories (Fig. 4.3B(1), right). In our simulations, the distance (r) was generally greater
than 5.5 A where stacking interactions were less probable. However, there were a few
instances of suitable r and ¢ combinations that could result in quenching interactions due

to effective n-overlap (Fig. 4.3B(1)). Since the quenching amino acid residues, Trp and
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Tyr, are hydrophobic, they are usually buried within hydrophobic protein pockets and are
thus inaccessible to the dyes. Therefore, strong n-n interactions are only occasionally

observed in our simulations.

H-bonding interactions of dye with positively charged and other amino acids:
Among the amino acid residues on T4L, Lysine and Arginine are the most positively
charged, due to protonation of their NH2 and guanidine groups, respectively, at
physiological pH used in the experiments. They have high aqueous pKa's: ~10.5 for Lys
and ~13.8 for Arg®?8. These residues are responsible for the positively charged regions
on the electrostatic potential map on the T4L surface (Supplementary Fig. 4.5). The
positively charged Lys and Arg potentially participate in H-bonding with the negatively
charged SO groups of the dye labels (Fig.4.1B). This type of electrostatic interaction is
the most frequent of the interaction modes observed between the coupled dye and the
protein in the simulations. The higher prevalence of Lys and Arg in T4L and their solvent-
exposed natures contribute to the predominance of this interaction mode. For each of the
10 simulations performed for a given label, the percentage of simulation time where H-
bonding was observed was calculated and displayed as box plots (Fig. 4.3B(2)); the
criteria for H-bonding adopted from Raschka et al.3?°,. It can be seen that N132 has
consistently high H-bonding in all the simulations with the highest average among the
labels measured; while the lowest average percentage of H bonding was exhibited by
R119. This ranking is also reflected in their respective residual anisotropies. The positive
charges in the amino acid side chains trap the negatively charged dye, thereby generating
a “contact volume”, which is an area of defined thickness close to the protein surface
favored by the dye?*? where diffusion is lower. It is assumed that when trapped to Lys or
Arg, the dye remains for a long time in the neighborhood of PET quenching amino acids,
leading to quenching events which otherwise would not have been as probable. In
addition to the positively charged Lys and Arg, neutral (non-charged) and polar amino
acids like Asn and GiIn are also seen to participate in H-bonding (Supplementary Fig.
4.6A).

A less frequently observed interaction partner for the protein in the simulations is the dye-
linker. The long flexible linker connecting the dye to the protein labeling site contains

functional groups which can form H-bonding interactions with suitable amino acid

154



residues (Supplementary Fig. 4.6B). This particular mode of interaction is usually

observed together with other dye-protein interaction modes.

Concerted interactions: Even though n-stacking interactions between the dye and
Trp/Tyr are relatively rare in our simulations, H-bonding interactions between the oxygen
of the SO? group in the dye label and the hydrogen from the NH and OH functional groups
of Trp or Tyr are more frequently detected. Consistently, these dye interactions are
reinforced due to the presence of another dye-protein bond in its proximity (Fig. 4.3B(3)).
Such concerted interactions can be detected in the dye-quencher distance trace, where
most instances of quencher-dye proximity are accompanied by dye proximity to a

positively charged amino acid (Fig. 4.3B(3)).

Cation-rn interactions: A common non-covalent interaction existing between the amino
acids in a protein is the cation-n interaction330-332, This is usually observed between the
cationic side chain of Lys/Arg and the aromatic sidechain of Trp, Tyr and Phe within a
distance of 6 A. The fluorophore Alexa488 also possesses delocalized n electrons in its
aromatic rings which is within the 6 A distance from the cationic centres of Lys and Arg
residues. Therefore, cation-n interactions are highly likely between Lys/Arg and the dye.
This interaction mode has been detected in our MD simulations (Fig. 4.3B(4)). A
screening of the MD trajectories to identify potential cation-r interactions was carried out
using a geometric criterion < 6 A between the ammonium nitrogen (NZ) in Lys or the
guanidinium carbon (CZ) in Arg and the midpoints of any of the 3 rings in the xanthene
system of Alexa488. This screening provides us with an upper limit of the percentage of
simulation time where cation-r interactions are possible. (Fig. 4.3B(4), box plot). Clearly,
this percentage will be an overestimation of actual cation-r interactions since we consider
only the geometric criteria, and not all cation-n contacts represent energetically favorable
interactions. It can be seen that on average, N132 has the highest percentage of
interactions, comparable to the % of H-bonding. The prevalence of H-bonding and cation-
7 interactions over the simulation period are remarkably high, emphasizing the role of

Lysine and Arginine in affecting dye behavior.
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A. Dye distributions from MD sim B. Types of Alexa488-T4L interactions

(1) =- stacking 30 ] Dye-Tyr distance
g 20
= 10
0 7 i | i | 5.5[A]
~ 180 Dye-Tyr normal angle
e 90
- - 0 ) T U T ! T T |
P86 N132 3 Tyr 0 500 1000 1500 2000
— Simulation time [ns]
(2) H-bonding interaction (4) Cation-r interaction

Maximum % of cation-n

T ‘ T -
500 1000 1500 2000 P86 R119 D127 N132 1150
Simulation time [ns]

Figure 4.3. Molecular dynamics simulations probe Alexa488- T4L interactions. (A) Distributions
of dye positions sampled during MD simulations for representative Alexa488 labels, P86
(orange) and N132 (brown). Spheres represent the location of the O3 atom for every 2 ns of
the simulation time. (B) T4L-dye interaction modes observed during MD simulations. (1) 7z
stacking: Stacking interaction between the electron rich n-systems of the dye (green) and the
quencher Tyr (magenta). Interaction parameters'®, r, the distance between the centres of the
ring systems and ¢, the angle between the normals to the plane of the ring systems for a part
of the trajectory is displayed with a distance threshold of 5.5 A (dashed black line). The part of
the trajectory corresponding to the picture is indicated by the red dashed line. (2) H-bonding:
The negatively charged groups on the dye and the NH groups of Arg undergo H-bonding. The
box plot shows the percentage of simulation time where H-bonding is observed, each simulation
displayed as a circle. (3) Concerted H-bonding: Multiple simultaneous H-bonding events can
take place for the dye with different residues like Tyr and Lys (snapshot). This is detectable in
the dye-amino acid distance plots (dashed red box). (4) Cation-z: The cationic side chain of
Arg interacts with the aromatic = system of the dye. The box plot shows the percentage of
simulation time where the interacting groups are within 6 A, allowing potential cation-7
interactions. For both box plots, each simulation is displayed as a circle, the hinges of the boxes
show the 25th and 75th percentile, the horizontal lines inside boxes shows the median, the
mean is displayed as a square inside a box and the whiskers show a standard deviation of 1.
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b) AV simulations predict changes in fluorescence parameters

Because in all-atom MD simulation, sampling is limited, we use coarse grained AV
simulations. In the current study, the accessible volume (AV) approach to calculate
proximity/accessibility to various suspected interaction sites and correlate it to a
fluorescence observable like the fluorescence lifetime or residual anisotropy. Since the
protein T4L adopts both open (PDB: 172L) and closed (PDB: 148L) conformations, for
accessibility calculations, a weighted average of the calculated quantity for the C1+ and C2
structures were employed. Since the structure of Cs is still under study, the equilibrium
species fraction determined for the Cs state, was instead assigned to the C:2 state for the
purpose of this study. Thus AV-based calculations were weighted 54% for the C1 state

and 46% for the C2 state. The following factors affecting Alexa488 behavior were studied:

Interaction with PET quenchers: PET quencher accessibility is calculated as the
fraction of the interaction volume to the AV volume; where the interaction volume (Fig.
4.4A, inset) is defined as the volume of AV that is < 4 A from the quenchers, Trp, Tyr, Met
and His. Since this accessibility as an estimate of quencher proximity and thereby, the
concentration, we can study the effect of quenchers on the species-weighted average

fluorescence lifetime (Fig.4A).

Interaction volume

Interaction volume]
c2

PET quencher accessibility = 0.54 - ] + 0.46 - [
c1

Total AV volume Total AV volume

From Fig 4.4A, it is seen that unquenched labels have negligible quencher accessibility.
A clear correlation between the calculated quencher accessibility and fluorescence
lifetime is not observed, indicating that presence of PET quenchers is not the only factor

determining the fluorescence behavior.

Interference due to protein dynamics: During the hinge-bending motion of T4L, it is
possible for a dye to get trapped if the dye is labeled close to the cleft region. In order to
investigate if such a trapping is detrimental to the fluorescence of a dye, we calculate the
difference in AVs between the C1 and Ca2 states and correlate it to the residual anisotropy
(Fig. 4.4B). Among the measured labels, E22, K60 and N132 exhibit the largest changes
in AV, going from open to closed state, indicating that these labels are the most affected

by the hinge bending motion. Interestingly, these labels also exhibit high residual

157



anisotropies. This correlation implies that during T4L hinge bending motion, some dyes

may be trapped or “squeezed” by the protein depending on its labeling site and

orientation.
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Figure 4.4. Predicting factors affecting Alexa488 behavior. (A) PET quenchers: The predicted
accessibilities of the PET quenchers, Trp, Tyr, Met and His, have little correlation with the
species-weighted average fluorescence lifetimes of the Alexa488 dyes. Inset shows the
interaction volume of an exemplary AV. (B) Hinge bending motion of T4L: Change in AV
between C1 and C; states plotted against residual anisotropy show that the sites where dye
labels are constrained due to protein dynamics have relatively high residual anisotropy. Inset:
Example of an AV at labeling position E22 (red spheres) in C4 (green) and C: (pink) states. (C)
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Dye trapping: The fraction of statically quenched species (fsatic) from experiment is well
correlated to the fraction of trapped protein surface that is dark (firapped.dark) from calculations.
This is due to the fluorescence of Lys/Arg-trapped dyes being quenched by adjacent PET
quenchers. (D) Static PET: Assuming a hypothetical case of no static quenching, simulated
dynamic fluorescence quantum yields is plotted as a function of the corrected residual
anisotropies (equation displayed), yielding the inverse correlation expected in the absence of
static quenching.

Interaction with Lys/Arg: From our MD studies, we could ascertain that in addition to
the PET quenchers, positively charged amino acids, Lys/Arg, also interact with the dye
for a considerable length of time. In the vicinity of these Lys/Arg residues, PET quenchers
are also present. It is therefore reasonable to assume that there is a fraction of dye
species which undergo PET quenching by Trp/Tyr while being trapped by Lys/Arg. To
estimate the extent of trapped positions that are dark (statically quenched), we determine
the number of trapped positions (that is, Lys or Arg residues) that are within 4 A of the
dye AV and find out how many of these residues have PET quenchers within 4 A, since
these would render the dye dark (more details in Supplementary note 4.1). Then, the

species fraction of trapped dark surface is:

Number of quencher — adjacent Lys/Arg near AV 4.1)

Xtrapped dark = Number of Lys/Argnear AV

This fraction of trapped surface that is dark from the AV calculations correlates reasonably
well (p = 0.71) with the experimental fraction of statically quenched species (fstatic),
calculated from the fluorescence quantum yields (Fig. 4.4C); confirming that static
quenching occurs when the dye is trapped near quencher-rich areas. The validity of this
assumption was further tested by incorporating this fraction into fluorescence parameters

obtained experimentally as described below.

It is known that residual anisotropy is a measure of dye restriction %3, However, the
measured r., does not reflect the trapping at the dark surface, since static quenching
removes the quenched molecules from observation and we observe only the bright
molecules. We imagine a hypothetical situation where all quenching is dynamic and
calculate the residual anisotropy in that situation. Due to the additive property of
anisotropy, r = ), r; - f;. where r; and f; are the anisotropy and fluorescence fractions for

the i" species. In our case, there are 2 species: bright and dark. Therefore,
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r= (rtrapped,bright ) ftrapped,bright) + (rtrapped,dark 'ftrapped,dark) (42)
The Fluorescence fraction, f; = {Pphty
X xi{Pp)i

We approximate (®r); =~ (®r),, since in this hypothetical case, all trapped fractions have

the same brightness. Then we get f; = x;.

Thus, we can use the species fractions (x;) instead of the fluorescence fractions (f;) in eq
4.2)

r= (rtrapped,bright ' xtrapped,bright) + (rtrapped,dark ' xtrapped,dark) (43)

Thus we can determine the corrected residual anisotropy, r.cor, as the sum of the
measured r. (bright) and r. of dark molecules weighted by their respective fractions on
the trapped surface. If we assume that the r.. of dark molecules is 0.3 due to trapping, the

corrected r, is:

Too,corr = (roo,meas. ' xtrapped,bright) + (0'3 ) xtrapped,dark) (44)

where Xtrapped,bright = 1- Xtrapped,dark (4.5)

The corrected residual anisotropy accounts for the hypothetical case where all
interactions are collisional (dynamic) and all static effects are absent. A previous study
from Peulen et al.?’? simulated the diffusion and dynamic quenching of Alexa488 dyes on
different proteins by using a combination of AV and Brownian dynamics (BD) simulations.
The resulting fluorescence quantum yield is purely dynamic in nature. We adopt this
approach to obtain the simulated dynamic fluorescence quantum yield (®r ayn) for the T4L
labels under study. The simulated and measured ®r qyn are not equal and simulated ®r,qyn
<measured ®r q4yn (Supplementary Fig.4.7). A good inverse correlation is observed when
the simulated ®F ayn is plotted as a function of r«,corr (Fig. 4.4D) with a correlation coefficient
r=-0.84 ; thus validating our proposition of static quenching of dyes trapped at Lys/Arg

residues with nearby quenchers.

In conclusion, we can summarize that the different environmental factors that alter the
photophysical properties of Alexa488 dyes on T4L. The major quenching mechanism is
PET which occur by a combination of dynamic and static quenching pathways. These

quenching effects are boosted when the dye is trapped to a nearby positively charged
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amino acid like Lys or Arg. The hinge bending motion of T4L also present spatial
constraints to dyes labeled in its proximity. It may be worth noting that some of the
observed correlations are expected to improve with the adoption of a Cs structure in the

future.

4.2.3 The photophysics of coupled-Alexa647 dyes are influenced by the T4L

local environment

(The T4L variants S44pAcF and K60pAcF were prepared and measured by A.P. The
variants S44C, N55C, Q69C, P86C, R119C, N132C, 1150C and D127C were prepared
and measured by K.H., to the best of my knowledge.)

In order to investigate the photophysical properties of a class of dyes quite different from
Alexa488, we chose the cyanine dye, Alexa647. They are often used as a donor-acceptor
dye pairin FRET experiments®238270 Alexa647 is expected to exhibit association-induced
fluorescence enhancement (AIFE) similar to the Cy5 dyes (Chapter 3). The fluorescence
behavior of Alexa647 on 9 distinct labeling sites on T4L were investigated (Fig.4.5A,
Supplementary Table 4.5) using ensemble time resolved fluorescence lifetime and
anisotropy measurements. When Alexa647 dyes are coupled to different sites in T4L,
they exhibit lifetimes ranging from (t)x = 1.25 ns to 1.5 ns, longer than that for the free
Alexa647 dye (t = 1.0 ns333). The residual anisotropies, ranging between 0.16 - 0.31, are
highly correlated to the corresponding lifetimes (Pearson’s correlation coefficient, r =
0.91). The label K60 shows the longest lifetime and the highest residual anisotropy, while
the P86 label demonstrates the shortest lifetime and lowest residual anisotropy. The
fluorescence and anisotropy decay curves of these two labels are displayed in Fig.4.5B
along with their fitted curves. Since the residual anisotropy is a measure of the
environmental restriction to dye movement, it follows that, for the Alexa647 labels, the
more sterically restricted dyes appear brighter with longer lifetimes, and vice versa. This
phenomenon, called AIFE, is explained by the restriction to cis-trans isomerization of the
Alexa647 dye (explained in detail in chapters 2 and 3)
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A Alexa647 labels: Position dependent properties
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Figure 4.5. Photophysics of Alexa647 depends on the local protein environment. (A) The
species-weighted average fluorescence lifetimes and residual anisotropies exhibit a wide range
of values due to difference in dye environments. A positive correlation between these two
observables can be seen throughout, indicating that the dye photophysics is influenced by its
propensity to cis-trans isomerization. (B) Exemplary fluorescence and anisotropy decays of
representative Alexa488 labels, P86 (orange) and K60 (yellow) with the instrument response
function (grey) and their corresponding fits (black lines). (C) Absorption spectra of a few
Alexab47 labels and the free dye show varying extents of red shift of labels compared to the
free dye. The colors of the curves correspond to the label colors in panel A. (D) FCS curves
(parallel-perpendicular correlations) of representative Alexa647 labels (dashed lines) and their
fits (solid lines) measured under PIE signal at 635 nm and at an excitation power of 0.7 kW/cm?.

162



The vertical lines indicate the fitted relaxation times for the translational diffusion (tqir) and cis-
trans isomerization (tiso) for the P86 label. (E) Sketch of cis-trans isomerization by bond rotation
(red arrow) in Alexa647. Steric restriction to the dye movement affects the rate constant of this
process (kiso) calculated from FCS fits. The decay rate constant and the residual anisotropy
are highly correlated.

Cis-trans isomerization is modulated in restrictive environments. Cis-trans
isomerism in Alexa647 labels exist due to the double-bonded group in the chromophore
situated between two bulky heterocyclic rings (Fig. 4.1C). The potential energy barrier for
cis-trans isomerization is increased in restrictive environments 136, As a result, the rate
constant of photoisomerization decreases and the excited state deactivates mainly
radiatively, thus enhancing the fluorescence. This gives rise to the phenomenon of
association-induced fluorescence enhancement (AIFE) (Chapter 2), similar to
PIFE'35136.220 \whereby the dye association with the local environment brings about an

increase in fluorescence.

The observed photophysical responses of Alexa647 labels are thus governed by the rates
of cis-trans isomerism. The wide distribution of lifetimes and residual anisotropies
demonstrate the heterogeneous microenvironment of these labels. Alexa647 labels
coupled in the vicinity of highly restrictive protein environments have larger residual
anisotropies and increased brightness and longer lifetimes due to AIFE. Based on this,
labels like K60, 1150, N132 etc. are predicted to be in sterically confined states and likely
trapped to the protein surface; while the environment of Alexa647 labels like P86 or S44

is expected to be mostly unrestrictive (Fig. 4.5A, Table 2).

The excellent correlation between the residual anisotropies and their corresponding
lifetimes presents us with a novel information. A plot of fluorescence-averaged lifetime,
(t)r and the corresponding residual anisotropies (data as in Supplementary Table 4.5)
yields a linear fit (Pearson’s r = 0.82). When this linear function is extrapolated to the
fluorescence lifetime of the free dye (1=1 ns), a residual anisotropy of 0.057 (denoted as
Teoextrapot.) 1S Obtained. This may be considered the anisotropy of a covalently bonded
Alexa647 dye that not trapped by the protein surface. Sindbert et.al. described the
wobbling in a cone (WIC) model for a Cy5 dye and characterized the wobbling motion'3

using the equation:
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(4.6)

Too
=08 O,pne(1 4+ cosO.pne) = |—
2 T

where cos 6,,,,.is the opening half angle.

The Alexa647 dye used here is structurally similar to the Cy5 dye and more importantly,
its transition dipole moment is also parallel to the linker axis, allowing us to adopt the

above equation. Replacing 7, With 7o, cxrapor. in €4. (4.6), we calculate the opening half

angle to be 6,.,,,,=59.3°.

Absorption spectra measured for Alexa647 labels show that the labels are red shifted
compared to the free dye (Fig. 4.5C), indicating dye-T4L interactions. From the inset, it is
seen that the most red-shifted labels have the highest fluorescence enhancement and

vice versa. That is, these spectral shifts indicate the extent of dye-protein interactions.

To probe the cis-trans process in the Alexa647 labels, we tracked the relaxation
processes for selected representative labels using fluorescent correlation spectroscopy
(FCS) at 0.7 kW/cm? (Fig. 4.5D, Table 2, Supplementary Table 6). The free dye, being
the least restricted, exhibited the highest amplitude at 0.38, for the cis-trans relaxation
process; while the K60 label exhibited the lowest amplitude at 0.19.and the longest
correlation time for the cis trans process (38 us). The sketch in Fig. 4.5E shows the central
double bond of Alexa647 undergoing geometric isomerism. The rate constant of
isomerization (kiso) from the trans to cis isomer, can be determined from the amplitude
and time of the cis-trans relaxation obtained from the FCS fits™#' with equations (4.17)
and (4.18). It shows good correlation (Pearson’s r = 0.91) to the rate constant of
fluorescence decay, ko, in accordance with the proposed AIFE mechanism. Highly
trapped dyes like the label at K60 show lower rate constants (kiso = 2.1 ns™'), while
relatively mobile dye labels have higher rate constants (kiso = 4.2-5.3 ns™') and the free

dye exhibits the highest kiso = 6.3 ns™'.

164



Table 4.2. Photophysical properties of representative Alexa647 labels.

Amax(abs), FCS @ 0.7kW/cm?, 635 nm
Label position (t)x, NS leo
nm Aiso tiso,us kiso, ns™

N55C 1.25 0.21 652 0.24 19.89 5.31

P86C 1.25 0.18 652 0.24 23.17 4.84
N132C 1.36 0.26 653 0.24 24.39 4.23
K60pAcF 1.48 0.31 654 0.19 37.66 2.08
Alexab47 free dye 1.0 - 650 0.38 27.66 6.25

The species-weighted average lifetime, (t)x, calculated using eq. 4.5 and residual anisotropy, r., are obtained from
fluorescence and anisotropy decay analysis. The free dye lifetime is from literature333. Amax(abs) is the wavelength at
absorption maxima. Aiso and tiso are the amplitudes and relaxation times for the cis-trans isomerization process
obtained on fitting FCS curves measured at an excitation of 0.7 kW/cm? at 635 nm to the model function given by eq.
4.16. The rate constant of trans to cis isomerization, kiso, is calculated using equations, 4.17 and 4.18.

4.2.4 The source of steric restriction unraveled by AV simulations

Change in dye AV on protein bending and accessibility of Alexa647 to positively charged
amino acids were calculated using the AV approach (for settings, refer to the Methods
section) to reveal the source of steric restriction of Alexa647 labels. The protein dynamics,
specifically, the hinge bending motion of T4L, is expected to interfere with the movement
of the coupled Alexa647 dye. To investigate this possibility, the change in accessible
volumes between C+1 and C: states was computed, analogous to that for the Alexa488
labels. The label K60 shows the highest deviation and correlates with high residual

anisotropy.
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Figure 4.6. Alexa647 trapping sites in T4L. (A) Hinge bending motion of T4L: Change in AV
between C1 and C; states plotted against residual anisotropy show that the sites where dye
labels are constrained due to protein dynamics have relatively high residual anisotropy. Inset:
Example of an AV at labeling position K60 (spheres) in C1 (green) and C. (pink) states. (B)
Except for K60, where the residual anisotropy originates from interference from protein motion,
the predicted accessibilities of the positively charged residues correlates moderately well with
the measured residual anisotropy. The blue arrow is added as a guide for the eye (and is not a

linear fit).
Since the Alexa647 dye is net negatively charged due to its sulfonated nature, it is
expected to have affinity towards positive charges and can get trapped at these amino
acid sites. The Lys+Arg accessibilities, defined as the fraction of the AV cloud within 4 A
of any arginine or lysine, was calculated for PDB:172L (C1 state) and PDB:142L (C: state)
and were weighted by their prevalence in the cysteine-free pseudo-wild type of T4L 3.
When the accessibilities were plotted against the residual anisotropies, we did not get a
good correlation, although a positive trend could be detected (Fig. 4.6B, blue arrow). For
the label K60, the r. is higher than expected for the corresponding predicted dye
accessibility due to dye squeezing during protein dynamics. For the rest of the labels, the
residual anisotropy is higher for labels with higher accessibilities to Lys/Arg. This implies
that the molecular source of steric restriction is the dye trapping at the Lys and Arg
residues. The absence of a good correlation could be due to the opposing effect of water

quenching, whereby protonated solvents quench the fluorescence of red-emitting dyes
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due to energy transfer from the excited state of the dye to the harmonics and combination
bands of OH vibrational modes of water. The extent of this quenching effect depends on
the solvent accessibility of the fluorophore and is therefore different at distinct protein

environments.

4.2.5 Singly labeled dyes act as reporters of local environment and global events

In the previous sections, we investigated meticulously how the fluorescent properties of
coupled Alexa488 and Alexa647 dyes are affected by the local environment. The insights
from these studies equip us to identify the characteristics of an unknown local
biomolecular environment, since their features will be reflected in the dye fluorescence
properties. Thus, these fluorophores act as sensors by providing information on the local

and global environments.
a) Information about local environment

Stern- Volmer plots for the Alexa488 labels can be used to assess the presence of PET
quenchers in the neighborhood of the coupling site. For a cyanine-based dye like
Alexa647, appreciable AIFE, characterized by high lifetimes and residual anisotropies,
are indicative of a large number of Lys/Arg in the vicinity of the labeling site. Additionally,
high residual anisotropies could indicate proximity to the active site of T4L. The T4L active
site is located in the cleft region situated between the C and N terminal subdomains. The
hinge bending motion of the protein would trap a dye in this region and therefore restrict
its free motion. This would increase the residual anisotropy significantly, thereby

indicating proximity to the active site.
b) Detecting protein unfolding and denaturation
(The temperature-dependent studies shown here were carried out by L.S.)

The study of unfolding and denaturation of proteins is an important area of research33
since it indicates the protein stability and the conditions which a protein can endure.
Fluorescence is one among the many techniques used to investigate this phenomenon.
Although FRET between donor and acceptor dyes are generally used to monitor the
unfolding steps, singly labeled dyes can also provide valuable information. Fig. 4.7A

displays the fluorescence quantum yields determined using eq. 4.12, for Alexa488 dye
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labels coupled at positions P86, R119, D127, N132 and 1150 in the rigid C-terminal sub
domain, at temperatures ranging from 10-45°C. As the temperature is initially increased
up to 35°C, the dyes show very little fluctuations in quantum yields, implying that the
structure of the C-terminal domain of the protein is not perturbed. The slight increase in
the quantum vyield of some of the labels could be due to one of the following reasons:(1)
An increasing distance from quenchers: The label P86, for example, is quenched by
Tyrosine, Y88, and Tryptophan, W126, in the open T4L state (Fig.4.7A, inset). On
increasing temperature, the quencher W126 on the neighboring helix may be moving
further away, causing an increase in fluorescence quantum yield. (2) A reduction in static
quenching at higher temperatures. Above 35°C, we begin to see marked changes in dye
behavior for all labels, signifying increased perturbances in the protein environment. The
fluorescence quantum yield of the free Alexa488 dye, however, does not vary over the
measured temperature range. This confirms that the changes in the fluorescence
properties of the dye labels occur due to environmental effects and is not due to

degradation of the dye itself.

c) Detecting substrate binding
(The T4L variants used in this study were prepared and measured by K.H.)

Binding of the substrate, peptidoglycan, at the active site of protein T4L, can be detected
by appropriately labeled Alexa647 labels. It is known that on substrate binding, the
proportion of closed conformers is increased?®, thereby creating a sterically restrictive
environment and increasing accessibility to the interacting residues on the surface of T4L.
Since for the Alexa647 dye, this steric restriction lowers the rate of cis-trans isomerization,

measuring the rate constant of isomerization, helps us predict substrate binding.

To demonstrate this, | show the FCS curves of Alexa647 label 1150 in the presence and
absence of peptidoglycan (Fig. 4.7B, Supplementary Table 7). An additional functional
mutation E11A, is introduced in the active site of the protein since this mutant is known
to bind and unbind the substrate, but not cleave it3. The equilibrium ratios of the different
states for the substrate-free functional mutant is 75%(C+), 12%(C2) and 13%(Cs); while
that of the functional mutant in presence of substrate is 56%(C1), 27%(C2) and 17%(C3)?
(Fig. 4.7B, upper inset). When excited at 635 nm with an excitation power of 0.7 kW/cm?,
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the power-dependent rate constant of isomerization, k;s,=7.8 ms™' decreases to 4.9 ms-

' in the presence of the substrate (Fig. 4.7B).

The source of increased steric restriction for the closed C2 conformer was investigated
and revealed to be due to an increase in accessibility to positively charged amino acids.
Using the AV approach, it was ascertained that when T4L changes from open to closed
state, there is a 26% increase in dye accessibility to Lys/Arg for a label at 1150 (Fig. 4.7B,
lower inset). The increased dye trapping is reflected in the decreased rate constant of cis-
trans isomerization. A suitably labeled Alexa647 dye can therefore report on the

equilibrium shift between open and closed states of T4L and in turn, detect substrate

binding.
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Figure 4.7. Dye as reporter of local and global environments. (A) The tertiary structural changes
occurring in the T4L structure upon increasing the temperature can be sensed by the Alexa488
labels. The changes in the fluorescence quantum yields reflect the change in PET quencher
distances as the structural elements begin to unfold. (B) Alexa647 labels detects substrate
binding in E11A variant where the substrate is not cleaved on binding. The parallel-
perpendicular FCS curve of the label 1150 displays longer relaxation times for the cis-trans
isomerization process on substrate binding with a corresponding decrease of the rate of
isomerization. Substrate binding on T4L(E11A) corresponds to a larger proportion of closed
states (upper inset®). The dye accessibility to Lys/Arg residues of the 1150 label in these closed
states are higher than in the open state.(lower inset); this increased steric restriction leading to
decreased isomerization.
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4.3 Conclusions and outlook

A combined investigation of the fluorescence properties of T4L-labeled Alexa488 and
Alexa647 dyes using spectroscopy and simulations helped identify fluorescence
quenching sites and sterically constraining environments. In addition to PET quenching
amino acids, dye trapping was observed at positively charged residues like Lys and Arg.
Multiple modes of dye-protein interactions like n-n stacking, H-bonding and cation-n
interactions were recognized by MD simulations. AV simulations verified that protein
dynamics could cause steric restrictions to dye motion, which are subsequently reflected
in their photophysical properties. AV and BD simulations also successfully examined the

source of quenching in Alexa488 labels.

From the insights gathered on dye-protein interactions, we are equipped to sense an
unknown environment of a dye-labeled protein. With appropriate experiment design, dye
labeled proteins can act as local or global environment sensors. In addition to locally
assessing the proximity to PET quenchers or sterically restrictive environments, global
events like substrate binding and protein denaturation can also be inferred. Thus,
studying the local environment effect on the photophysical properties of covalently labeled

dyes can potentially answer important structural questions in biology.
4.4 Materials and methods

Sample preparation. Site-directed mutagenesis was used to generate the cysteine and
Amber (unnatural amino acid, p-acetylphenylalanine) mutants using the TAG codon in
the pseudo-wild-type T4L. It contains the mutations C54T and C97A in comparison to
wild-type T4L. This is done to replace all naturally-occurring cysteine residues. The
generated mutants were cloned into the pET11a vector (Life Technologies Corp.)3.
Transformation of the plasmid (containing the gene with the mutants at specific sites) into
competent cells, either BL21(DE3) or Dh5a. E. coli cells (Life Technologies Corp.), protein
production and purification were carried out according to the procedure outlined in
Sanabria et.al®. Gel electrophoresis was performed to verify purity at different stages of

protein purification and labeling (Supplementary fig.4.8).
Site-specific labeling of T4L: The sites with p-acetyl-L-phenylalanine (pAcPhe) were

labeled by coupling its keto group to the hydroxylamine of the fluorophore under study.
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The sites with cysteine residue were coupled by Michael addition of its thiol group with
the maleimide of the appropriate fluorophore. For Alexa488 dyes, all measurements were
done on singly labeled samples. However, the second mutation was present without
being labeled (Supplementary Table 1). For the study of Alexa647 labels, doubly labeled
samples were obtained by site-specific, orthogonal labeling; the second label being the
Alexa488 dye (Supplementary Table 4). However, the employed measurement
procedures ensure the acquisition of Alexa647 signal uninfluenced by the Alexa488
labeling. The maleimide and hydroxyl amine derivatives of Alexa488 and Alexa647 were
obtained from Life Technologies Corp. For substrate binding studies of labeled T4L
mutants with peptidoglycan (from Micrococcus luteus, Sigma-Aldrich), the procedure
applied is described in Sanabria et.al®. Description of protocols followed for the synthesis

of T4L and dye labeling are given in Chapter 7.

Fluorescence lifetime and anisotropy decay measurements and analysis:
Fluorescence decays were recorded using a FluoTime300 spectrometer (PicoQuant,
Germany) equipped with a white light laser (SuperK Extreme EXW-12, NKT Photonics,
Denmark) or an IBH-5000U (IBH-Scotland) with a 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. To reduce the contribution of the scattered light, filters (Farbglas FGL 495 and
FGL 645, Thorlabs, New Jersey, USA) were used to cutoff wavelengths at 495 nm and
645 nm for Alexa488 and Alexa647 samples respectively. Samples for measurement (20
pl) were taken in quartz ultra-micro cuvettes (Helma #105.252.85.40). The IRF was
recorded using the highly scattering LUDOX solution. For Alexa488 samples, the
excitation and emission wavelengths were set at 488 nm and 520 nm. For Alexa647 data,
the doubly labeled samples were used, but due to the excitation of sample at 635nm and
emission recording at 665nm, we observe only the direct acceptor photophysics and not

the FRET sensitized acceptor behavior.

To estimate the fluorescence lifetimes, the fluorescence decays with polarizer-detector
setting, VM (parallel-magic angle), was fitted; while for anisotropies, the measured decays
with the polarizer-detector settings, VV (parallel-parallel) and VH (parallel-perpendicular),
were fitted. The fittings were performed using either inhouse softwares, PyFia (a python-
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based fitting software) or chisurf (https://github.com/Fluorescence-Tools/chisurf) or using

MATLAB scripts and the model functions are as described in Chapter 3.

The fluorescence decays f(t) of single-labeled T4L molecules were described by

£0) = Z x® g=t/7 (4.7)

i
where 7; and x® are the fluorescence lifetimes and corresponding species fractions with
Y. x® =1. Up to three lifetime components were used in the analysis. The number of
components chosen were always the minimum number required to achieve a y? of 1.15
and well-behaved residuals. The species-weighted average fluorescence lifetime ((7),)

and the fluorescence-weighted average fluorescence lifetime ((z),) are then defined as:

(), =X xO1;
3, x(Dg,2 (4.8)
Wy = YixWr

The anisotropy decays were described by:

r(t) = Zrie—t/pi, (4.9)

l

where p, and r; are the rotational correlation times and respective amplitudes. The sum

of the anisotropy amplitudes is equal to the fundamental anisotropy }’; xﬁi) =19, Where r,
= 0.38. For description of fits, refer to the Methods section in Chapter 3. Up to three
rotational components were used for the analysis. The residual anisotropy r,, is defined
as the anisotropy amplitude of the component with the longest rotational correlation time

(pglobal) which reflects the overall tumbling motion of the molecule (global motion).

Dynamic fluorescence quantum yield (& 4,,). The dynamic fluorescence quantum
yield (@ 4yn) is defined for those molecules undergoing dynamic/transient processes
only. Since the species-weighted average fluorescence lifetime (z), of a dye is

proportional to its fluorescence quantum yield,

()
(DF,dyn = (DF,ref ’ <T>—x’ (410)

x,ref
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where @ .. and (1), ... are the fluorescence quantum yield and species-averaged

x,re
fluorescence lifetimes of a reference sample with known quantum yield, respectively.

Alexa488 free dye was used as the reference, and the measured values of (1), = 4.05 ns

and ®g ¢ = 0.964 were used.

Absorption and emission spectral measurements: Absorption spectra were
measured with a UV-Vis spectrometer (Cary 4000, Agilent Technologies) at optical
densities below 0.02 to avoid inner filter effects. The fluorescence spectra for
fluorescence quantum yield measurements of Alexa488 labels were recorded with a
fluorescence spectrometer (FluroMax-4, Horiba Scientific) at an excitation of 460 nm. To
exclude polarization effects, the fluorescence was collected at a 90° angle with the
emission polarizer set to the magic angle (54.7°). All measurements were done at room

temperature in the measurement buffer, unless otherwise specified.

Steady-state fluorescence quantum yield (®g). For the @y of Alexa488 labels at 20°C,
measurements were performed according to33¢ by comparing the emission of the sample
with Alexa488 free dye as the reference dye. The steady-state quantum yield is
determined from:

Fs Aref Nng 2 (411)
Fref As Nyef

Op = (DF,ref )

where ®p and ¢ ...r are the steady state fluorescence quantum yields of the sample and
reference, F is the integrated intensity of the fluorescence emission spectra; A is the
measured absorbance at the excitation wavelength, n is the refractive index of the
solution of measurement and the subscripts s and ref refer to the sample and reference,
respectively. The emission and absorption spectra were measured thrice at 3 different
concentrations and the slope m of the plot between integrated fluorescence intensity and

absorbance used to determine the fluorescence quantum yield as:

ms [ns ]2 (4.12)

Dy = cDF,ref ’ Mot
re

mref
The @&, of Alexa488 was measured to be 0.964 against a secondary standard

reference dye, Rh110 whose @, = 0.94. This value was, in turn, calibrated vs the primary

reference standards, Rh6G in EtOH and Fluorescein in NaOH?336,
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For determining the &, at different temperatures in the range from 11°C to 44°C, the
fluorescence intensities of the samples at 520 nm at different temperature conditions were
measured and compared with the emission intensity at 19° C (explained further in
Supplementary note 4.2). The steady state fluorescence quantum yields for all the labels
at 20°C were measured as described above. Assuming that ®2°°¢ = 19, the quantum
yields at temperatures from 11°C to 44°C were determined from their respective

fluorescence intensities at 520 nm as:

F19°C

o = o< (15 (19

where ®T is the fluorescence quantum yield at temperature, T°C, and FLS is the

fluorescence intensity at 520 nm at temperature, T°C.

Fraction of statically quenched species. From the steady state fluorescence quantum
yield @, and the dynamic fluorescence quantum yield @ 4,,, We calculate the fraction of
statically quenched species as:

Dr (4.14)

QF,dyn

fstatic =1

FCS measurements. FCS experiments of Alexa488 labels were performed on a custom-
built confocal microscope. The fluorescent molecules were excited by a diode laser
(Cobolt 06-MLD, Germany) at 488 nm in continuous wave mode. The laser was focused
into the sample by a water-immersion objective lens (UPLAPO 60 NA = 1.2, Olympus,
Hamburg, Germany). The fluorescence was separated from the excitation by a dichroic
beam splitter (488/636 PC, AHF, Tubingen, Germany). A polarizing beam splitter
(VISHTII, Gsanger) was used to split the emission beam into two polarizations (parallel
and perpendicular to the polarization of the excitation laser light) to eliminate dead time
and after-pulsing artefacts in the correlation functions. Fluorescence signals were passed
through bandpass filters (HQ 533/467, Germany) and registered on avalanche
photodiode detectors (APD, SPCM-AQR-14, Perkin-Elmer). Cross-correlation functions
of the parallel and perpendicular signals were computed using a homebuilt hardware
correlator?®®. The FCS measurements to investigate the static quenching of Alexa488

labels were performed at an excitation power of 5.6 kW/cm? and wavelength of 485 nm.
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The correlated curves were fitted in the range from 12 ns to 110 ms with a model
comprising of two 3D diffusion terms and two bunching components at 4.3 us and 68 ns
that are assigned to triplet state formation and quenching dynamics and fitted globally

between the different dye labels, respectively:

(4.15)

faye
G(t.) = of fset + — dye . : +(1—fdye)-j

Npright | 14— t T
diff.dye diff

It *
20\ . ..
(wo) tdiffdye

t t

= (1—Ap+Ap-e T —Ay+ 4, e )

t

(@) taifs

where Nbright = Niotar * (1 —Ar — AQ)

Here Ny,.q; refers to the total number of molecules and t;;¢¢ 4, @and ty;¢ ¢ are the diffusion
times of the free dye and the labeled dye, respectively, f;,.is the fraction of free dye, w,

and z, are the 1/e? radii of the 3D Gaussian shaped observation volume in the lateral and
in axial dimension, respectively (typically, z,/w, = 3-6 for our setup). t; and A, are the
time and fraction, respectively, of the molecules in the triplet state and t, and 4, are the

relaxation time of static quenching and fraction of the statically quenched molecules.

FCS measurements of Alexa647 labels. Here, T4L samples doubly labeled with
Alexa488 and Alexa647 dyes were subjected to pulsed interleaved excitation (PIE)3%’
which employs two pulsed lasers operating at identical frequencies, but with a delay
corresponding to half the repetition period. The microtime information is used to
distinguish photons based on their excitation source and detection channel. Alternating
laser excitation (ALEX)338 allows us to extract the Alexa647 signals detected in parallel
and perpendicular channels after direct excitation of this dye with the laser at 635 nm.
The experimental set up is described in Hellenkamp et al.?38. The excitation power of the
laser applied was 0.7 kW/cm?2. Cross-correlation functions of the parallel and
perpendicular signals were computed using a homebuilt hardware?*°. The correlated
curves were fitted in the range from 94 ns to 150 ms with a model comprising of a diffusion

term and a bunching term 20-40 us assigned to cis-trans isomerization as given below:
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1 1 (4.16)

Nprighe . 1+ t t
tdiff (1 + Zy 2 )
(w_o) Lairr

G(t.) = of fset +

t
: (1 — Arso + Asso e_t’so>
where Npright = Ntotar * (1= A450)

Here N;,:.: refers to the total number of molecules and t;5o and A, are the relaxation
time and fraction, respectively, of molecules undergoing cis-trans isomerization. The rest

of the parameters are the same as described in eq. 4.15.
The excitation power-dependent trans—cis isomerization rate constant, k;5,, and the

. . N . k]
cis —trans back isomerization, kg;5o, can be calculated from the amplitude, A;5) = k,’i
BISO

. . 1
and the relaxation time, = kiso + kgiso, as:
I1SO

ko = _fiso 1 and o Kiso (4.17)
B0 1+ Aiso tiso BISO ™ Arso

k .
% - k;50.Where k,,is the fluorescence

From Widengren et al.’*', we know that k;s, = o
0 01

decay rate constant, k;, = % and k,is the rate constant of excitation. Since kq,; = gy, -

vp * I,where g, is the absorption cross section, y, is the inverse photon energy and [ is
the excitation power, we can calculate the rate constant of trans—cis isomerization

independent of the excitation power as:

ko

B L, (4.18)
kISO - k10 + k01 kISO

Computational methods

AV calculations. AV calculations were performed using the 3-radii AV model, which
calculated 3 single radius AV with different radii and overlays them to get the final AV.
Each single radius AV approximates the dye as a sphere with radius Raye, tethered to the
biomolecule by a flexible linker of length Link with width wiink'®® (Supplementary Fig.4.9).

The linker length Link was estimated from the fully extended conformation of the linker
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using the CambridgeSoft Chem3D software. The AV parameters were as follows: for
Alexa488, Link =20 A; wink =4.5 A and Raye= 5 A,4.5 A,1.5 A and for Cy5, Link =22 A, Wiink
=4.5 A and Raye= 11 A3 A,3.5 A. The attachment point for the labels was the B-carbon.
The geometric modeling was performed using the software Olga
(https://github.com/Fluorescence-Tools/Olga). The accessibilities were calculated as the

volume of the AV within 4 A of the interested amino acid residue.

Simulating dynamic fluorescence quantum yield. A combination of AV and Brownian
dynamics (BD) simulations were used to simulate dynamic quenching of Alexa488 using
the procedure developed by Peulen et al.?’°. The dye is approximated as a sphere of
radius Raye= 3.5 A tethered to T4L with a linker of length, Link =20 A and width, wink =4.5
A, diffusing with a diffusion coefficient, D=10 A2 ns™' within its accessible volume.
Quenching with Trp, Tyr, Met and His is approximated by a step function where the dye
is quenched with a rate constant, ka=2 ns™ if it is closer than distance Rra¢=8.5 A from the
protein surface. A “sticky” region is defined closer than distance, Rsurface=8 A from the
protein surface, where the diffusion coefficient of the dye is slowed down by a factor 0.1.

Length of the BD simulation was 10 us with a step length of 2 ps.

MD simulations. In order to investigate the dynamics of Alexa488 attached to the T4L
protein, molecular dynamics simulations for five T4L variants (P86C, R119C, D127C,
N132C, 1150C) were performed using the GPU-Version?%42% of the Amber software suite
(version 16)?7. The ff14SB force field*® was used for the protein, while the force field
parameters by Graen et al. 340, which were adapted to Amber by Schepers et al.3*' were
used for the dye. The starting structure of the protein was extracted from the crystal
structure with PDB-ID 1LW934? by removing all molecules except for the protein.
Subsequently, the dye was placed at the respective labeling position, and the original
amino acid was replaced by the cysteine with attached maleimide linker. The protein-dye
complex was then placed in a truncated octahedral water box of TIP4PEW?288343 water
molecules. Na* and CI- ions were added as counter ions to reach a concentration of 0.1
M. Thermalization of the prepare system was done following previously described
protocols344. For each variant, 10 independent simulations were performed by starting the

thermalization process at slightly different initial temperature resulting in different initial
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velocities of the atoms for each simulation. Each simulation was run for 3000 ns of

simulation time, where coordinates were saved every 20 ps.

In addition to identifying potential modes of interaction, additional analyses were

performed over all trajectories:

(a) Potential stacking interactions of the dye and quenching atoms: In order to investigate
potential stacking interactions of Alexa488 with the quenching amino acids we used
geometric criteria following Vaiana et al.'%, to calculate interaction parameters, r and o,
where r is the distance between the centers of the dye and the quenching amino acid and
¢ is the angle between the normal vectors of the rings (Supplementary Fig.4.4).

Tryptophan and tyrosine were considered as potential quenching amino acids.

(b)Hydrogen bond analysis between Alexa488 and positively charged amino acids: In
order to investigate potential hydrogen bonds between the dye Alexa488 and the
positively charged amino acids, lysine and arginine, we used geometric criteria following
the definitions for hydrogen bond from Raschka et al.®?°. Potential hydrogen bond
acceptors on Alexa488 were the oxygens bound to the sulfur atoms, as well as the
oxygens on the 2-carboxy group of the chromophore. The hydrogens on the NH2 group
of the lysine residue, as well as those on the two NH2 groups of the guanidino group in
the arginine residue were considered as potential hydrogen bond donors. A hydrogen
bond is counted as present if three criteria are fulfilled at the same time (Supplementary
Fig.4.10): (1) The distance between the hydrogen of the donor and the acceptor atom is
smaller than 2.5 A. (2) The angle between the donor nitrogen, the donor hydrogen, and
the acceptor atom is between 120 and 180 degrees. (3) The angle between the donor
hydrogen atom, the acceptor atom, and the carbon atom next to the acceptor is between
90 and 180 degrees. Distances and angles were calculated for every frame of the

trajectory and then evaluated for the presence of potential hydrogen bonds.

(c) Dye-amino acid distances between the oxygen atom of the xanthene ring of Alexa488
and the quenching amino acids Trp, Tyr, His and Met, and the positively charged amino
acids, Lys and Arg were plotted for every 20 ps. The atoms chosen for distance

calculations are (Supplementary Fig.4.3B) either carbon atoms approximately in the
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middle of the aromatic rings or the sulfur atom, the case of Met. For Lys and Arg, the

carbon atom closest to the positively charged nitro groups are chosen.

(d) Potential cation-r interactions were screened based on the geometric criteria of 6 A33"
between the centres of any of the rings in the xanthene group of Alexa488 and the
ammonium nitrogen (NZ) in Lys or the guanidinium carbon (CZ) in Arg. The screening
was performed for every frame of the trajectory and then evaluated for the presence of

potential cation-n interactions.

4.5 Supporting information
Supplementary Figures

A. T4L - front view B. T4L - backview

Protein

Protein

Supplementary Figure 4.1: (A,B) The crystal structure of T4 lysozyme (C+ state, PDB: 172L).
The colored spheres represent the labeling sites of dyes used in the study. The mutations
introduced for dye labeling and details of other mutations are given in Supplementary Tables 1
(Alexa488 labels) and 3 (Alexa647 labels).(B) Fluorophores used for labeling in this study.
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Supplementary Figure 4.2. Distribution of dye positions sampled during MD simulations for
representative Alexa488 labels on protein T4L; the spheres representing the location of the O3
atom of Alexa488 every 2 ns of the simulation time. For each label, a total of 10 simulations,
each of length 3us are shown. These are overlaid with the accessible volumes (transparent
clouds) determined from the AV simulations.
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A. Dye -amino acid distance over time
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B. Atoms selected for distance calculations
Alexad88 Trp

Supplementary Figure 4.3. (A) Dye- amino acid distance over time from MD simulations for
every 20 ps is plotted. This representative example is from one of the 10 simulations of the
Alexa488 label, D127. The different colors are due to the presence of multiple amino acid in
T4L, namely, There are 5 Met, 6 Tyr, 1 His, 3 Trp, 13 Arg, 13 Lys. (B) The atoms chosen for

distance calculations are indicated as spheres.

n- stacking interaction parameters

Supplementary Figure 4.4. Description of interaction parameters for n-stacking. The distance,
r, is the distance between the centres of the ring systems and ¢ is the angle between the
normals to the plane of the ring systems. The definitions are as described in Vaiana et al.'%®
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A. Electrostatic surface potential of T4L | |B. Location of positively charged residues

| ]
-1 kpTe? 1 keTe?

Supplementary Figure 4.5. Charge distribution on the T4L surface. The electrostatic surface
potential (from APBS calculations with default parameters) show regions of positive charge (A)
which coincide with the location of the positively charged amino acids, Lys and Arg, marked in
orange (B). The electrostatic potential is given here in dimensionless units of kb T ec-1 where kp,
the Boltzmann's constant = 1.3806504 x 1022 J K-', T is the temperature in K and e. is the charge
of an electron, e = 1.60217646 x 10'° C.

A. Dye interaction with basic amino acids B. H-bonding between dye linker and protein

Supplementary Figure 4.6. Some interesting H-bonding interactions from MD simulations (A)
H-bonding between dye and the amino acid, Asn (B) H-bonding interaction of of dye- linker with
amino acid (Asn) of T4L. Simultaneous H-bonding of dye with Lys is also observed.

182



1.0 4
- _
S 094 *S44
I j *Q69
=]
P86
€ 08 *
w *S36
£ 1 119
2 oK60
4= 0.7 +
% i oN132 *K19
L
S 064 o
I
1 0597
0.5 — ——

0.5 0.6 0.7 0.8 0.9 1.0

@ 4, (from measured (7),)
Supplementary Figure 4.7. Comparing measured and simulated dynamic fluorescence
quantum yields. The measured quantities do not account for those interactions which result in
static quenching. The simulations, on the other hand, assume that all interactions are dynamic.
Therefore it includes all possible interactions, leading to a lower quantum yield than ®r gy,
calculated from experimentally determined (t)x. The black line shows a 1:1 relationship.
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A. SDS PAGE gel after protein production and purification
M 1 2 3 4 5 6 7 8

kDa g
70 c
Lo : Marker
. TAL variant S44C
: T4L variant N55C
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: T4L variant 1150C

25
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B. Fluorescence image of gel to verify labeling (right: image under ambient light for comparison)
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C. HPLC: Checking for free dye after dye labeling and filtration
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Supplementary Figure 4.8. (A) SDS polyacrylamide gelelectrophoresis (PAGE) was
performed to evaluate the purity of samples after protein production and purification by ion
exchange chromatography and stained with SimplyBlue™ SafeStain dye. The representative
gel is shown here displays the expected band at 18.5k Da corresponding to the size of T4L.
Marker (M) is GeneRuler TM 1kbp DNA ladder (B) After dye labeling the presence of the
fluorescent label was verified with Fluorescence image of the gel captured at 460 nm excitation
using a Cy2 emission filter (Amersham Imager 680, Cytiva, USA).The image of the same gel

184



under ambient light conditions is shown on the right to display the marker and the unlabeled
protein variants which are non-fluorescent. (C) The labeled dyes checked for the presence of
free dye using HPLC.

Dye parameters for AV sim

Supplementary Figure 4.9. lllustration of the parameters used in AV simulations. The dye is
attached to the protein by a flexible linker of length L and width winx. The 3 physical
dimensions of the fluorophore are used to calculate the AV and independent calculations made
by approximating the dye to a sphere of radius Rayei) each time. The 3 AV simulations are then
superimposed to obtain a spatial distribution of allowed dye positions (white cloud).

Criteria for H-bonding

D= donor

H= donor proton
A= acceptor

PA= pre-acceptor

Criteria

(1) H-A distance < 2.5 A

\ (2) D-H-A angle =120°-180°
(3) H-A-PA angle =90°-180°

Supplementary Figure 4.10. The 3 criteria for assigning H bonding includes one distance and
two angles 32° as given in the figure above. These criteria were adopted in the determination of
percentage of H-bonding in MD simulations.
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Supplementary Tables

Supplementary Table 4.1. Mutations introduced to T4L wt* for investigating the
photophysical properties of Alexa488 labels.

Sample Alexa488_ Mutatic;ns introducer:I in Derivatior: to T4L mutF; 2?::2?: :)I:eo;'tﬁc:ie d
# labels studied | T4L wt* for dye labeling wit sample (unlabeled)
1 K19 K19Amber pAcF ataa 19 1150C
2 K19 K19Amber pAcF at aa 20 N132C
3 E22 E22Amber pAcF at aa 22 P86C
4 E22 E22Amber pAcF at aa 22 D127C
5 S36 S36Amber pAcF at aa 36 P86C
6 S36 S36Amber pAcF at aa 36 N132C
7 S44 S44Amber pAcF at aa 36 Q69C
8 S44 S44Amber pAcF at aa 44 P86C
9 S44 S44Amber pAcF at aa 44 R119C
10 S44 S44Amber pAcF at aa 44 D127C
11 S44 S44Amber pAcF at aa 44 N132C
12 S44 S44Amber pAcF at aa 44 1150C
13 K60 K60Amber pAcF at aa 60 P86C
14 K60 K60Amber pAcF at aa 60 R119C
15 K60 K60Amber pAcF at aa 60 N132C
16 K60 K60Amber pAcF at aa 60 1150C
17 Q69 Q69Amber pAcF at aa 69 P86C
18 Q69 Q69Amber pAcF at aa 69 R119C
19 Q69 Q69Amber pAcF at aa 69 N132C
20 Q69 Q69Amber pAcF at aa 69 1150C
21 P86 P86C Cys at aa 86 -
22 R119 R119C Cys ataa 119 -
23 D127 D127C Cys at aa 127 -
24 N132 N132C Cys ataa 132 -
25 1150 1150C Cys at aa 150 -
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Supplementary Table 4.2. Fitted lifetimes and anisotropy values for Alexa488 labels

A el I I o N I B I O o Il I
‘;’;: 1.00 | 4.05 405 | 4.05
1 K19 | 0.02 | 7.56 | 0.91 | 4.28 | 0.07 | 0.78 | 4.09 0.08 | 022|005 | 184 |025 | 1277
2 | K19 | 028 | 507 | 064 | 3.99 | 0.08 | 0.70 | 4.03 406 010 |0.20 | 0.05 | 163 | 0.23 | 12.00
3 | E22 | 039|405 |045|185|0.16 | 0.76 | 2.52 004 |0.13 009 | 1.70 | 024 | 12.02
4 | E22 | 036383047 | 183|017 | 067 | 2.36 244 005 | 014|012 | 178 | 020 | 16.33
5 |s$36 | 081|440 |0.14 [ 2.28 | 0.05 | 0.49 | 3.91 010 |0.17 | 0.09 | 144 | 0.19 | 12.00
6 | S36 | 083|439 013|223 |0.05]046 | 3.93 392 0.08 | 013007 | 091 |022 |8.12
7 | s44 | 094 | 432|006 | 175 417 009 |0.15 /009 | 117 | 019 |9.33
8 |s44 | 094|432 ]006|175 4.17 011 019 |0.07 | 127 | 020 | 860
9 |s44 | 096 | 432|004 | 144 4.20 8.60
10 | s44 | 0.85 | 428|010 | 225 |0.05|0.39 | 3.87 414 9.33
11 | s44 | 096 | 432 | 0.04 | 1.44 4.20 8.60
12 | S44 [ 096 | 432 | 0.04 | 1.44 4.20 8.60
13 | K60 | 0.94 | 412 | 0.06 | 2.07 4.00 010 | 0.18 | 0.08 | 124 | 020 | 8.24
14 | K60 | 0.91 | 4.26 | 0.09 | 1.81 4.04 0.08 | 0.16 | 0.07 | 117 | 023 | 9.00
15 | K60 | 0.89 | 4.15 | 0.11 | 1.78 3.89 393 8.24
16 | K60 | 0.88 | 4.09 | 0.12 | 1.76 3.81 8.24
17 | Q69 | 0.94 | 420 | 0.06 | 1.52 4.04 012 |0.18 | 0.09 | 1.07 | 017 | 8.26
18 | @69 | 0.88 | 4.20 | 0.12 | 1.64 3.89 8.26
19 | Q69 | 0.89 | 420 | 0.11 | 1.47 3.90 394 8.26
20 | Q69 | 0.89 | 420 | 0.11 | 1.88 3.94 8.26
21 | P86 | 081|422 |013 |245 | 006|031 376 |376 |010 | 013|010 | 1.07 | 018 |7.74
22 | R119 | 065 | 404 | 024 | 1.90 | 0.11 | 0.45 | 314 | 314 | 010 |0.17 | 012 [ 120 | 015 |6.77
23 | D127 | 0.71 | 413 | 0.20 | 2.35 | 0.08 | 0.38 | 3.46 | 346 |0.09 | 014|009 | 1.03 | 019 | 9.00
24 | N132 | 062 | 399 | 0.29 | 2.07 | 0.09 | 0.43 | 310 | 3.10 | 006 | 012|009 | 113 | 022 |797
25 | 1150 | 0.70 | 4.04 | 0.23 | 2.40 | 0.07 | 0.40 | 340 | 340 | 0.08 |0.13 ] 010 |1.05 | 020 | 792

Label # corresponds to the sample number assigned in Supplementary table 1. The fitted lifetime components are t;.3
and the corresponding fractions are x1-3. Fitting for anisotropy yielded the components p1.3 and corresponding fractions,
b1-3. The longest anisotropy component arises from the global motion and its amplitude is the residual anisotropy (rx).
(1)x is the species-weighted average fluorescence lifetime. Av. (t)xis the average (t)x for a given label position.
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Supplementary Table 4.3. Fit results for the FCS curves of Alexa488 labels.

Label # Alexad88 | offset | Noright | taiff Zolan | firee | taififreedye | AT | tr(ns) | Aa | ta(us)
label (ms) dye (ms)

21 P86 1.00 3.78 0.90 4.19 0.06 0.26 0.09 4.28 0.06 67.87
22 R119 1.00 3.14 0.90 4.19 0.11 0.26 0.07 4.28 0.13 67.87
23 D127 1.00 3.10 0.90 4.19 0.14 0.26 0.03 4.28 0.13 67.87
24 N132 1.00 5.68 0.90 4.19 0.17 0.26 0.08 4.28 0.11 67.87
25 1150 1.00 3.50 0.90 4.19 0.17 0.26 0.06 4.28 0.15 67.87
free dye 1.00 3.01 0.90 4.19 1.00 0.26 0.09 4.28 0.00 67.87

Label # corresponds to the sample number assigned in Supplementary table 1. FCS was measured at 635 nm excitation
and power of 0.7 kW/cm? and the average of parallel-perpendicular and perpendicular-parallel correlation curves fitted
to the model function described in eq. 4.15. Noright is the effective number of molecules in the bright state, tdif is the
diffusion time, zo/wo describes the shape of the observation volume, t; and A; are the time and fraction, respectively,
of the molecules in the triplet state and t, and A,, of the statically quenched molecules. Due to presence of free dye,
an additional diffusion term is used for fitting which describes the diffusion of free dye. All relaxation times are globally
fitted between the different molecules.

Supplementary Table 4.4. Mutations introduced to T4L wt* for investigating the
photophysical studies of Alexa647 labels.

Alexa6a7 - Mutatiops o Other mutations and labels in the studied
San;ple labels |ntr*oduced in T4L DerlvatLon to sample
studied wt* for Al_exa647 wit - -
labeling Mutations Labeled with

26 S44 S44C Cys at aa 44 E5Amber(pAcF) Alexa488
27 S44 S44Amber pAcF at aa 44 R119C Alexa488
28 N55 N55C Cys at aa 55 R8Amber(pAcF) Alexa488
29 Q69 Q69C Cys at aa 69 R8Amber(pAcF) Alexa488
30 Q69 Q69C Cys at aa 69 K19Amber(pAcF) Alexa488
31 Q69 Q69C Cys at aa 69 S44Amber(pAcF) Alexa488
32 Q69 Q69C Cys at aa 69 N55Amber(pAcF) Alexa488
33 P86 P86C Cys at aa 86 R8Amber(pAcF) Alexa488
34 P86 P86C Cys at aa 86 K19Amber(pAcF) Alexa488
35 P86 P86C Cys at aa 86 E22Amber(pAcF) Alexa488
36 P86 P86C Cys at aa 86 S36Amber(pAcF) Alexa488
37 P86 P86C Cys at aa 86 S44Amber(pAcF) Alexa488
38 P86 P86C Cys at aa 86 K60Amber(pAcF) Alexa488
39 P86 P86C Cys at aa 86 Q69Amber(pAcF) Alexa488
40 R119 R119C Cys ataa 119 D70Amber(pAcF) Alexa488
41 R119 R119C Cys ataa 119 Q69Amber(pAcF) Alexa488
42 R119 R119C Cys ataa 119 R8Amber(pAcF) Alexa488
43 R119 R119C Cys ataa 119 K19Amber(pAcF) Alexa488
44 R119 R119C Cys ataa 119 N55Amber(pAcF) Alexa488
45 R119 R119C Cys ataa 119 K60Amber(pAcF) Alexa488
46 R119 R119C Cys ataa 119 S44Amber(pAcF) Alexa488
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47 N132 N132C Cys at aa 132 S44Amber(pAcF) Alexa488
48 N132 N132C Cys at aa 132 R8Amber(pAcF) Alexa488
49 N132 N132C Cys at aa 132 K19Amber(pAcF) Alexa488
50 N132 N132C Cys ataa 132 S36Amber(pAcF) Alexa488
51 N132 N132C Cys at aa 132 N55Amber(pAcF) Alexa488
52 N132 N132C Cys ataa 132 K60Amber(pAcF) Alexa488
53 N132 N132C Cys at aa 132 D70Amber(pAcF) Alexa488
54 N132 N132C Cys ataa 132 E5Amber(pAcF) Alexa488
55 N132 N132C Cys ataa 132 Q69Amber(pAcF) Alexa488
56 1150 1150C Cys at aa 150 N55Amber(pAcF) Alexa488
57 1150 1150C Cys at aa 150 Q69Amber(pAcF) Alexa488
58 K60 K60Amber pAcF at aa 60 N132C Alexa488
59 D127 D127C Cys at aa 127 S44Amber(pAcF) Alexa488
60 D127 D127C Cys ataa 127 E22Amber(pAcF) Alexa488
61* 1150* 1150C Cys at aa 150 S44Amber(pAcF) Alexa488

* This label contains additional E11A functional mutation

In all these samples, Alexa488 labels are also present, but do not affect the fluorescence signals from Alexa647 labels
under study due to direct excitation at 635nm and emission monitoring at 665nm ensuring Alexa647-only properties,
similar to a singly labeled sample (explained further in the methods section).

Supplementary Table 4.5. Fitted lifetimes and anisotropy values for Alexa647 labels

4 | Label ” Ty, % T2, Xs T3, | (Tx | (O | Aw. " pl, r p2, rs p3,
ns ns ns ns ns | (T)x ns ns (reo) ns

26 | S44 0.30 | 1.68 | 0.65 | 1.12 | 0.05 | 0.32 | 1.24 | 1.33 0.08 | 0.03 | 0.14 | 0.70 | 0.17 | 10.68
27 S44 0.40 | 1.77 | 0.53 | 1.09 | 0.06 | 0.26 | 1.31 | 1.45 128 0.03 | 0.06 | 0.15 | 0.62 | 0.20 | 12.75
28 | N55 0.35 | 167 | 059 | 1.09 | 0.06 | 0.34 | 1.25 | 1.35 | 1.25 | 0.03 | 0.14 | 0.12 | 0.84 | 0.24 | 12.11

29 | Q69 0.09 | 213 | 062 | 1.37 | 0.30 | 0.79 | 1.26 | 1.37 0.08 | 017 | 012 | 0.86 | 0.20 | 11.84
30 | Q69 0.14 | 2.00 | 0.58 | 1.29 | 0.28 | 0.71 | 1.23 | 1.36 0.06 | 0.08 | 0.12 | 0.57 | 0.21 | 13.96
31 | Q69 0.29 {189 | 060 | 1.24 | 0.10 | 0.52 | 1.35 | 1.48 127 0.05 | 0.05 | 0.11 | 0.73 | 0.23 | 12.53
32 | Q69 0.09 | 212 | 060 | 1.37 [ 0.30 | 0.76 | 1.26 | 1.38 0.04 | 0.08 | 0.13 | 0.66 | 0.22 | 13.12
33 | P86 0.28 | 1.75 | 0.72 | 1.05 1.25 | 1.33 0.06 | 0.10 | 0.15 | 0.79 | 0.18 | 11.26
34 | P86 0.02 | 2.37 | 0.35 | 159 | 0.64 | 1.00 | 1.22 | 1.31 0.07 | 0.04 | 0.16 | 0.71 | 0.17 | 12.58
35 | P86 0.26 | 1.83 | 0.66 | 1.19 | 0.08 | 0.53 | 1.30 1.4 0.04 | 0.17 | 014 | 0.87 | 0.21 | 11.38
36 | P86 0.33 {179 | 062 | 114 | 0.05 | 0.36 | 1.32 | 142 | 1.25 | 0.04 | 0.09 | 0.14 | 0.79 | 0.21 | 10.73
37 | P86 0.03 | 2.39 | 058 | 140 | 0.39 | 0.81 | 1.20 | 1.31 0.06 | 0.09 | 0.17 | 0.78 | 0.16 | 19.93
38 | P86 0.06 | 216 | 0.61 | 1.37 | 0.34 | 0.86 | 1.25 | 1.33 0.03 | 0.06 | 0.17 | 0.89 | 0.19 | 17.79
39 | P86 0.10 | 196 | 047 | 1.36 | 043 | 0.93 | 1.24 | 1.32 0.06 | 0.05 | 0.15 | 0.91 | 0.18 | 14.09
40 | R119 | 0.02 | 257 | 055 | 165 | 0.43 | 0.97 | 1.37 | 1.47 0.05 | 0.06 | 0.07 | 0.73 | 0.27 | 10.13
41 | R119 [ 0.31 | 1.77 | 0.69 | 1.05 1.28 | 1.37 0.11 1 035 | 010 | 1.72 | 0.19 | 19.97
42 | R119 | 039 | 1.73 | 0.57 | 1.08 | 0.05 | 0.36 | 1.30 | 1.41 0.04 | 012 | 013 | 0.80 | 0.22 | 11.18
43 | R119 [ 0.13 | 196 | 0.63 | 1.30 | 0.24 | 0.73 | 1.25 | 1.36 | 1.28 | 0.03 | 0.03 0.15 | 0.80 | 0.21 | 17.19
44 | R119 | 022 | 1.85 | 0.62 | 1.26 | 0.16 | 0.47 | 1.26 1.4 0.04 | 0.16 0.14 | 0.90 | 0.21 | 14.11
45 | R119 [ 015 | 199 | 0.71 | 1.26 | 0.14 | 0.60 | 1.27 | 1.38 0.03 [ 0.17 0.13 | 0.82 | 0.23 | 11.47
46 | R119 | 0.03 | 2.54 | 0.64 | 145 | 0.33 | 0.77 | 1.25 | 1.37 0.09 [ 0.02 0.15 | 0.99 | 0.15 | 14.80
47 | N132 | 0.02 | 2.68 | 0.64 | 1.56 | 0.34 | 0.84 | 1.34 | 1.45 | 1.36 | 0.07 | 0.12 0.06 | 0.67 | 0.27 | 10.45
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48 | N132 | 0.18 | 199 | 0.62 | 1.34 | 0.20 | 0.72 | 1.33 | 1.44 0.03 | 0.07 0.11 | 0.63 | 0.25 | 11.14
49 | N132 | 0.15 | 218 | 0.66 | 1.54 | 0.20 | 0.73 | 148 | 1.6 0.04 | 0.16 0.08 | 0.96 | 0.28 | 10.37
50 | N132 | 0.21 | 1.98 | 0.61 | 140 | 0.18 | 0.72 | 1.40 | 1.51 0.03 | 0.09 0.07 | 0.76 | 0.29 | 10.10
51 | N132 | 0.20 | 1.93 | 0.65 | 1.27 | 0.15 | 0.60 | 1.30 | 1.42 0.10 | 0.12 0.08 | 0.78 | 0.22 | 11.38
52 | N132 | 0.28 | 1.87 | 0.57 | 1.26 | 0.15 | 0.70 | 1.35 | 145 0.05 | 0.02 0.07 | 0.53 | 0.28 | 8.61

53 | N132 | 0.01 | 2.98 | 0.54 | 1.69 | 0.46 | 0.99 | 1.37 | 147 0.05 | 0.07 0.07 | 0.75 | 0.27 | 9.80

54 | N132 | 0.44 | 1.78 | 0.51 | 1.10 | 0.05 | 0.22 | 1.35 | 148 0.03 | 0.09 0.07 | 0.74 | 0.29 | 10.84
55 | N132 | 0.50 | 1.74 | 0.50 | 0.99 1.36 | 1.47 0.11 | 0.23 0.06 | 2.86 | 0.22 | 11.06
56 | 1150 0.60 | 0.93 | 0.40 | 1.88 1.31 | 1.47 0.15 | 0.87 | 0.23 | 29.46
57 | 1150 0.35 | 0.84 | 0.05 | 2.65 | 0.59 | 1.70 | 1.44 | 1.61 138 0.11 | 0.44 | 0.27 | 9.20

58 | K60 046 | 1.98 | 048 | 1.16 | 0.06 | 0.28 | 148 | 1.65 | 1.48 | 0.02 | 0.16 0.06 | 0.75 | 0.31 | 12.16
59 | D127 | 0.39 | 1.75 | 0.55 | 1.09 | 0.06 | 0.16 | 1.29 | 1.43 0.04 | 0.13 0.09 | 0.83 | 0.25 | 11.78
60 | D127 | 0.38 | 1.79 | 0.56 | 1.11 | 0.05 | 0.19 | 1.32 | 1.46 11 0.05 | 0.32 0.08 | 117 | 0.256 | 11.27

# corresponds to the sample number assigned in Supplementary table 4. The fitted lifetime components are 1,3 and
the corresponding fractions are x1-3. Fitting for anisotropy yielded the components p;.; and corresponding fractions, ri-
3. The longest anisotropy component arises from the global motion and its amplitude is the residual anisotropy (rs). {(t)x
is the species-weighted average fluorescence lifetime. (1) is the fluorescence-average lifetime. Av. (t)xis the average
(1)x for a given label position.

Supplementary Table 4.6. Fit results for the FCS curves of Alexa647 labels.

Label # Alexa647 Alexad88 offset Nbright taire Zo/wo Aiso tiso
label position (ms) (us)

54 N132 E5 1.00 0.18 0.77 6.27 0.24 | 22.48
50 N132 S36 1.00 0.15 0.81 6.58 0.25 | 26.31
28 N55 R8 1.00 0.22 0.74 6.00 0.24 | 19.89
35 P86 E22 1.00 0.18 0.76 5.45 0.23 | 20.12
36 P86 S36 1.00 0.15 0.77 5.98 0.25 | 26.21
58 K60 N132 1.00 0.17 0.79 5.19 0.19 | 37.66

Free dye - 1.00 19.15 0.34 6.00 0.38 | 27.66

Label # corresponds to the sample number assigned in Supplementary table 4. FCS was measured at 635 nm excitation
and power of 5.6 kW/cm? and the average of parallel-perpendicular and perpendicular-parallel correlation curves fitted
to the model function as described in eq. 4.16. Nurignt is the effective number of molecules in the bright state, tair is the
diffusion time, zo/wo describes the shape of the observation volume, Aiso is the fitted amplitudes and tiso the relaxation
times of the cis-trans isomerization process. The experimental conditions are described in the methods section.

Supplementary Table 4.7. Fit results for the FCS curves of Alexa647 labels in the
substrate binding study

i:lg:f647 Other mutations substrate | offset | Nborignt :‘::fs) Zo/wo | Aiso | tiso (Ms)
1150 E11A, S44Amber No 1 0.15 1.26 6.1 0.25 | 25.51
1150 E11A, S44Amber Yes 1.14 0.25 1.37 6 0.24 | 39.64

Fit results for the FCS curves of Alexa647 labels at position 1150 and functional mutation E11A in presence and absence
of substrate peptidoglycan. E11A corresponds to Sample # 61 from Supplementary table 4. FCS was measured at 635
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nm excitation and power of 0.7 kW/cm? and the average of parallel-perpendicular and perpendicular-parallel correlation
curves fitted to the model function described in eq. 4.16. Nurignt is the effective number of molecules in the bright state,
tairr is the diffusion time, zo/wo describes the shape of the observation volume, Aiso is the fitted amplitudes and tiso the
relaxation times of the cis-trans isomerization process.

Supplementary Notes

Supplementary Note 4.1. Calculation of trapped dark surface

Using AV simulations, the Lysines and Arginines within 4 A of the accessible volume of

the dye was identified for both the C1 and C2 conformations. Lys and Arg are referred to

as the “trapping positions” due to their high affinity for interaction.

Supplementary Table 4.8. Trapping positions within 4 A of the dye AV in the C1

conformation
::Ig:la Gt Lys/Arg within 4 A in the C+ state Tﬁ:_al
E22 K19 K35 R14 R137 R145 5
S36 K19 K35 K43 K48 R52 5
K60 K16 K65 K162 R8 R14 R52 6
Q69 K35 K48 R52 K65 R76 R80 R96 7
K19 K16 K35 K43 R148 R145 5
S44 K35 K43 K48 R52 4
P86 R76 R80 K83 K85 R95 R96 R119 K124 R125 9
R119 R80 K83 K85 K124 R125 K135 6
D127 R95 R119 K124 R125 K135 K147 R154 7
N132 K83 R119 K124 R125 K135 R137 R154 7
1150 K83 R119 K124 R125 K135 R137 R154 7

Supplementary Table 4.9. Trapping positions within 4 A of the dye AV in the C;

conformation

e a4s8 Lys/Arg within 4 A in the C: state Total
E22 K19 | K35 | R137 3
S36 K19 | K35 | K43 | Kas | R137 5
K60 R8 | R14 | K16 | R52 | K65 5
Q69 R8 | K35 | Kas | R52 | k65 | R76 | R8O 7
K19 R8 | R14 | K16 | K35 | k43 | R137 | R148 7
S44 K35 | K43 | K48 | R52 4
P86 R76 | R80 | K83 | K85 | R96 | R119 | K124 | R125 8
R119 K83 | K85 | K124 | R125 | K135 5
D127 R95 | R119 | K124 | R125 | K135 | K147 | R148 | R154 8
N132 k83 | R119 | R125 | K135 | R137 | R154 6
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‘ 1150 ‘ K135 ‘ K147 ‘ R148 ‘ R154 ‘ ‘ ‘ ‘ ‘ ‘ 4 ‘

For each individual Lys and Arg, PET quenchers within 4 A was identified. It was seen
that the PET quenchers within 4 A of a given Lys or Arg are the same in both C1 and C2
conformations.

Supplementary Table 4.10. PET quenchers near trapped positions in both C1 and C2
conformations

Lysines/Arginines Names of quenchers within 4[A]
K16 Y18
K19 Y18,Y24,Y25
K35 Y24
K43 None
K48 None
K60 None
K65 None
K83 None
K85 Y88
K124 M120, W126
K135 None
K147 Y139
K162 W158, Y161
R8 M6
R14 Y18
R52 None
R76 None
R80 None
R95 W126
R96 Y88
R119 M120
R125 M120, W126
R137 W138, Y139
R145 None
R148 Y161
R154 W126

From the above table, we can see which of the Lys/Arg positions have atleast one
quencher within 4 A (adjacent area). A dye stuck at these positions has a higher

probability to be quenched. Then the fraction of trapped dark surface is calculated from

ed. 4.1 x __ Nr. of Q adjacent Lys or Arg near AV
Q- %-1: Xtrapped,dark = Nr. of Lys or Arg near AV
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Supplementary Table 4.11. Calculation of trapped dark surface for Ci1 and C:2
conformations and their weighted average.

Nr.oftrapped | Lt e x
Alexad88 label | Positions near dye pos’itions nef,pdye trapped,dark

Ci C2 Ci C2 C1 C2 | weighted average |
E22 5 3 4 3 0.80 1.00 0.89
S36 5 5 2 3 0.40 0.60 0.49
K60 6 5 4 3 0.67 0.60 0.64
Q69 7 7 2 2 0.29 0.29 0.29
K19 5 7 3 6 0.60 0.86 0.72
S44 4 4 1 1 0.25 0.25 0.25
P86 9 8 6 5 0.67 0.63 0.65
R119 6 5 3 3 0.50 0.60 0.55
D127 7 8 6 7 0.86 0.88 0.87
N132 7 6 5 4 0.71 0.67 0.69
1150 7 4 5 3 0.71 0.75 0.73

The weights are the fraction of open and closed (including compact) states for the T4L wt* determined previously by

Sanabria et al.3. Weighted average of X¢rapped dark = (0.54 * xtrapped,dark(Cl)) + (0.46 * xtrappedydark(CZ))

Supplementary Note 4.2. Calculating ®r for a series of temperatures

For the determination of fluorescence quantum yield of Alexa488 labels at a range of

temperatures from 11°C to 44°C, at first the fluorescence intensities at 520 nm emission

was measured at an excitation of 485 nm.

Supplementary Table 4.12. Measured fluorescence intensity at 520nm emission for
Alexa488 labels at temperatures from 11°C to 44°C when excited at 485 nm.

T Fluorescence intensity (a.u.) at 520 nm, FL$
[°C] P86C R119C D127C N132C 1150C Alexa488
11 16041317 15367226 13957341 18131650 13806152 24900509
15 16410097 15298145 13905215 18151396 13924999 24631524
19 17079680 15316162 13911038 18261736 13968596 25419476
23 17593382 15370934 13851696 18225571 14241184 25501367
27 17183657 15437148 13947645 18464957 14519915 25454423
31 17259223 15594141 13891722 18513190 13786136 25426918
35 17056977 15587857 13602229 18429354 12957114 25201431
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39 15584192 15266411 12839434 18286451 10111314 24885994
44 11729957 13840126 11017298 17321462 4096617 25026799

The steady state fluorescence quantum yields for all the labels at 20°C were measured
as described in literature®® and calculated according to equations (4.11) and (4.12). It
was then assumed that ®2°C = ®1°C. Now that we have ®}°°¢, the quantum yields at the
other temperatures were determined from their respective fluorescence intensities at 520

nm as:

°C
o = apre. (15) 419

19°C
FSZO

where ®%C is the fluorescence quantum yield at temperature, T°C and FLS is the

fluorescence intensity at 520 nm at temperature, T°C.

Supplementary Table 4.13. Calculated fluorescence quantum yield of Alexa488 labels.

T Steady state fluorescence quantum yield, (r
[°C] P86C R119C D127C N132C 1150C | Alexa488
1 0.79 0.69 0.72 0.67 0.74 0.94
15 0.81 0.68 0.72 0.67 0.74 0.93
19 0.84 0.68 0.72 0.68 0.75 0.96
23 0.87 0.69 0.72 0.67 0.76 0.96
27 0.85 0.69 0.72 0.68 0.78 0.96
31 0.85 0.70 0.72 0.68 0.74 0.96
35 0.84 0.70 0.71 0.68 0.69 0.95
39 0.77 0.68 0.67 0.68 0.54 0.94
44 0.58 0.62 0.57 0.64 0.22 0.95
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Chapter 5. Developing dye models for accurate FRET label description
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5.1 Introduction

Forster resonance energy transfer (FRET)'834% is a powerful approach to study the
conformational dynamics of biomolecules since it can measure structural dynamics over
12 orders of magnitude'®®2%5, This ratiometric approach involves non-radiative energy
transfer from a high-energy fluorophore (donor, D) to a lower-energy fluorophore
(acceptor, A). When the fluorophores are present within the FRET range, dipole-dipole
coupling can occur, leading to energy transfer with efficiency, Ec(Roa)®, where Rpa is the
interdye distance. Since the fluorophores are usually attached to the biomolecule using
long flexible linkers to allow free dye rotation, there are significant uncertainties in the dye
position. Therefore, to arrive at accurate protein structural information from interdye
distances, spatial distribution of dye positions must be included'%3239.242 in the dye model

description.
5.1.1 A review on the dye description of organic fluorescence labels

(This section is an updated excerpt from a co-authored paper, “Quantitative FRET studies
and integrative modeling unravel the structure and dynamics of biomolecular systems”

published in the journal, Current Opinion in Structural Biology by Dimura et al.?*?).

Both EPR spectroscopy with the double electron-electron resonance (DEER) method346
and FRET spectroscopy are frequently used to obtain structural information on proteins
by selectively coupling labels via flexible linkers (i.e., nitroxide spin-labels or donor and
acceptor dyes, respectively). Thus, the labels can explore a large conformational space,
such that a distribution of inter-label distances rather than a single inter-label distance is
observed experimentally. In structural analysis, both techniques face the same problem
of describing the localization of their respective labels and connecting the measured
distances with structural information on the protein. This is a typical inverse problem,
where both EPR346-349 gnd FRET 239 241 350 gpectroscopies have developed similar
solution strategies of assuming a structural model to compute a specific distance
distribution between the labels and comparing the simulated and experimental values.
Analogous to super-resolution microscopy, where the knowledge of the optical point

spread function allows for localizing single emitters far beyond the optical resolution limit,
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a detailed knowledge of the label distribution for a given biomolecular structure is required

to maximize the structural resolution of the respective technique.

All-atom molecular dynamics (MD) simulations*150:340.351-355 geem to be the most
appropriate solution to describe the label localization in integrative modeling (Figure 1A-
C). However, while the relevant time-scale of fluorescence and biomolecular dynamics
covers picoseconds to hours, current MD simulations reach only the micro- to millisecond
timescale. Furthermore, MD simulations are time-consuming and limited in their capability
to sample the conformational space, in particular since the dye distribution changes with
conformational changes of the biomolecule. MD simulations3513%33% as well as
experimental fluorescence’033%7:3% gand EPR3%® studies find long-lived conformational
states, where the labels are trapped on the biomolecular surface. Trapping of cyanine
dyes is known to change their fluorescence quantum yields 3% such that this process is
utilized by others for probing protein-nucleic acid interactions by protein-induced
fluorescence enhancement (PIFE) 13220, Now, a more general term, association-induced
fluorescence enhancement (AIFE) has been introduced, where the fluorescence
enhancement is due to dye association with any biomolecule. To avoid quenching and
mobility reduction by the surface effects, most commercially available dyes used for FRET
experiments have long flexible linkers (~ 20 A), and the fluorophore carries sulfonic acid
groups for improved solubility. The large flexibility of the linker also ensures a high
orientational mobility of the dyes such that the assumption of the isotropic average for the
dipole orientation factor (i.e., k? = 2/3) is feasible, which is an important factor determining
the accuracy of distance calculations by FRET measurements. In conclusion, the
atomistic treatment of dye labels, together with the biomolecular system by MD
simulations, is helpful for analyzing protein label interactions. However, it is currently not
feasible to use MD simulations as a rapid routine method to predict the conformational
sampling of the labels, which is needed for finding the structural model within a large

ensemble that is most consistent with FRET data, as shown below.

Computationally faster algorithms use a coarse-grained representation, e.g. the label is
approximated by a flexibly linked sphere34-3¢0 (see Figure 1a-c), to compute the sterically
allowed accessible volume (AV), which reproduced MD simulations well '3, The use of a

geometric search algorithm reduces the computational time for the AV of a single FRET-
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label to less than 50 milliseconds on a conventional desktop computer 23°. The computed
AV represents uniform population densities poye of the spatial dye localizations (Figure
1D). The mesh represents the surface of the dye positions most distant from the
attachment point and includes all sterically allowed dye positions. To compute
fluorescence observables, the spatial population densities poye (X,y,z) of the dye

localizations is needed.

Two convenient assumptions for limiting cases were initially used for the models
describing the spatial and orientational dye density in various hybrid-FRET modeling
approaches: (1) The Nano Positioning System (NPS) assumes a label adopting a single
position with a defined conformation of the linker and the fluorophore wobbling in a cone
(Localized antenna/Single cone model)*°. This means that all fluorophores of an
ensemble of molecules are located at the same position (defined by a delta function &)
with respect to the macromolecule: poye(X,y,z) = O(XDye,YDye,ZDye). Since the position
(Xpye,YDye,ZDye) Of the dye is initially unknown multiple measurements are used to localize
it within a credible volume for a given confidence level (Figure 1d, left). (2) As an
approximation of a freely diffusing fast rotating dye all orientations and all positions within
the AV are equally populated; poye(X,y,z) is constant and the fluorophore is isotropic
oriented within the AV (Free diffusion/Iso model) 23° 193, The effect of different dye models
on the spatial population densities poye (X,y,z) along the vector R, pointing from the linker
attachment site to the mean dye position in the AV, is visualized in the lower panel of

Figure 1D.

More recently, other dye models were suggested®%-243361_ To consider small fractions of
fluorescent fluorophores trapped on the biomolecular surface®, the classical AV
description (using the Free diffusion/Iso model) was extended by defining an additional
interacting surface layer (the contact volume of defined thickness is highlighted in violet
in Figure 1D) with a preferential surface residence of the dye, which may be approximated
by a step function. This surface preference is specific for the dye and the labeling site.
This combination yields the Free diffusion + Contact/Iso model for an accessible and
contact volume (ACV), which predicts the compaction of the spatial dye distribution due
to trapped dye fractions without significant increase of the computational cost. Hofig et

al.?*3 introduced a weighted AV description, where the densities poye are enriched by
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empirical weighting with a Gaussian function leading to a higher local dye surface
preference but only close to the attachment point (Gaussian-chain (GC) diffusion/Iso
model) (Figure 1D).

The comparison of the normalized densities poye of the four dye models in Figure 1D
shows that the mean dye positions of an ACV or a weighted AV are closer to the protein
interface as compared the AV with a uniform density. This dye model specific shift of the
mean positions becomes important for the predicted interdye distances if the other dye of
the FRET pair is attached on the opposite side of the protein. To avoid an arbitrary choice
of dye models, it is important to define rational criteria based on experimental evidence
through observable fluorescence parameters. For example, time-resolved fluorescence
data map the translational and orientational dye diffusion and the resulting DA distance
distributions by fluorescence quenching (studied in Chapters 2+3), anisotropy (studied in
Chapters 2+3) and FRET.

Atomistic dye description

~
A "\__C
............. Molecular
Link N i dynamics
) simulations
“
Alexad88 C5 Alexa647 C2 ™
maleimide maleimide AN

D Representations of coarse-grained dyes

Credible Accessible Accessible Weighted
Volume ~ Accessible

(NPS) Volume

/Z e 1 P 7/
L. L. s 1 L.
pre Link pre Link pre, Link pre Link
IS (N R I *
. R e R e R . .
Dye Localized Free diffusion Free diffusion Gaussian chain
model antenna + contact diffusion

Figure 5.1. Description of fluorescent labels in simulation. Treatment of dye labels in FRET-
based modeling. (a) The donor and acceptor dyes, for example, Alexa488 C5 maleimide
(green) and Alexa647 C2 maleimide (red), respectively, are typically attached to the

199



biomolecule via long (~20 A) flexible linkers. (b) Dye labels attached to the protein Atlastin-1
(grey surface) to give an impression of the sizes. Quenching amino acids on the protein surface
are highlighted in orange. (c) Molecular dynamics simulations provide the spatial distribution of
dye molecules. (d) Representation of coarse-grained dye labels. On the top different dye
representations are shown. On the bottom the spatial density opye along a vector R starting at
the attachment point in the direction of the dye mean position is shown for the corresponding
dye models. The original Nano Positioning System (NPS) 360 assumes the accessible volume
as prior information (uncertainty), which is reduced by a set of FRET measurements with fixed
satellites resulting in an uncertainty distribution (red) of a putatively fixed localized dye
(antenna). The orientation of the dyes follows a diffusion in a cone model highlighted by a
pictogram. Following R, the dye is located at a specific position (vertical red line) with an
uncertainty. Accessible volume (AV, mesh) models provide the sterically allowed space of the
dye molecule attached to the protein as calculated by the FPS program 23°. Here, the linkers of
Alexa488 and Alexa647 are approximated as flexible tubes with width of Lwian = 4.5 A and
length of Lin = 20.5 A and Lin = 21.0 A, respectively. Three radii were used to describe the
dyes (5.0 A, 45 A, 1.5A)and (11.0 A, 4.7 A, 1.5 A) for Alexa488 and Alexa647, respectively.
The large sphere indicates the mean dye position. For a dye freely diffusing inside of its AV a
uniform spatial distribution is assumed. The accessible and contact volume (ACV, %) provides
a similar description as the AV, but defines an area close to the surface as contact volume
(violet). In this figure the density ppye in the contact volume is weighted six times stronger and
defined as part of the AV that is closer than 3 A from the macromolecular surface. For the
corresponding model, where a dye freely diffuses within the AV and its diffusion is hindered
close to the surface, the spatial density pp,e along R is approximated by a step function: ppye (R
<3 A)=6_pnye (R =3 A). The weighted accessible volume is a modification of AV where ppye
along R is approximated by a Gaussian chain-inspired empirical weighting function 243, To
illustrate the effect of the proposed weighting of pp,. the weighted AV is colored from blue (high
density) to red (low density). (Adapted from Fig. 1 of Dimura et al.?*?)

5.1.2 Prior experimental input and its role in FRET experiments

Prior experimental information (such as the 3D structure of a protein) are helpful in
designing FRET experiments and guiding labeling strategies so that informative sites can
be recognized, those labeling sites can be avoided where mutations for dye coupling can
affect the protein function or stability362-36> or where the dye is likely to be highly
quenched'® due to the characteristics of the local environment (Chapter 3+4).
Additionally, insights from previous structural studies are valuable for mapping FRET
label positions so that new experiments can be designed to either confirm prior structural
knowledge (from X-ray crystallography, NMR etc.) or invalidate a previous assumption by

generating a three dimensional structural model (posterior hypothesis)?42.

Prior information can not only help in designing informative labels, but also in better label
description. For example, residual anisotropy from time resolved decay experiments is

used to define the increased dye occupancy within the contact volume in the Free
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diffusion + Contact/lso model?*2. In nucleic acids, it is known that dye labeling at the
terminal base®2%4-% or even 4-6 base pairs from the terminus (Chapter 3) can cause the
dye to stack on the terminal base similar to base stacking. Knowledge of such specific
interactions which significantly alter the dye distribution can be incorporated into the label
description for FRET studies. To this end, we compare FRET donor-acceptor (DA)
distances from experiments and simulations on a double stranded RNA (dsRNA) as a
model system. When there are significant deviations between measured and calculated
distances, we apply our prior knowledge of position-dependent dye behavior to better

describe the dye distribution by introducing the concept of a hybrid AV.
5.2 Results and Discussion

In this study, the suitability of the Free diffusion + Contact/Iso model?*? to describe the
distribution of donor and acceptor dyes is investigated and a new dye model, called the
Hybrid AV model, is developed for labels with highly specific localized interactions to
improve their dye description. FRET distance calibration studies are carried out on dsRNA
molecules with Alexa488 as the donor dye and Cy5 as the acceptor dye. FRET distance
calibration with single FRET pairs was carried out for 24 donor-acceptor (DA)
combinations (Fig. 5.2A, Table 1). The chosen label positions belong to distinct RNA
environments (as outlined in Chapter 3) and the FRET pairs studied here fall under 4
categories: (1) the acceptor is close to the 3’ end and the donor is in the internal regions
of the helix, away from the ends (Fig. 5.2B, filled magenta circles) (2) the donor is close
to the 3’ end and the acceptor is internal (Fig. 5.2B, magenta circle outlines) (3) both the
donor and acceptor dyes are in the internal regions (Fig. 5.2B, filled blue circles) (4) both
the donor and acceptor dyes are close to the 3’ ends on either ends of the helix (Fig.
5.2B, magenta circle with disconnected outline). The dye linker attachment on dsRNA

occurs at the C5 atom for uracil and cytosine and the N2 atom for guanine.
5.2.1 dsRNA rulers: Experimental vs predicted distance (Rpa)e

The double stranded RNA is used for distance calibration since it is a fairly rigid system
whose structure is well-defined such that there is least uncertainty arising from structural
considerations. Five dsRNA molecules are studies here (Fig. 5.2A). Of these, the

molecules extended |1 and extended I, are similar in sequence to /1 and [/, respectively;
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but with 4 extra base pairs added at one of the helix termini, thus “extending” the
molecule. The extended sequences allow comparison of dye labeling sites (e.g. c29 and
b33) with the same immediate surrounding primary sequence, but different end
proximities. They are used as FRET rulers in single-molecule FRET (smFRET)
spectroscopy studies where the distances between the dyes are varied and energy
transfer efficiencies obtained. The FRET-averaged donor-acceptor distance (Rpa)e
corresponding to the FRET efficiency is calculated from experiments and compared with

theoretical predictions.

Table 5.1. Experimental and calculated FRET distance, (Rpa)e. For measured residual

anisotropies, see Chapter 3.

(RDAYE exp (RDAE cal

FRET pair Molecule Position from end A A
c29(D)-d15(A) 1 (D) near 3'-end 49.2 51.8
c29(D)-d18(A) 1 (D) near 3'-end 50.4 51.2
c29(D)-d20(A) I1 (D) near 3'-end 57.5 59.6
c29(D)-d23(A) 1 (D) near 3'-end 63.3 68.1
b14(D)-c8(A) I2 Internal label 42.9 414
b11(D)-c8(A) I2 Internal label 50.4 49.6

b8(D)-c8(A) I2 Internal label 58.0 59.1

b5(D)-c8(A) I2 Internal label 61.2 64.2
a26(D)-b27(A) I2 Internal label 57.4 54.0
a26(D)-b28(A) I2 Internal label 60.1 55.4
a26(D)-b33(A) I2 (A) near 3'-end 73.7 714
c16(D)-b33(A) I2 (A) near 3'-end 54.2 49.6
a18(D)-b33(A) I2 (A) near 3'-end 61.8 53.3
a21(D)-b33(A) I2 (A) near 3'-end 57.8 54.4
a23(D)-b33(A) I2 (A) near 3'-end 70.2 62.1
c29(D)-b27(A) I3 (D) near 3'-end 61.9 64.3
c29(D)-b28(A) I3 (D) near 3'-end 65.4 67.7
c29(D)-b33(A) I3 (D), (A) near 3'-end 84.7 82.7
c29(D)-d15(A) Extended |4 Internal label 51.0 50.8
c29(D)-d18(A) Extended I+ Internal label 50.1 48.4
c29(D)-d23(A) Extended |4 Internal label 66.8 65.8
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¢c16(D)-b33(A) Extended |2 Internal label 53.7 51.0

a18(D)-b33(A) Extended I2 Internal label 57.1 53.1

a23(D)-b33(A) Extended |2 Internal label 62.3 61.7

Experimental and calculated FRET distance, (Roa)e for all measured dsRNA samples in the distance calibration study.
(D) and (A) denotes the donor and acceptor labels, respectively. The corresponding sequences and labeling positions
are given in Figure 5.2A.

From experiment: Single-molecule confocal experiments are performed on the FRET
labeled dsRNA molecules, and the single molecules are detected as photon bursts (of a
certain intensity and duration) during their free diffusion through the confocal volume.
From the collected photon bursts, a variety of fluorescence information can be extracted
due to single-molecule multiparameter fluorescence detection (smMFD) 516,366,367
Photon Distribution Analysis (PDA) is performed to eliminate the photon shot-noise
contribution and examine the heterogeneity of the sample 337357368 A quantitative
analysis of the FRET efficiency histogram is carried out using an appropriate model that
accounts for shot noise, background contributions and additional broadening due to
complex acceptor photophysics and fits one or two states described by Gaussian
distributions (assigned to a FRET population and a donor only population). The distance
corresponding to the FRET populations is referred to as the experimental/measured

donor-acceptor distance, (RpA)E exp.

From predictions: Since the RNA structure is known, the DA distances can be predicted
from modeling the dye distributions. We use the previously described Free
diffusion+Contact/lso model?*? to describe the accessible and contact volume (ACV) of
the dyes from the dye radii and the lengths and widths of the linkers used for labeling.
Due to interactions between the fluorophore and the biomolecule, the dye is less mobile
near the surface of the biomolecule. Ensemble fluorescence anisotropy measurements
239 were employed to calculate the residual anisotropy r,,. From this, the fraction of the

fluorophore trapped on the surface of the protein (s) is determined'%3;

(5.1)

with the fundamental anisotropy ro=0.38. The measurements were performed on single

labeled dsRNA molecules and analyzed as described in Chapter 3. From the trapped
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fraction and the contact volume (defined as the volume of AV within 2A from the RNA

surface), the spatial dye densities are calculated?.

Distances between random points in the donor and acceptor ACVs are calculated and
converted to efficiencies using eq. 5.2. These FRET efficiencies are averaged over the
distribution and converted back into to the DA distance, referred to as the predicted or

calculated distance, (Rpa)E,cal.
The interdye distance is related to the FRET efficiency as:
1 (5.2)

e (G

where Ro is the Forster radius and Ropa is the donor-acceptor distance.

It may be noted that (Roa)e calculated here, is different from Rmp (distance between mean

dye positions) and (Rpa) (measured by ensemble TCSPC)'%.

Comparison: When both donor and acceptor label are in the internal regions of the helix
(Fig. 5.2B, blue circles), there is good agreement between experimental and calculated
distances. However, for the acceptor (Cy5) labels close to the 3’-end, there is a marked
deviation in (Rpa)e (Fig. 5.2B, filled magenta circles). This originates from their ability to
reach the exposed terminal bases of the helix and therefore form strong n-stacking
interactions there (Chapter 3 and others®294.9). n-interactions have been studied not only
for dyes labeled on the terminal bases®, but also for dyes labeled a few base pairs
away from the helix terminus, where effective stacking interactions depend on the length
of linker, attachment atom in the RNA base and the kind of helix end (5’ or 3’). These n-
stacking interactions significantly alter the dye distribution and the dye density is the
highest in the region close to the terminal base (Chapter 3). To describe these 3’-end
labels, the coarse-grained Free diffusion+Contact/Iso label description is insufficient
because the dye densities are more concentrated near the terminal bases than over the

accessible nucleic acid surface.
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Figure 5.2. FRET distance calibration study. (A) dsRNA sequences and donor(D)-acceptor(A)
labeling positions, with donor label in green and acceptor label in red. The 24 single FRET pairs
measured in the study are displayed with connecting lines between D and A. The names of the
labeling positions are derived from their corresponding label names in the four-way junction
molecule studied in Chapter 3. (B) FRET-averaged distances from the Free
diffusion+Contact/Iso (ACV) dye model calculations, (Rpa)g cq, are plotted as a function of
FRET-averaged distances from the single molecule MFD experiments, (Rp4)gxp Showing all
measured FRET pairs from panel (A). From this plot, a set of selected points are reexamined
in the bottom right plot to highlight the effect of acceptor and donor label proximity to the helix
end. (a) The acceptor b33(A) has the same neighboring base pairs sequence in molecules |,
(magenta filled circle) and extended I, (blue), but differs in its proximity to the 3’-end. (b) The
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donor ¢29(D) on molecules |1 (magenta circle outline) and extended |1 (blue), differs in the
proximity to the 3’-end. A brief flow chart depicting the main steps for obtaining experimental
and calculated (Rpp)e are also given. For detailed explanation of the steps, see sections 2.1
and 4.

Comparison of same labeling positions in different molecules: The molecule /> has the
same primary sequence as the molecule extended I», and differs only by 4 additional base
pairs at the dye labeled end on extended I>. This alters the proximity of the acceptor
b33(A) to the 3’-end, bringing about drastic changes in its photophysical properties.
Comparing FRET samples with the same donor labels and b33(A) acceptor label on the
molecules /> and extended [, (Fig. 5.2B(a)), we observe deviations between the
experimental and calculated distances when b33(A) is on molecule />, where n-stacking
with the terminal bases is possible. Meanwhile, the FRET samples with b33(A) on
extended I, show very good agreement between experimental and calculated (Rp4)k-,
since the acceptor dye is further away from the helix end and cannot stack with the

terminal bases.

A similar comparison of the Alexa488 donor at position c29(D) on molecules /1 and
extended 11 (Fig. 5.2B(b)) yields rather similar agreement between experimental and
calculated (Roa)e whether the dye was in the proximity of the 3’-end (as in /1) or further
away from it (as in extended I1). Although donor (Alexa488) dyes labeled near the 3’-end
are known to undergo n-stacking at the terminal base (Chapter 3 and Neubauer et al.)%
like an additional base pair, the altered dye distribution due to this interaction is not
expected to affect the agreement between (Rp4)g car @Nd (Rpa) g exp iN the same way as for
the Cy5 dye. This is because the stacked species are non-fluorescent due to static PET
quenching with the terminal guanines and do not contribute to the observed donor signal
in MFD experiments. Nevertheless, dynamic quenching interactions occurring between
the Alexa488 dye and the exposed terminal guanine is expected to bias the dye

distribution towards the terminus.

Improving the estimation of trapped dye fraction: From the correlation between the
residual anisotropies and lifetimes of Cy5 labels studied in Chapter 3 (Fig.3.2), we can
arrive at a special case of a covalently attached non-interacting dye. That is, a dye which
is covalently attached to the RNA, but otherwise free, not being trapped at the RNA

surface. The residual anisotropy of such a species is obtained from the linear fit of the
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correlation extrapolated to the free dye lifetime (denoted as 7 extrapor). Using this to
modify eq. 5.1 gives a more accurate estimation for trapped dye fraction since it accounts
for the cone angle as described in a wobbling in a cone (WIC) model'®3. The improved

trapped dye fraction (s') is then:

(5.3)

s/ = rOO,meas. - Tw,extrapol. _ AT‘OO
To To

where Aris the difference in the residual anisotropy of the measured sample (7. meqs.)
and the residual anisotropy of the covalently attached non-interacting dye (7. extrapor.)

determined by extrapolation (vide supra).
5.2.2 Improving dye model based on prior knowledge

It is well documented that rhodamine and cyanine dyes labeled close to or at the terminal
base undergo strong n-stacking interactions with the exposed terminal bases®2%4-%, For
the cyanine labels, these interactions result in association-induced fluorescent
enhancement (AIFE) and a corresponding increase in residual anisotropy (r-). For a
typical Cy5 label coupled at a nucleobase in the internal regions of the RNA double helix,
the residual anisotropy was measured to be 0.18 (Chapter 3). However, when Cy5 is
attached to a position close to the helix end, the time resolved anisotropy measurements
yield r.=0.27. Thus there is a 50% increase in residual anisotropy due to n-stacking. This
information from previous experiments with single labels can be used to improve the dye

description for DA distance calculations.

The dye distribution as described by the Free diffusion+Contact/Iso model?*? can be
modified to describe a label that is n-stacked to the terminal base, by the addition of an
accessible volume (AV) close to the terminal base. The additional AV generated is
assigned a weight of 50%, since this is the percentage of increase in residual anisotropy
due to n-stacking (see eq. 5.4 in Methods section). It is simulated exactly like an AV, but
with a shorter linker length and assuming the terminal base as the attachment point. This

hybrid AV model can better describe the end label distribution.

In this concept of hybrid accessible volume (hybrid AV), the dye densities are not uniform

over the RNA surface (as in Free diffusion+Contact/Iso model) nor enriched near the
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attachment point (as in Gaussian chain diffusion model). Instead, the dye density (opye)
varies along the long helical axis (z-axis) as shown in Fig. 5.3B. Close to the helix
terminus, there is an enrichment of pp,. due to the “localized trap” furnished by the r-
stacked dyes. As we move along the z-axis, away from the terminus outwards, the contact
volume of the dye maintains a moderately high ppye, albeit slightly lower than the end-
trapped region. This region close to the RNA where surface interactions are more
probable ("distributed traps" in contrast to the "localized trap" for the end-stacking) is best
described by the contact volume part of an ACV. Beyond this region, the dye density
sharply decreases as it extends into the region of unhindered dye movement, and then
falls to zero outside the accessible volume. The resulting dye model is called a hybrid AV
model because it is described using a combination of the Free diffusion+Contact/Iso
model (ACV for the “distributed traps”) and the Free diffusion/Iso model (additional AV for

the “localized trap”).

In this study, the hybrid AV is determined by carrying out the following steps: (1) The ACV
is simulated with Link =22 A, wink =2.5 A and Raye= 3.5 A, contact volume thickness of 2
A (empirical value) and a trapped dye fraction calculated from the residual anisotropy
according to eq. 5.1 (2) To account for the “localized trap” at the helix terminus (Chapter
3, Fig 3.5A), an additional accessible volume is simulated; the attachment point being the
C6 atom of the terminal residue of the labeled strand and a short Link = 7 A, wiink = 2.5 A
and Raye= 3.5 A (3) In order to combine the ACV with the end-stacked AV for calculating
inter-dye distances, individual (R,,); values for both the ACV and the AV to a common
donor-AV are calculated ((Rpa)eacy and (Rpa)eay, respectively), and subsequently
converted to FRET efficiencies (Eacv and Eav, respectively) for weighted averaging. From
spectroscopic measurements it was estimated that the increase in residual anisotropy
due to n-stacking at the helix end is approx. 50% (see eq. 5.4 in Methods section) and,
therefore, the additional AV was assigned a weight of 50%. Based on the assigned
weights, the FRET efficiencies from ACV and AV are combined as Enybria = 0.5* Eacv

+0.5* Eav, and then converted back to the distance, (Rpa)E hybrid.

208



A. Hybrid Accessible volume C. Improvement of dye description with hybrid AV
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Figure 5.3. Hybrid accessible volume (hybrid AV) model improves dye description in FRET
distance calculations. (A) Hybrid AV: The ACV (mesh representation) and terminal AV (orange
surface) together make up the hybrid AV. The helix axis of the RNA is assigned as the z-axis
(black line with arrowhead pointing outwards) (B) The spatial dye density along the z-axis is
displayed originating from the terminal bases and extending outwards. The dye density (opye)
distribution is described by a combination of the additional AV (AV24 orange), due to end dye
stacking, and the ACV (magenta). The AV2% represents the end-localised trap region while the
contact volume of the ACV may be described as a region of distributed traps. The dye density
along z-axis for the hybrid AV is shown in black dashed lines.(C) Hybrid AV improves
agreement between experimental and calculated (R 4)5 values for acceptor labels near the 3'-
end. The thin dashed arrows are drawn to connect points belonging to the same sample.

The (Rp4)e nypria Values calculated using the hybrid AV model for the acceptor end labels
(Fig. 5.3) is found to be in better agreement with the experimental (Rp,)g .., than the
(Rpa)e.acy from the Free diffusion+contact/Iso model. In comparison to the (Rp4)g 4cv, the
(Rpa)enybria 1S generally longer due to the higher weighting of dye position distribution at
the extreme end of the RNA helix, away from the attachment position which is closer to

the donor label.

5.3 Conclusions
In this chapter, the different dye distribution models used to describe fluorescence labels

for FRET distance calculations were reviewed. A calibration study was performed with 24
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single FRET pairs (Alexa488 donor-Cy5 acceptor) on five double stranded RNA
molecules where FRET-averaged donor-acceptor (DA) distances, (Roa)e, from MFD
experiments and ACV simulations were compared. The Free diffusion + Contact/Iso
model(ACV model) was found to be generally suitable to describe the distribution of dyes
coupled in the internal regions of the dsRNA. However, where n-stacking is prominent,
as for Cy5 labels attached near the helix ends, this model was insufficient. It was
demonstrated that inclusion of prior experimental inputs like anisotropy can improve the
dye model description when appropriately incorporated into the dye model. A hybrid AV
model, a modification of the established ACV model, is proposed. The suitability of the
hybrid AV model for n-stacked end labels is demonstrated by a better agreement between
experimental and calculated (Roa)e. Thus, researchers undertaking FRET studies should
attempt to inform themselves of potential interactions that may significantly alter the dye
distribution around the biomolecule, and incorporate that into the label description for

more accurate FRET-derived structures.

5.4 Materials and Methods

smMFD experiment. Single molecule MFD experiments were carried out and analyzed
by Simon Sindbert, Thomas Peulen and Olga Doroshenko according to the procedure

described elsewhere?6,

Dye simulations. In the simple Free diffusion+lso model'%3242 all allowed positions of
the dye are considered to be equally probable, which allows us to define the accessible
volume(AV) 1%, The dye is approximated as a sphere with radius Raye, tethered to the
biomolecule by a flexible linker of length Link with width wiink 3. The AV parameters were
as follows: for Alexa488, Link =20 A; for Cy5, Link =22 A and in both cases, wink =2.5 A
and Raye= 3.5 A. The attachment point for the labels was the C5 atom when attached to
uracil or cytosine, and the N2 atom when attached to guanine as described in Chapter 2.
The geometric modeling was performed wusing the software Olga
(https://github.com/Fluorescence-Tools/Olga). The structures for the double-stranded
RNAs used for the AV simulations were generated using the Nucleic Acid Builder from

the AmberTools suite of programs 2%7.
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In the free diffusion + Contact/Iso model, an additional volume near the RNA surface with
thickness 2A and dye density calculated from the trapped dye fraction is simulated®. The
experimental input of residual anisotropy was measured by ensemble time resolved
anisotropy measurements according to the procedure described in Chapter 3 and used

to calculate the trapped dye fraction (eq. 4.1)).

The hybrid accessible volume model is a combination of the ACV model enriched by an
additional AV near the helix termini whose weighting is determined from the measured
residual anisotropies. This is applied only for the labels coupled near the helix termini that
stack on the helix end. The weighting for the additional AV is given by the increase of the

residual anisotropy due to stacking:

Too,end — Too,internal (54)

A7/'00,stack -

rOO,end
where the subscripts end and internal refers to end-labeled and internally labeled dyes.

From chapter 3, 7o eng =0.29 and 7o, jnternar =-0.14 Thus Ary, srqcr = 0.49 = 0.5.

The dye parameters employed for AV and ACV simulations are detailed in the main text.
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Chapter 6. Summary

In this thesis, | investigated the environment-dependent behavior of commonly used
organic fluorescent dyes, Alexa488, Cy5 and Alexa647 in distinct biomolecular
environments when they are covalently labeled to various distinct sites in RNA or the

protein, T4 Lysozyme. A total of 104 distinct labels were studied in RNA systems and 21

labels in the protein T4L.

Biomolecular

Protein

Global information

environments studied:

Improve accuracy o
ERET studies

(1) Primary sequence
features

PET quencher proximity
and base accessibility

3' vs 5'- end distinction
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Spatial distribution

Positively charged species

Orientational dye distribution

(1) Structural elements
RNA helix end
RNA junction

(2) Global structure and
shape

RNA shape
RNA groove angle
and effects

(3) Dynamics
RNA bending
T4L hinge bending
Interhelical motions

(4) Interactions
Substrate binding
Unfolding/Denaturation

(1) Exploitation
(1) Develop improved dye models
(2) Choose label position based on
« prediction of properties
« sites to avoid

(2) Corrections

to be applied in calculation of:
(1) ®F A due to (dark) cis-trans
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Figure 6.1. Summary of achievements.

Investigation of the local and global environment-dependent dye behavior on
biomolecules, their application as biomolecular probes and adoption of this knowledge to
improve FRET experiment design and analysis were carried out in 3 parts in my research.

The first part focuses on relatively rigid RNA systems, the second, on the model protein
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T4L, and the third focuses exclusively on developing FRET models for distance analysis.
The experimental techniques included an array of spectroscopic methods and
substantiation of experimental results with simulation studies. (i) Ensemble and
subensemble lifetime studies, to give a glimpse into quenching environments, (ii)
Residual anisotropies to identify sterically constrained environments, (iii) Spectral shifts
from absorption measurements, to indicate the extent of dye-biomolecular interactions,
(iv) FCS studies, to quantitatively evaluate quenching, cis-trans isomerism processes and
global rotation, (v) fluorescence quantum yield measurements to explore the mechanisms
of PET quenching and reveal the extents of static/dynamic quenching, (vi) AV simulations

and (vii) MD simulations.

Achievements of my research studies (summarized in Fig. 6.1)

Chapter 3: Sensing the local environment and global conformation of RNA by

flexibly coupled fluorescent labels

(a) Insights obtained about behavior of Alexa488 and Cy5 fluorophores in distinct RNA

environments in RNA duplexes, three-way and four-way junction molecules.

e Dyes undergo n-stacking with the nucleobases at the helix ends or junctions (Fig. 3.2,
3.3, 3.4, 3.5 and 3.6).

e Alexa488 labels at distinct environments are quenched by dynamic and static PET to
different degrees depending on the sequence (presence of PET quencher, Guanine)
and the n-stacking potential (higher at exposed bases at the helix ends and junction)
(Fig. 3.3, 3.4 and 3.5).

¢ Dye behavior depends on the labeling chemistry employed. A labeling site in the deep
major groove directs the dye linker towards the 3’ end, while the shallow minor groove
provides no directional specificity (Fig. 3.1 and 3.2) so that dye distributions and
orientations are distinctive for different positions on the RNA (Fig. 3.4).

e AV simulations allowed the examination of the difference between the 3’ and 5’ ends,
steric constraints at the junction, difference in major- and minor-groove attached labels
and proximity to suspected interaction sites. It could also predict dye behavior in

relation to the helix end accessibilities (Fig. 3.4).
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e Major RNA-dye interactions revealed by MD simulations: n-stacking, groove and

backbone interactions (Fig. 3.5).
(b) Employment of fluorophores as local and global environment probes

e Fluorophores act as local sensors. From the insights gathered on dye-biomolecular
interactions, we were equipped to sense the unknown environment of a dye-labeled
nucleic acid and potentially assess the dye proximity to the helix ends/junction or
gauge quencher concentration (Fig. 3.6).

e Appropriately chosen fluorophores can also sense the global environment of the RNA,
like the global structure and shape (from FCS, Fig. 3.6), and recognize inter-helical
motions (from anisotropy and FCS studies, Fig. 3.2) and RNA bending
(Supplementary Fig. 3.14 and 3.24).

(c) Analyzed the implications for FRET studies

Understanding dye behavior at different positions provide knowledge that can be applied
to improve the accuracy of FRET results by the careful selection of labeling sites,
modification of experiment design, interpretation of results and choice of dye models. We

therefore examined our results in the context of FRET studies and

e brought attention to problematic labeling sites like the nucleic acid helix ends,
junctions or labeling sites in the vicinity of PET quenchers like guanine, Trp and Tyr.

e Guidelines are provided to recognize potential dye-environmental interactions that
could be detrimental for FRET studies

e Proposals to minimize these effects include avoiding sites with strong dye-RNA
interactions, corrections for Forster radius, detection efficiency and acceptor

fluorescence quantum yield.

Chapter 4: Fluorescent dyes probe the local environment of protein, T4 Lysozyme:

Exploring with experiments and simulations
(a) Discerning the behavior of Alexa488 and Alexa647 in distinct T4L environments.

e AV simulations, together with Brownian dynamics simulations, were shown to be

successful in explaining the experimentally observed photophysical properties of T4L-
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coupled dye labels. The sources of quenching in Alexa488 labels and steric restriction
in Alexa647 labels were revealed.

Alexa488 labels at distinct environments are quenched by dynamic and static PET to
different degrees depending on the sequence (presence of PET quenchers, Trp, Tyr,
His and Met) and the n-stacking potential. Compared to RNA-coupled Alexa488 dyes,
the T4L-coupled dyes exhibit static PET to a much lesser degree and the quenching
mechanism is predominantly dynamic.

Dye-quenching by PET quenchers were boosted in presence of positively charged
amino acids which trap the negatively charged dyes (by electrostatic forces) near to
the quenchers.

There are mainly 2 sources of steric restrictions: (1) Constraints due to dye trapping
at positively charged amino acids like Lys or Arg and (2) due to squeezing within the
cleft volume between subdomains during hinge bending.

Dye-protein interactions were studied on an atomistic scale and shown to exhibit n-nt

stacking, multiple H-bonding and cation-r interactions.

(b) As local and global environment probes

Local sensor: From fluorescence properties of the dyes labeled at a particular position,
the proximity to quenchers, positively charged amino acids, cleft region can be
inferred.

The fluorophores can be used as environmental probes to detect biomolecular

processes like substrate binding and protein denaturation.

(3) Developing dye models for accurate FRET label description:

The different dye distribution models (NPS, AV, ACV and weighted AV) used to
describe fluorescence labels for FRET distance calculations were reviewed.
FRET-averaged donor-acceptor (DA) distances, (RDA)e, from experiments and model
simulations compared.

Hybrid AV model: When there is significant n-stacking, it was demonstrated that
inclusion of prior experimental inputs like anisotropy can improve the dye model
description. A hybrid AV model was developed which showed improvement in dye

description by better correlating experimental and calculated (RDA)e values.
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Conclusion: The investigations carried out in this thesis consolidate the factors affecting
fluorophore behavior as shown in figure 6.2. The work described in this thesis helps
researchers using fluorescence-label based techniques, especially FRET, to avoid pitfalls
during the design of experiments and interpretation of observations. The results
emphasize the importance of accounting for specific interaction sites on the biomolecule
while choosing dye models, in order to significantly improve the accuracy of FRET
experiments. Ultimately, this work emphasizes that the environment sensitivity of dye
labels is not a nuisance; instead they present a wealth of information that highlights the
potential of these labels to inform on the structure, dynamics and hydrodynamic
properties of biomolecules. In this way, this work advocates for the use of fluorophores

as probes to report on local and global biomolecular environments (Figure 3.6 and 4.7).

H-bonding
Linker chemistry . .
_ i , Y 7 -stacking interactions
Dipole orientation of dye o L
X 4

Length of linker f:pé"“!w Electrostatic interactions

N

Linker properties "— Cation-n interactions

Fluorescence quenching by PET Dye confinement

Fluorescence enhancement by AIFE Dye accessibility

Water quenching Global motion

Figure 6.2. Overview of factors affecting fluorophore behavior.
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Chapter 7. Additional methods

This chapter contains details on the corrections applied during the analysis of
spectroscopic techniques in chapter 3, and detailed protocols of the biochemical methods

employed in the course of the work for chapter 4 of this thesis.

7.1  Corrections applied during spectroscopic analysis (employed in chapter 3)
a) Corrections applied during fluorescence quantum yield measurements:

Relative steady state fluorescence quantum yield was measured by comparing to a
standard reference dye using one of the following approaches: Conventional method
based on integrated fluorescence 33 or liIFCS method based on brightness measurement

from low intensity FCS 237,

The measured spectra in both cases were corrected during analysis as described below:
(1) Absorption spectrum — Corrections for baseline & Scattered light.

For baseline correction (constant or linear offset):

To determine a constant offset, select a base point at a wavelength above the S1
absorption range of the dye. The correction with a linear offset requires a second
interpolation point. This A(min) is set in a range of minimum absorbance before the main
band. A generally non-zero absorption there can be taken into account with a dye-specific

value relative to the maximum

f= AA(offset)/AA(max) (74)

Agor = Agzy — b2 —C (7.5)

For scatter correction:
A third interpolation point is necessary A(UV) with a dye specific absorbance value

relative to the maximum.

fu= AA(UV)/AA(max) (7.6)

Acor = Aexp —a(1/2%) —bA—c (7.7)
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(2) Excitation at A(ex) - Inner Filter Effect (attenuation of excitation light).

Model adapted from 369370

F(experiment) x 2.303 * E(A) * Al
Fleorr) = Al il (7.8)
10ED*Lx 4 105(1)* 5 10—E(/1)* >

where E(A) is the absorbance at 1(ex) ; I, is the relative beam position (cuvette centre is
fixed at 0.5); Al is the relative beam width, (0 < Al, < 1 default 0.5).

(3) Wavelength calibration: Absorption vs. excitation
An erroneous wavelength calibration of the spectrometer can be taken into account once
The shift is experimentally determined. The absorbance value relevant for excitation is

then extracted from the absorption spectrum by interpolation.

(4) Fluorescence spectrum - solvent background
The solvent fluorescence spectrum (background) is subtracted from the fluorescence

spectrum of the sample.

(5) Fluorescence spectrum - dark current

Dark current varying over the measurement day (especially with uncooled detectors) is
only partially compensated for, in the subtraction of the solvent spectrum. A dark current
correction must be performed where a fluorescence-free point in the fluorescence
spectrum is used to scale the correction spectrum of the spectrometer. This is then

subtracted from the measured values.

(6) Fluorescence spectrum - Inner Filter Effect (reabsorption of fluorescence)
Reabsorption based on the respective absorption spectrum can be considered to correct

the fluorescence spectrum based on the relative beam position in cuvette.

(7) Fluorescence spectrum - extrapolation (not for reference dye)
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For incompletely recorded fluorescence spectra (due to the excitation being performed at

long wavelengths), the integral signal can be scaled with a constant factor.

b) Corrections applied for polarizer settings in eTCSPC measurements

It was noticed that the emission polarizer was not perfectly calibrated for some of the
measurements. A shift of 1 degree was determined. For the data measured during this
period, the polarizer settings were retroactively “corrected” by reanalyzing the data
accounting for the 1 degree shift of emission polarizer. For this, rotational correlation
functions were derived for any arbitrary angle of polarizer. The following section is the

work from Dr. Oleg Opanasyuk from the Seidel lab.

Deriving fluorescence intensities for isotopically diffusing molecules and arbitrary

orientation of emission polarizer:

The intensity of fluorescence for a given polarizer setup (a,e) is proportional to the

correlation function:
Ia,e(t) X Gae (t) = (pa(o)pe(t))ﬂa(o),ﬂea(t) ) (7.9)

where probabilities p,(0), p.(t) are the probability of the absorption of photon at the time
0 and the probability of the absorption at the time t corresponding. These probabilities in
turn are proportional to squared scalar products of unit incident (a) and detection (&)
polarizer vectors with corresponding the unit absorption transition moment (TM) at time O
(u,(0)) and the emission transition moment at time ¢ (u.(t)).

pa(0) = Pa,0 la” - ”a(o)lz

A
Pe(t) = Pep € - 1 ()] (7.10)

In eq. 7.9 the averaging is done over positions of absorption TMs at the time 0 (Q,(0))
and mutual orientations of the absorption TM at the time 0 and the emission TMs at the
time t (Q.,(2)).
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Let’s define the laboratory coordinate frame as shown:

R Eon
“n
Detection ¢umm

direction ’ Incident

dirartinn

In this frame the incident and detection polarizer vectors are given by:

0 sin ¢
a’":<0>; 8(p:< 0 > (711)
1 cos @

Let us also assume that orientations of molecules are distributed isotopically at time 0
and that they diffuse isotopically. It can be shown that for such setup the orientational part

of the correlation function (with factor p, op. o omitted) take form:

G t) = % + %(3 cos?p—1)7r(t) | (7.12)

with factor r(t) given by:

3 )
r(t) = EZ M® M(gz]) <D,-(f)(ﬂea(t))>9 o (7.13)
ij ea

()

where M7/, Mézj) are second order components of spherical tensors of the absorption

and emission transition moments in the coordinate frames aligned with eigen vectors of

p®@

molecular diffusion tensor; i (Qea(t)) are elements of Wigner D-matrix of the angle

(Qpq(t)) between absorption and emission vectors.
The substitution of standard emission polarizer angles gives next expressions for

fluorescence intensities:

@=0% I,@®)=L(1+2r@));
@ =90 [,,.(®) =1(1-r@®) ; (7.14)
@ = magic angle: I (t) = I,
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The time dependent factor r(t) is equal to the fluorescence anisotropy, which becomes
clear from substitution of intensities from the eq.7.14 to the standard definition of
anisotropy:

L@ —5h, & _ gu® —g1.® _
L@ +2L,.@) g +2g,.(6)

r(t) (7.15)

Thus, the eq.7.13 is the expression of a fluorescence anisotropy in terms of orientations
of transition moments relative to molecular coordinate frames and some time dependent
factors (Dj(iz)(Qea(t)))ﬂea(t)which can be easily calculated as functions of the diffusion
tensor of molecules.

Errors introduced by the emission polarizer errors to the total fluorescence
intensity

Using eq.7.12 and 7.14, we can calculate the relative errors to the total intensity measured

by the magic angle and combination methods.

Iy(A
81o(Ag) = 0(1090) _

magic angle: I (Ap) = (3 cos?(py +Ap) — 1) 1; @y =~ 54.7°
combination: SIS (Ap) = sin® Ap r

1

(7.16)

—— magic angle
401 —— combination

Slo(Ap) /1, %

T T T
-10 5 0 5 10
A¢, degrees

Figure S7. Comparison of relative errors in fluorescence intensity introduced by the emission
polarizer by different measurement methods.
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So, the magic angle method is much more prone to errors caused by inaccuracy of the
emission polarizer. However, it should be noted that the combination method is prone to

errors caused by erroneous g-factor and IRF measurements.

7.2 Biochemical methods (employed in chapter 4)

The biochemical protocols detailed below33 were followed to achieve dye-labeled T4L
samples for fluorescence studies in Chapter 4. The T4 lysozyme mutants were cloned
into the pET11a vector (Novagen®, Merck KGaA, Darmstadt, Germany). For the
expression of proteins with the unnatural amino acid pAcPhe, the pEvolv-AcPhe plasmid

was used.
a) Site-directed mutagenesis

In order to insert a specific mutation in a protein, the respective codon in the gene of
interest is modified using site-directed mutagenesis. This is accomplished with one
temperature-gradient PCR and one complementary pair of primer carrying the modified
base triplet. For each mutation, five reaction mixtures for scanning five different annealing
temperatures were prepared, with each mixture containing 5 pl 10x Pfu buffer +MgS04,
1ul ANTP mix (10 mM each), 10 ng DNA template, 0.5 ul forward primer, 0.5 ul reverse
primer, filled upto 49 ul with ddH20 and 1 pl of polymerase added at last step. The five
different annealing temperatures used are (tm-x) °C, where tm is the primer melting
temperature and x = 5-10. In the PCR program, the temperature gradient (Tgrad) across
the PCR sample heating block is chosen such that the slots where the 5 different samples
are kept, receive the chosen annealing temperature. Then the PCR program is: 95 °C (3
min) = 95 °C (30 s) 2 Tgrad (30 s) > 72 °C (12 min) > Repeat previous 3 steps 25 times
—.72 °C (15 min) - Store at 4 °C. In order to digest any remaining template DNA that
was not mutated in the PCR, 0.5 pL of Dpnl enzyme was added at 37 °C and kept for 1
hr. Subsequently, 10 uL of each reaction mixture was mixed with 5x DNA loading dye(10
mM Tris-HCI, pH 7.5, 0.2 % (w/v) orange G, 1 mM EDTA, 50 % glycerol), loaded onto a
1 % agarose gel and a gel electrophoresis carried out. 2 puL of each positive reaction

mixture was transformed into E.coli DH5a cells.
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b) Agarose gel electrophoresis

In order to check for the successful amplification of plasmids during PCR, we run an
agarose gel electrophoresis. A 1% agarose gel, prepared from broad range Agarose and
1xTAE buffer (40 mM Tris-HCI pH 8.2, 20 mM sodium acetate, 1 mM EDTA), was casted
in a mold and 2 uL of Midori Green distributed in the gel and let to harden for 30 min. The
gel was kept in the electrophoresis chamber and flooded with 1x TAE-buffer. The samples
containing 2 uL 5x DNA loading dye were pipetted into the pockets of the gel along with
5 uL of the GeneRuler 1kb ladder as a size marker. The electrophoresis was carried out

at a constant voltage of 100 V for 30 min. The gels were then viewed under UV-light.
c) Preparation of chemically competent cells

Under sterile conditions,5 uL of the required bacterial strain (DH5a, BL21 etc.) was added
to 5 mL of LB-medium and incubated at 37 °C overnight while shaking. Then 100 mL of
LB were inoculated with 1/100 of its volume with the overnight culture and 1/50 of its
volume with a mix of 500 mM MgClz, 500 mM MgSOa. The cells were grown at 37°C while
shaking until an ODsoo of 0.5- 0.6 was reached, and then harvested in 2 ml aliquots by
centrifugation at 8000*g for 3 min. The cell pellet obtained was resuspended in 1 mL of
TMF-buffer (100 mM CaCl2, 50 mM RbCI2, 40 mM MnCI2) and incubated for 30 min on
ice. The cells were again harvested at 8000*g for 3 min, resuspended in 250 uL of TMFG-
buffer (TMF-buffer, 20 % (v/v) glycerol) and stored at -80 °C until use.

d) Preparation of plasmid DNA

As the first step for preparation of plasmid DNA, a culture of E. coli DH5a cells in LB
medium containing the respective antibiotic was incubated overnight at 37 °C while
shaking. Then, the sonification of the bacterial culture is carried out to obtain the lysate.
This is then further purified with the QIAprep Hispeed Midi Kit. The concentration was
determined using UV spectrometry at 260 nm and dispatched for sequencing to GATC

Biotech (Konstanz, Germany).
e) Plasmid transformation

The plasmid DNA was transformed to the competent bacterial strain, BL21, via heat shock
transformation. The cells were thawed on ice for 30 min and the plasmid was added. For

co-transformation, 30 ng of pEvolv (which carries a Chloramphenicol resistance), and 15
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ng of the Amber-mutant carrying pET11a (which carries an Ampicillin resistance)
plasmids, were added simultaneously. This was incubated on ice for 15 min and a heat
shock applied by placing the cells were for 45 sec at 42 °C. This was followed by an
incubation of 2 min onice. The cells were spun down for 1 min at an acceleration of 13000
*g, redissolved in 250 pl of LB-medium and grown while shaking for 30 min at 37 °C prior

to plating on LB-agar plates containing both Chloramphenicol and Ampicillin antibiotics.
f) Protein production

From the plates containing freshly transformed cells, a colony was picked and incubated
overnight at 37 °C in 100 ml of LB medium containing the respective antibiotics while
shaking at 150 rpm. This is the preculture. Then a large volume (1 or 2 L) of LB media is
taken and inoculated with 1/50 of its volume of preculture and the respective antibiotics
(main culture). The cells were grown while shaking at 37 °C until an OD600 of ~ 0.6 was
reached. Then, the temperature is lowered to 30 °C and the protein production induced
by the addition of 1M IPTG to bring the final concentration in the culture to 1mM IPTG.
Prior to induction and every two hours after induction, a 1 ml sample was taken and stored
to monitor the protein production. 6 hours after induction, the cells were harvested by
centrifugation for 15 min at 10000*g and the pellets stored at -20°C until purification. To
check, whether the protein had been produced, the collected samples were applied onto
SDS PAGE. For a better comparison, samples were normalized to have the same ODeoo

by resuspension in buffer.

For the production of proteins containing the unnatural amino acid pAcPhe, 0.4 g/L of this
chemical was added additionally to the main culture during the inoculation stage and the
cells grown as before. At the stage of IPTG induction, 4 g/L of arabinose was also added

due to the pEvolv-AcPhe plasmid.
g) SDS polyacrylamide gel electrophoresis (SDS-PAGE)
In order to evaluate the purity and yield during the protein production, SDS-PAGE was

carried out. The gels were composed of the upper stacking gel (5 % acrylamide) and the
lower resolving gel (15 % acrylamide). 12 uL of the resuspended protein solutions,
together with 3 puL of SDS loading buffer were applied on the gel. Samples taken from the
growth culture were heated for 5 min at 95 °C prior to application to the gel to release the
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protein from the bacterial cells. After heating, centrifugation is carried out to separate the
proteins from other insoluble bacterial cell fragments. The electrophoresis was carried out
at a constant voltage of 200 V until the dye front reached the end of the gel. After
electrophoresis, the gel was washed thrice with water to remove SDS and then stained
with SimplyBlue™ SafeStain dye (Invitrogen) while gently shaking for 1 hr and viewed

under ambient light.
h) Protein purification

Lysis: The harvested and stored cells after induction were thawn on ice in CatlEX buffer
A (25 mM HEPES pH 7.5, 0.1 mM EDTA, 5 mM DTT). Subsequently, cell lysis was
performed on ice via sonification for three cycles of 30 s ON — 60 s OFF with an
ultrasonicator at 40 % power. Centrifugation for 45 min at 30'000 * g at 4 °C separates

insoluble cell fragments.

lon exchange chromatography (IEX): In an ion exchange chromatography (IEX) the
proteins are separated on the basis of their charge, using a solution of varying ionic
strength. In a cationic IEX (used here), the column material is negatively charged and the
protein is in a buffer with a low salt concentration and a pH value below its pl and is
therefore positively charged. The protein to be purified was loaded on a HiTrap SP
Sepharose FF 5/50 column (GE Healthcare), which was preequilibrated with CatlEX
buffer A. For the whole process, the flow rate was maintained constant at 1.5 mL/min.
After the protein was loaded, the column was washed with buffer A upto 5 times the
column volume (CV) to remove the unbound protein. The different steps (washing, elution
etc.) can be followed in real time by detection with UV/visible light absorbance and
conductivity measurements. For the protein elution, an increasing salt gradient from 0 %
to 100 % CatlEX buffer B (25 mM HEPES pH 7.5, 0.1 mM EDTA, 1 M NaCl, 5 mM DTT)
was applied upto 10 CV. The gradient was achieved through mixing of CatIEX buffers A

and B. Fractions of 2 ml were collected during elution and analyzed on an SDS gel.
i) Protein concentration and buffer exchange

The pooled protein fractions from IEX were first filtered through an Amicon concentrator
(Millipore) with a molecular weight cutoff (MWCO) of 50 kDa to remove impurities of high
molecular weight and then concentrated using a 10 kDa filter. A swinging bucket
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centrifuge was used and the samples periodically stirred to remove any concentration
gradient. For T4L mutants containing cysteine residue, 5mM DTT was added to reduce

the cysteines and incubated for 1 hour before the filtration step.

The concentrated protein was then diluted 100 fold with the desired buffer and
concentrated again and the procedure repeated three times. The concentration of the
unlabeled protein was determined photometrically using the Beer Lambert law at a

wavelength of 260 nm and 280 nm.
j) Site-specific labeling

T4L variants were labeled using orthogonal chemistry. For the sites containing a cysteine
residue, Michael addition between the thiol-group of the cysteine and maleimide group of
the dye derivative was carried out. For the sites with the unnatural amino acid pAcPhe, a

ketoxime is formed with the hydroxyl amine dye derivative.

Michael addition: A fivefold molar excess of dye-maleimide was added to the selected
variant and the reaction mixture was incubated in the dark for 2 h at room temperature in
PBS. Subsequently, the excess of dye was removed. For single fluorophore labeling, the

buffer was exchanged to PBS and the degree of labeling (DOL) determined.

Orthogonal labeling with pAcPhe: After the removal of excess dye, the buffer is
exchanged to Keto-labeling buffer (50 mM Sodium acetate, 150 mM NaCl, adjusted with
acetic acid to pH 4) using a desalting column (Nap5 or Nap10, GE Healthcare).
Immediately after elution, a fivefold molar excess of the dye-hydroxylamine was added to
the protein solution. The reaction mixture is incubated for 72 h in the dark at 37 °C, and
then centrifuged for 30 min at 13’000 * g to remove any precipitated protein. The clear
supernatant was collected and stored. The pelleted part was dissolved slowly in 100 —
300 uL of PBS containing 8 M urea. For efficient refolding of T4L while decreasing the
urea concentration, the clear supernatant solution (containing no urea) was added in
several small fractions to the dissolved pellet, each addition was followed by severe
mixing. To remove the non-reacted dye, the buffer was exchanged to PBS using a
desalting column (Nap10 or PD10, GE Healthcare). The labeled protein was concentrated

using concentrators with a MWCO of 10 kDa. To ensure further removal of free dye, the
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concentrated protein was diluted 15 fold with PBS and concentrated again. This process

was repeated twice, and then the concentration and degree of labeling determined.

k) Determination of labeled protein concentration and the degree of labeling
(DOL)

The concentration of labeled protein ¢, and its degree of labeling were determined via
absorption spectrometry using the following equations:

dF
Sp'd

Cp = (AbSZSO - (Ab5496 ) CfD,ZSO)) ) (7.1)

C
DOLpsgg = AC488 (7.2)
P

Ca647
DOLpgs7 =
Cp

where Abs,g, and Abs,q, are the absorptions measured at 280 nm and 496 nm
respectively, cf is the correction factor with the subscripts denoting the dye (D= donor,
Alexa488 and A=acceptor, Alexa647) and the absorption wavelength. The dilution factor

is given by dF, ¢p is the extinction coefficient of the protein, and d is the pathlength.

For double-labeled samples, the absorption of the acceptor dye in the donor absorption

region must also be accounted for. In this case, the concentration is given by:

dF

Cp = (Ab5280 - [((Abs4% — Absgsg - CfA,496) ) CfDrZBO) + Absgso - CfA'ZSO]) -Ep—'d

(7.3)

and the labeling degree (DOL) calculated using the eq. (7.2) above.
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Frequently used abbreviations

Meaning

Meaning

3wWJ

4WJ
ACV

AIFE

ALEX
APBS
APD
AV

BD

DA
DEPET

DNA

DNA-
PAINT

DOL
ds
DTT

DWT
EDTA

EPR

ESP
eTCSPC
FAM

FCS
fFCS

FISH
FRET
IC
IEX
IPTG

IRF
ISC
LB

MD

Three-way junction

Four-way junction

Accessible contact volume
Association-induced fluorescence
enhancement

Alternating laser excitation
Adaptive Poisson-Boltzmann Solver
avalanche photodiode
Accessible volume

Brownian dynamics
donor-acceptor
distance-encoding PET

Deoxyribonucleic acid

DNA-Point Accumulation in
Nanoscale Toppography

Degree of labeling
double strand
Dithiothreitol (a redox reagent)

Diffusion with traps
Ethylenediaminetetraacetic acid

Electron paramagnetic resonance

electrostatic surface potential
ensemble TCSPC
Fluorescein amidite

Fluorescence correlation
spectroscopy

filtered FCS

Fluorescence in situ hybridization
Forster resonance energy transfer
Internal conversion

lon exchange chromatography
Isopropyl B- d-1-
thiogalactopyranoside
instrument response function
Inter system crossing
Lysogyny broth/Luria-Bertani
Molecular dynamics

MFD

MwCO
NA

NAIFE

NHE
NHS
NMR
NPS
PCR
PDB
PET

pFCS

PIE-
FRET

PIFE
Qy
RIFE

RNA
SCE
SDS-
PAGE

SIFI

ss
SSB
protein

STORM
T4L

TCSPC

™
TMR,
TAMRA
UAA

uv

UV-Vis
VR
wic
WT

multi parameter fluorescence
detection

molecular weight cutoff

nucleic acid

Nucleic acid-induced fluorescence
enhancement

Normal hydrogen electrode
N-hydroxy succinimide

Nuclear magnetic resonance
Nano Positioning System
polymerase chain reaction

Protein database

Photoinduced electron transfer
polarization-resolved fluorescence
correlation spectroscopy

Pulsed interleaved excitation-
FRET

Protein-induced fluorescence
enhancement

quantum yield

RNA-induced fluorescence
enhancement

Ribonucleic acid

Saturated calomel electrode
sodium dodecyl sulfate
polyacrylamide gel electrophoresis
Stacking-

induced fluorescence increase
single strand

Single-strand DNA-binding protein

Stochastic Optical Reconstruction
Microscopy

T4 lysozyme (Lysozyme of
bacteriophage, T4)
Time-correlated single photon
counting

transition moment

Tetramethyl Rhodamine
unnatural amino acid
Ultraviolet

Ultraviolet-Visible
Vibrational relaxation
Wobbling-in-cone
Wild type
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Introduction

I'he measurement of Forster resonance energy transfer
(FRE'L) [1°%,2°°,3] from a doner (D) to an acceptor {A)
fluorophore has become a popular biophysical method
that can yield unique insights into the structure and the
structural exchange dynamics of labeled biomolecular
systems. FRE'T has applications in two major research
arcas, 'L'he first application makes use of the high time
resolution and single-molecule capabilities to study the

kinctics and to detect intermediates of exchanging sys-
tems with a limited number of DA pairs [4]. T'he sccond
application utilizes FRE'L" to study structures of biomo-
lecules in solution using a larger number of DA pairs, to
obtain detailed structural insighes on biomolecules in
solution [5]. 'T'he first approach is successful in correlating
structural dynamics and function by directly mapping the
timescales of exchange and the pathways between con-
formational states with biomolecules on the single-mole-
cule (sm) level [4,6]. Various equilibrium processes were
studied such as folding of proteins [7,8] or nucleic acids
[9—11], assembly and disassembly of complexes [12-14],
and enzvmatic cveles [15,16]. A versatile set of single-
molecule based measurements and analysis techniques
allows one to cover a wide range of time scales ranging
from picoseconds [17], tens of nanoseconds [18,19],
microseconds [13,20%,21%,22,23" 24°] to milliseconds
and seconds [25%,26,27**]. Morcover, perturbation tech-
niques such as temperature modulation [28] and micro-
fluidic mixers for non-equilibrium experiments [29°]
widen the use of smFRET experiments even further.

In the second approach, FRE'L" 1s applied as a spectro-
scopic ruler for quantitative structural studies by measur-
ing a larger set of single-pair DA pairs, which is necessary
for interrogating the most important degrees of freedom
of the system (i.e., the data sparseness must be sufficient-
Iy low [30*]). In the absence of prior structural knowledge,
such a set should ideally be a connected network, Pio-
neering work on the ensemble and single-molecule level
determined quantitative FRET-hased scrucrural models
of essencially static systems such as polyprolines [5,31],
various nucleic acids [32-34.35%], and large biomolecular
complexes [36,37]. This approach benefits from single-
molecule methods, which increase the effective resolu-
tion, to discriminate among coexisting states in solution.
Combining methodologies of both major application areas
harbors the potential to resolve structural models of
dynamically exchanging coexisting states.

FRET measurements can only report inter-dve distances,
and the number of FRET pairs is limited. Tntegrated
methods can leverage experimental data that by itself
would be insufficient to determine structures wich satisfac-
tory accuracy [38,39]. Therefore, integrative structural
modeling relying on molecular simulations as well as
IFRET data is cssential for achieving FRET-based
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atomistic structural models. In the following article, we
refer to this hybrid approach as hybrid-FRET modeling.
Duc _to the long-range FRET information (typically 20—
100 A), the hybrid-I'RIET modcling approach is cspecially
suitable to characterize the tertiary, super-tertiary [40], and
quaternary structures of biomolecular systems. Benchmark
studics for PRIV -restrained structural hybnd modeling of
stal structures

biomolecules and their complexes versus cr
have demonstrated the accuracy of the integrative approach
|417,4277]. A dramatic improvement in the precision and
accuracy (root mean square deviation (RMSD) of 0.5 A) is
achieved by explicitly considering spatial distributions of

dyc positions, which greatly reduces uncertaintics duc to
flexible dye linkers [42°°].

T'here are many reasons for furcher improving FREET-
based structural modeling. In view of the huge dynamic
time range from picoseconds to hours that can be covered
by fluorcscence, smFPRET cxperiments and  hybrid-
FRE'T modeling arc an especially promising combination
to determine structure and dynamics sunultancously.
Many other biophysical techniques have shown that a
dynamic view on protein structures can give many im-
portant insights because the dynamic propertics control
their functions, as shown for various research areas such as
signaling [43], enzymatic catalysis [44], (misHolding
|45,46], and modulation of allostery [47]. Several struc-
turcd [48-50] and partially unstructured [51,52,53°| pro-
teins were characterized by the FRET approach. Even
dynamic and large biomolecular systems were studied
such as ligand-induced conformational changes of the
membrane-bound SNARE complex [54] and the confor-
mational dynamics of single HIV-1 envelope trimers on
the surface of native virions [35].

I'he dynamic smFREL" experiments combined with in-
tegrative modeling should be especially useful to detect
and directly characterize the conformational heterogeneity
of biomelecules in the presence of thermally excited
conformational states with a lifetime in the microsecond
time range, which complements recently improved NMR
spectroscopy methods [56]. Moreover, there are many
reasons (e.g., limited solubility, unsuitable molecular size,
limited stability, inadequate purity, or large conformation-
al heterogeneiry) why the structures of biological macro-
molecules often prove intractable to mainstream structural
biology methods (i.e., crystallography, NMR spectrosco-
pv, and cryo-electron microscopy) [38]. Exploiting the
time resolution, sensitivity, and selectivity of luorescence,
integrative structural modeling, combining FRE'L experi-
ments with computer simulations and comparative protein
structure modeling [57] as prior information is developing
into a promising complementary method for structural
biology of dynamic biomolecules.

"I'his perspective article focuses on advances in FRE'L-
based structural modeling and the application to dynamic

hiomolecular systems. To this end, we firsc review FRET
technigues that can yield information for structural
modcling of biomolecules. We then summarize the cur-
rent state of the are techniques for modeling the FRET
dyce label behavior, which is important for FRE [-based
structural modeling. Subscquently, we introduce a typical
workflow for hybnd-I'RET modcling, which is then
applicd in a test case. We demonstrate an application
of fluorescence methods to a three-stace model system to
show the potential of FRET-based structural modceling
and to assess the currently achievable precision and
accuracy. IFor this test case, we introduce an automated
procedure for determining the most informative single-
pair FRE'T labeling sites and simulate experimental data
under realistic conditions, which are then used for scrue-
tural modeling. In the outook, we discuss the potental
direetions for future improvements with respect to ex-
perimental techniques and computational modeling to
improve the precision and accuracy of hybrid models.
Finally, we discuss applications of hybrid-FRE'L" meth-
ods in tmaging to realize an integrated moelecular fluores-
cenee microscope combining optical and computational
microscopy (l.e., coarse-grained and all-atom molecular
(dynamics) simulations) [38] to describe suitably labeled
biomolecular systems by atomistic structural models.

FRET-based structural modeling

Experimental techniques

Considering the conformational specics (), FRET be-
tween the tethered fluorophores D and A with the DA-
distance R®”;, is characterized by the vicld of cnergy
transfer from 1 to A, usually called transfer efficiency £
or FRE'I" efficiency (Eq. (1a)). "This yield is the ratio of
the rate constant #7gyy relative to all other processes
depopulating the excited donor with the total rate con-
stant £p0. Eq. (1b), derived by ‘Theodor Forster [1°%,2°7],
allows one to compute B, in units of the coupling
constant Ry (Forster radius). Ry is specific for the used dye
pair. It depends on the refractive index of the medium #,
the spectral overlap integral of the D fluorescence and the
A absorption spectrum J, the factor «° for the relative
orientation of the 1) and A dipole, and the D fluorescence
quantum vield in absence of an acceptor, @, ;o) [3].
ke !
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The FRET-efficiency E can be determined by fluores-
cence intensities of the sensitized acceptor emission £y
and the quenched donor fluorescence #5 (Eq. (1¢)). T'he
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accuracy of F relies critically on several factors: (1) the
purity of the samples, that is, the Donoer-only reference
fora correct calibration and the degree of labeling of the
FFRET sample; and (2) the propertics of the labels and
the sctup. 'The sctup and the samples should be carcfully
characterized for computing the experimental calibration
factor y = (x4 £aPr )NgnPr piy) given by the spec-
trum-dependent detection efficiencies of the 1D and A
fluorescence (gp and gy), and the fluorescence quantum
vields @y 0y and @44 of 1D and A respectively. Often
@z iy and gy are assumed to be identcal for all
conformational species (for details and a more complex
analysis, sce [59°%,60°°,61°]). In singlc-molccule experi-
ments, the exciration irradiances are usually high. Thus,
saturation effectes of che fluorophores due to formation of
long lived dark-states must be considered 1n the fluores-
cence quantum yield. For example, the eyanine-based
acceptor dyes such as Cy5 and Alexa647, undergo photo-
induced cis-trans isomcerization 62|, such thar the frac-
tion of brighe trans species x; 4 drops significantly below
one. x54 can be obtained by analyzing the aceeptor
autocorrelation function of the FRET experiment

[63,647].

T'ime-resolved measurements of donor fluorescence
decays f{#) by, for example, time-correlated single pho-
ton counting (1'CSPC) are useful for precise FRE'T
measurcments, because they offer three main advan-
tages. (1) The FRE'D cfficicney can be determined
without instrumental calibrations via the excited state
lifetimes 7 of the D-only reference sample 70 = Vo
and  the DA samplc t(’)D,_,U =(1kpo+ VA wop)
(Eq. (1d)). "These correspond to the slopes of the decay
curves {see Box 1, panel 1). {2} T'he joint decay analysis
of the D-only reference fn(#) and the FRE'L sample
Joeafs) allows relating the FRE'L rate constant A
direetly to R, (Eq. (2), for details see [65]). (3) The
curvature of fpy)(#) contains information on the hetero-
geneity of the FRE'L" sample such that a distance

distribution x4 gy} with species fractions ¥

can

directly be resolved (Eq. (2)).
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Depending on the complexity of the sample, FRE'T'
experiments can be performed on the single-molecule,
sub-ensemble (selectively averaged single-molecule
events), and ensemble levels, where each technique has
its advantages. Intensity-based ensemble FRE'T measure-
ments are relatively easy to perform; however, these
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experiments vield only average observables due to ensem-
ble averaging over the mixture of the molecules in the
sample (Eq. (3)), and the sample must be well-character-
ized (purity, degree of labeling, homogencity, fluorcs-
cenee quantum yields of D and A) °|. Ldeally, for
such a mixwure of V specics with fractions x™ and transfer
cfficicncics £, the average transfer cfficiency is given by:

N
k=Y 0El (3)
=

Singlc-molccule measurements are currently the most
common type of FRE'I" experiments, becausce they can
resolve distributions of FRIET observables and provide
kinetic information over 13 orders of magnitude in time.
"I'he main advantage of sm fluorcscence spectroscopy is
the ability to resolve static (muluple distinguishable
static states) and dynamic (interconverting states) hee-
crogencitics. There are two main measurement sctup
types forsmbF RE'L which differ significantly in their time
resolution: (1) toral internal reflection fluorescence
(I'IRF) microscopy [66°] with emCCD camera detection
and (2) confocal detection with fast single-photon count-
ing point detectors [67]. I'1RF is widely used for immo-
bilized molecules. T'he experimental time resolution is
usually limited by the frame rate (~60 Hz) of the camera.
Recently IParooq and ITohlbein [68] prescented a gener-
alized cxcitation scheme (SALEX) that combinces the
concepts of alternating laser excitation (ALEX) [69,70]
and stroboscopic dlumination [71,72] to improve the
time resolution at least 10 fold. Confocal setups can be
used for studying immobilized and freely diffusing mole-
cules. Felekvan ef af. [73] presented a dead-time free
configuration with four detectors and two data acquisi-
tion boards, which enables time-resolved measurements
over 15 orders of magnitude in time (Box 1). ‘I'he immo-
bilization of single molecules on a coated glass surface
can be either directly accomplished via tags [66°] or
indirectly via encapsulation in a liposome, which is
immobilized afterwards [74].

Sm experiments with confocal detection of freely diffus-
ing molecules are characterized by reproducible and
stable deteetion cfficiencies. In combination with pulsed
excitation or pulsed interleaved excitation (PIE) [64°,757]
tune-resolved Huorescence spectroscopy with multi-pa-
rameter fluorescence detection (MFL}) [60°°,76,77] can
be conveniently realized for all FRE'L relevant fluores-
cence observables in a single measurement with the same
sample. Most importantly, time-resolved anisotropy de-
cay curves are obtained to estimate the uncertainty of the
FRE'I' orientation factor &7 [61°]. Additionally, a series of
combined 2D fluorescence parameter histograms can be
generated, which allows determining all necessary
FRE'L' calibration parameters [60°°,64°]. Finally, MFD
increases the species selectivity, which is essential for
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Box 1 A combination of fluorescence spectroscopy methedologies records dynamics over 15 orders of magnitude in time and captures a large
variety of biologically relevant processes such as conformational transitions or folding/unfolding events [22,29°,60°%,150].

The fluorescence lifetime of typical fluorophores decays in the pico-secend to nanosecond range and sets the lower limit to interrogate
conformational dynamics. The upper limit is set by the time a single molecule can be observed. Immobilized molecules can be studied for seconds
while fluorescence bursts due to freely diffusing molecules are observed only for miliseconds in confocal setups.

Experimental information can be obtained by (1) time-correlated single photon counting (TCSPC) histograms, (2) fluorescence correlation
spectroscopy (filtered FCS), (3) burst-wise single-molecule analysis, and (4) the analysis of FRET efficiency traces. The influence of the exchange
dynamics on the observed data is outlined for a system with two FRET states, Low-FRET (LF) and High-FRET (HF), which are either in fast (sub
millisecands, lower row) or in slow (seconds, upper row) exchange.

(1) In the analysis, fluorescence decays of FRET rate constants of HF and LF are averaged over the fluorescence lifetime of the dye {nanoseconds).
Therefore, a joint analysis of a FRET sample and a D-only sample (shown in green) provides a static picture of a molecular ensemble and
decomposes into HF and LF components shown as dashed dark yellow and cyan lines, respectively.

(2) In FCS, fluorescent photons are correlated to provide kinetic information in the submicro-second to milliseconds regime. Filtered FCS (fFCS)
additionally utilizes the photon distribution with respect to an excitation pulse [237] to highlight the kinetic exchange between the HF and LF
species by the species cross-correlation functions (SCC, black dots). If the kinetic exchange is significantly slower than the observation time
(tyirr— diffusion time), no correlation is observed. Otherwise, a pronounced anti-correlation in the SCC is visible, which is analyzed (red curve) to
yield the relaxation time (fz) of the HF/LF exchange.

{3) In burst-wise analysis, fluorescence is integrated aver milliseconds to provide the FRET efficiency and fluorescence lifetime of freely diffusing
single molecules. A 2D-histogram allows interrogating the kinetics between states and reveals dynamics by changes in the shapes. Theoretical
static (black) and dynamic FRET lines (red) serve as references for the location of the FRET populations in the 2D parameter histograms. A shift
of the observed population towards longer lifetimes with respect to the static FRET line indicates conformational dynamics.

(4) By recording fluorescence intensities of immebilized or liposomal encapsulated single molecules ever a longer time with a lower time
resolution, processes significantly slower than the typical burst duration (:>ms) are interrogated. FRET efficiency time traces of single molecules
reveal stochastic jumps between HF and LF if the integration time of each frame is shorter than the dwell time of the state (upper plot); these
jumnps are averaged if the dwell time of the states are shert (lower plet).

Box 1
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Fluorescence timescales to study molecular kinetics using FRET.

sub-ensemble TCSPC of sub-populations, that is, selec-  To perform quantitative FRET measurements, all pro-
tive averaging by integrating all single-molecule events of  cedures for determining che calibration factor yin Eq. (1)
a resolved FRET species to reduce the data noise dra-  (TIRF [66°,78,79°80], canfocal [60°%,64°]) rely on well
martically (for derails, see Box 1). characterized standards, which are usually DNA rulers
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labeled with a FRET pair using the dves of interest. A
worldwide consortium of research groups on FRET is
currently working to cstablish a set of common recom-
mendations for measurement procedures, data analysis,
and joint reference molecules to maximize cthe accuracy of
the FREET observables measured in differenc laborate-
Tics.

Description of the labels

Both EPR spectroscopy with the double clectron—clec-
tron resonance (DEER) method [81] and FRET spec-
troscopy  are  frequently  used to  obtain  structural
information on proteins by sclectively coupling labels
via flexible linkers (i.c., nitroxide spin-labels or donor
and acceptor dyes, respectively). Thus, the labels can
explore a large conformational space, such that a discr-
bution of inter-label distances rather than a single inter-
label distance is observed experimentally. In structural
analysis, both techniques face the same problem of de-
scribing the localization of their respective labels and
connecting the measured distances with structural infor-
mation on the protein. This is a typical inverse problem,
where both EPR [81-84] and FRE'L' [42°%,85%%,86%]
spectroscopics have developed similar solution strategics
of assuming a structural model to compute a specific
distance distribution between the labels and comparing
the sunulated and experumental values. Analogous to
super-resolution microscopy, where the knowledge of
the optical point spread function allows for localizing
single emitters far beyvond the optical resolution limit,
a detailed knowledge of the label distribuaon for a given
biomolecular structure is required to maximize the struc-
tural resolution of the respective technique. The so far
used dve models are reviewed in this section, and their
implementation in various toolkits for integrative FRE']-
based structural modeling 1s described o Section ‘Pro-
cedures for hybrid-FRE'T modeling’.

All-atom molecular dynamics (MD) simulations [33,87-
93] seem to be the most appropriate solution to describe
the label localization in integrative modeling (Figure la—
¢). However, while the relevant time-scale of fluorescence
and biomolecular dynamics covers picoseconds to hours
(Box 1), current MDD simulacions reach anly the micro- to
millisecond timescale. Furthermore, MDD simulations are
time-consuming and limited in their capability to sample
the conformational space, in particular since the dye
distribution changes with conformational changes of
the biomolecule. MD simulations [87,89,94] as well as
experimental fluorescence [61°,95,96°] and EPR [97]
studies find long-lived conformational states, where the
labels are trapped on the biomolecular surface. ''rapping
of cyvanine dyes is known to change their fluorescence
quantum vields [96%] such that this process is utilized by
others for probing protein-nucleic acid interactions by
protein-induced fluorescence  enhancement (PIFE)
[98,99°]. "I'o avoid quenching and mobility reduction
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by the surface effects, most commercially available dves
used for FRET experiments have long flexible linkers
(~20 A), and the fluorophore carrics sulfonic acid groups
for improved solubility. "T'he large flexibility of the linker
also ensures a high orientational mobility of the dyes such
that the assumption of the 1sotropic average for the dipole
orientation factor {i.c., K= 2J3) is feasible, which 1s an
important factor determining the accuracy of distance
calculations by FRE'T" mecasurements. In conclusion,
the atomistic treatment of dye labels, together with the
biomolecular system, by MDD simulacions 1s helpful for
analyzing protein label interactions. TTowever, 1t is cur-
rently not feasible to use MID simulations as a rapid
routine method to predict the conformational sampling
of the labels, which is needed for finding the structural
model wichin a large ensemble that 18 most consistenc
with FRE'L" data, as shown below.

Computationally faster algorithms usc a coarsc-grained
representation, ¢.g. the label is approximated by a flexibly
linked sphere (183,857, sce Figure 1a—c), to compute the
sterically allowed aceessible volume {(AV), which repro-
duced MD simulations well [617]. "The use of a geometric
scarch algorithm reduces the computational time for the
AV of'a single FREI'label to less than 50 milliseconds on
a conventional desktop computer [42°°]. "I'he computed
AV represents uniform population densities pp,, of the
spatial dye localizations (Iigure 1d). The mesh represents
the surface of the dye positdons most distant from the
attachment point and includes all sterically allowed dye
positions. T'o compurte fluoreseenee obscrvables the spa-
tial population densities pp,(x,y,2) of the dye localizations
is needed. '

‘I'wo convenient assumptions for limiting cases were
wnitially used for the models describing the spatal and
orientational dye density in various hybrid-FRE'L' model-
ing approaches: (1) T'he original dye model of the Nano
Positioning System (NPS) assumed a label adopting a
single position with 4 defined conformation of the linker
and the fluorophore wobbling in a cone (Lecalized aniennal
Single cone model) [85°*]. 'I'his means that all fluorophores
of an ensemble of molecules are located at the same
position (defined by a delta function §) with respect to the
macromolecule: p;,(x,3,%) = 85553 ny %y Since the po-
SIUON (X pye¥oyedngs of the dye is initially unknown,
multiple measurements are used to localize it within a
credible volume for a given confidence level (Figure 1d,
lett). (2) As an approximation of a freely diffusing fast
rotating dve all orientations and all positions within the
AV are equally populated; 0,),(%,1,2) is constant and the
fluorophore is isotropically oriented within the AV (Free
diffusion{lso model) [42°°,617]. I'he effect of different dye
models on the spatial population densities pp,fx,1,2)
along the vector R, pointing from the linker attachment
site to the mean dye position in the AV, is visualized in
the lower panel of Figure 1d.
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Figure 1

Atomistic dye description
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Description of fluorescent labels in simulation. Treatment of dye labels in FRET-based modeling. {a) The donor and acceptor dyes, for example,
Alexa488 C5 maleimide {green) and Alexa647 C2 maleimide (red), respectively, are typically attached to the biomolecule via long (~20 .5\] flexible
linkers. {b) Dye labels attached to the protein Atlastin-1 (grey surface} to give an impression of the sizes. Quenching aminc acids on the protein
surface are highlighted in orange. (c) Molecular dynamics simulations provide the spatial distribution of dye molecules. {d) Representation of
coarse-grained dye labels. On the top different dye representations are shown. On the bottom the spatial density 5, along a vector R starting at
the attachment point in the direction of the dye mean position is shown for the correspending dye models. The original Nano Positioning System
(NPS) [85"*] assumes the accessible volume as prior information {uncertainty), which is reduced by a set of FRET measurements with fixed
satellites resulting in an uncertainty distribution {red) of a putatively fixed localized dye (antenna). The orientation of the dyes follews a diffusion in
a cone model highlighted by a pictogram. Following R, the dye is located at a specific position (vertical red line} with an uncertainty. Accessible
volume (AV, mesh) models provide the sterically allowed space of the dye molecule attached to the protein as calculated by the FPS program
[42°7]. Hers, the linkers of Alexa488 and Alexa647 are approximated as flexlble tubes with width of Ly = 4.5 A and length of Ly, = 20.5 Aand
Limg =210 A, respectively. Three radii were used to describe the dyes (5. 0A 45A, 15 A) and {11.0 AATA 15 A) for Alexad88 and AlexaB47,
respectively. The large sphere indicates the mean dye position. For a dye freely diffusing inside of its AV a uniform spatial distribution is assumed.
The accessible and contact volume (ACY, [102]) provides a similar description as the AV, but defines an area close to the surface as contact
volume (violet). In this figure the density ppy, in the contact volume is weighted six times stronger and defined as part of the AV that is closer than
3 A from the macromolecular surface. For the corresponding model, where a dye freely diffuses within the AV and its diffusion is hindered close to
the surface, the spatial density po,. along R is approximated by a step function: ppys (R < 3 A) 6 poys (R 3 A) The weighted accessible volume
is a modification of AV where pny. along R is approximated by a Gaussian chain-inspired empirical weighting function [101]. To illustrate the effect
of the proposed weighting of op,. the weighted AV is colored from blue (high density) to red (low density). (e) Comparison of the normalized
spatial population densities pp,. of the above dye models.
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More recently, other dve models were suggested
[100°,101,102]. To consider small fractions of fluorescent
fluorophores trapped on the biomolecular surface [102],
the classical AV description was exeended (using the #ree
diffusion{lso model) by defining an additional interacting
surface laver (the contact volume of defined thickness is
highlighted in viclet in Iigure 1d) with a preferential
surface residence of the dye, which may be approximated
by a step function. 'This surface preference is specific for
the dve and the labeling site. This combination yiclds the
Free diffusion + Gontact/Ise model for an accessible and
contact volume {ACV), which predicts the compaction
of the spatial dye distribution due to trapped dye fractions
without significant incrcase of the compurational cost.
TTifig ez a/. [101] introduced a weighted AV description,
where the densides ppy are cnriched by cmpirical
weighting with a Gaussian funcoion leading to a higher
local dye surface preference but only close to the attach-
ment  point  (Gaussian-chain  (GC) diffusion/Iso  model)
(Figure 1d.c).

T'he comparison of the normalized densitics pp... of the
four dve models in Figure le shows that the mean dye
positions of an ACV or a weighted AV are closer to the
protein interface as compared to the AV with a uniform
density. "L'his dve model specific shift of the mean posi-
tions becomes unportant for the predicted interdve dis-
tances if the other dye of the FRET pair is attached on
the opposite side of the protein. T'o avoid an arbitrary
choice of dye models, it is important to define rational
criteria based on experimental evidence through observ-
able fluorescence parameters. For example, time-re-
solved fluorescence data map the translational and
orientational dye diffusion and the resuling DA distance
distributions by fluorescence quenching, anisotropy and
FRE'T

So far we have discussed four dye models that have been
developed for synthetic organic fluorescent labels, which
are usually not too large (Figure 1a,b) so that their steric
requirements are small. However, if the more bulky
fluorescent proteins (FPs), such as GEFP and mCherry,
are used as labels in fusion proteins, we have to account
for the significant steric hindrance of the FPs and their
linkers. For this case, self-avoiding wallk (SAW) weighting
of the linker configuration (SAW-Diffusion/iso model) was
applied in our group. 'T'he scaled weighting factors were
determined by computationally tractable M D simulations
for sampling configurations of an explicit linker/label
combination alone, followed by calculations of conforma-
tional free energies to weight each linker/label configura-
tion in the presence of the biomolecule [103]. We applied
this dve model in live cell hybrid-FRE'L' studies for
analyzing the architecture of biomolecular complexes
labeled with FPs ([103,104°], further details see outlook).
Notably, this SAW-Diffusion/lso medel has similar effects
on the conformational space in the AV as the rotamer
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library model that is widely used for the analysis of DEIER
experiments in EPR spectroscopy [81]. Unlike the
weighted AV description, the steric cffects in the
SAW-wcighting lcad to a strong reduction of opye in
proximity to the attachment site so that ppy has a maxi-
mum far away from the surface.

Error estimation

IFor quantitative FRET studies, a number of control tasks
should be performed for an appropriate analvsis and
interpretation of the experimental observables [60°°]:
(1) analysis of the fluorescence properties of D or A by
analyzing multiple fluorescence parameters with respect
o quenching and trapping [37,60°°], which could affect
Ry [105] and the calibration of the intensity-based experi-
ments; (2) interpretation of discrete distributions of
FRET efficiency E and anisotropy in confocal single-
molecule experiments by photon distribution analysis,
which allows scparating structural heterogencitics from
stochastic variacions [106°,107]; (3) validation of the cho-
sen dye model by analyzing (i) the linker-induced dis-
tance distributions of single FRET states by TCSPC or
sub-cnsemble "TCSPC, (Eq. (2)), and (ii} the time-re-
solved anisotropy to scrutinize the dye mobility [61°] for
verifying the assumption of % = 2/3; (4) verification by
sub-cnsemble 'TCSPC and FOS (Box 1) that a population
with a single FRET efficiency is indeed a single species
and thart ic is not narrowed by a dynamic exchange (i.c.
thaticis actually a mixcure of fast inter-converting states);
and (3) verification by functional assays (e.g. binding
constants of ligands, catalytic activity, structural stability
sensed by thermal or chemical denaturation) that the
label does not disturb the biomolecule.

"I'he analysis of FRIET mcasurements provides the inter-
dye distances Rp4 as sparse input data. To take advantage
of this information, rigorous crror cstimation is ncecssary
for integrative modeling such that all uncereaintics thac
have been considered correctly propagate to the final
structural model [30°]. According to the error propagation
rules, the overall uncertainties of the experimental inputes
({the inter-dye distances Rpy) for the scarch of structural
model contain three major contributions.

(1) Insingle photon counting, the statistical relative crror
is inversely proportional to the square root of the
registered photons that translate to the experimental
distance uncertainty, ARf,A(E), via the experimen-
tally determined FRE'T efficicncies £ or FRET rate
constants Agpgy. Systematic error in ARZDA(E) is
introduced primarily by two factors: (1) Preprocessing
of experimental data by approximate fluorescence
models (e.g. Eq. (2)) and (1) Inaccurate instrumental
calibrations and reference samples. Furthermore, if
dynamic multi-component  systems  are  studied,
ARZ, (£) usually also contains the uncertainty due

www.sciencedirect.com

Current Opinion in Structural Biology 2016, 40:163-185

260



170 Biophysical and molecular biological methods

to data ambiguity and incoherence, resulting in
FRET" observables being correlated [307]. 'T'o obrain
a distance set for a specific FRET species (i.e.
conformer) from analyzing a large set of studied
FRET pairs, species fractions and specific kinetic
properties [27°°], which are global (joint) for the
whole data set, are the best choices to assign FRET
observables to the corresponding specific FRET
species. The reason is that a global analysis of
multiple independent datasets by a joint model
minimizes the ambiguity bv making use of correla-
tions herween otherwise independent model param-
eters. A global analysis  procedure  will  be
demonstrated below using a sample test case.

(2) The uncertainty AR%,(«°} of using the correct
orientation factor «° directly influences Ry, so that
the accuracy of the computed distances, Rpjs, 1s
affected. The error range of « can be estimated by
anisoLropy measurements [(‘JL.].

(3) The uncercainty AR, (Rp, Ry) of using an appropri-
ate dye model describing the spatial positions Rp, Ry
of D and A, respectively, influences the accuracy of
predicting  appropriate  distances  from  structural
models.

In the end, all the crrors above propagate to structural
models obtained via sampling of the conformaconal space
and define the accuracy of the structural models with
respect to the true structure and the precision of the
model ensemble.

Procedures for hybrid-FRET modeling

Due to the sparse information provided by experimental
techniques such as FRE'L or EPR measurements, given
the large number of degrees of freedom in atomistic
models of biomolecules, a complete determination of
biomolecular models with atomic resolution using only
these experimental data is impossible. Fortunately,
computational methods can provide complementary in-
formation, such as detailed structural features of biomo-
lecules. At the same time, many computational methods
also face challenges such as sufficient sampling and
correct identification of near-native scructures in a serue-
tural ensemble. The combination of compurational mech-
ods with experimental input within a hybrid approach can
facilitate generation and verification of the detailed bio-
molecular structures [108°], because experimental FRET
data can provide external information on the architecture
of proteins and biomolecular complexes to guide the
modeling procedure.

Although many FRE'I-based structural studies were
performed since Forster’s publication in 1948 [1°7], the
obrained structural models were shown primarily as car-
toons. In recent years, a number of integrative computa-
tional modeling methods [33,51,85%%,86°°,89,109] were
developed to derive and present structural models in a

more quantitative manner. The high accuracy and per-
formance of hybrid-FRET modeling was demonstrated
in two benchmark studies with static scructures [41°,42°°].
In the last decade, many applications for small and large
complex biomolecular systems were published, albeit the
models remained on a rather descripuve level. Consider-
ing flexibly linked dyes, currently three software toolkits,
Nano Positioning System (NPS) 185°7], Crystallography
& NMR System (CNS) [88,110] and FREI-restrained
positioning and screening (FPS)Y [42°7], arc publicly avail-
able; they implement differenc methodologies, use par-
tially different assumptions and dye models. Therefore,

common standards for FRIZT analysis, generally available
joint toolkits with well-defined workflows and widely
accepred procedures should be established to facilitate
quantitative hybrd-I'RIT modeling.

The key to hybrid modeling lies in the fine interplay
between the computer simulations and the experiments
to accomplish the most effeetive synergics between the
strengths of both sides. On the experimental side, accu-
racy 1s achieved by appropriate consideration of spatial
dve distributions, while precision estimation stems from
rigorous crror analysis. Moreover, the establishment of a
statistically appropriate quantitative scoring function for
judging agreement between the structural models and
FREL" observables is far from trivial. ‘I'hree major routes
currently exist to find a struceural model sacisfving FRIET
abscrvables best. First, in the screening approach used by
FPS, computational methods are used to initally gener-
ate a conformational ensemble that 1s subsequently quan-
titatively cvaluated 1n terms of its agreement with the
experimental FRED" data. Second, in the multibody
docking approach, used by CNS and FPS, the integration
of FRE'l' data into the computational modeling is
achieved by addition of experiment-based distances with
corresponding uncertainties as restraings that define a
harmonic potential for the fluorophore center positions
treated as pseudoatoms rigidly connected to the biomol-
ecule [42°7.86"°]. ‘The defined “FRE'I'-forces’ induce
the docking process of the labeled domains and mole-
cules. Many iterations (typically > 10 000) with distinct
starting conditions (i.e. different randomly assigned
arientations of domains and molecules, differenc relative
conformations of flexible domains) are usually performed
for each set of FRE'I" distance restraints to cover the
configurational space. As a third option, the Markov
Chain Monte Carlo (MCMC) [111%°] approach, among
others, allows circumventing the difficulties with geomet-
ric restraints. Examples for the use of MCMC guiding in
conjunction with data from FRE']" experiments include
the generation of an open conformation of Syntaxin 1 [48]
and the determination of structures of large biomolecular
complexes, such as a RNAP complex [36].

Appropriate dye models, in combination with guantita-
tive FRE'L' studies, are crucial for the accuracy of
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integrative modeling. Previously [37,85%°], studies uti-
lizing the toolkit for the Nano Positioning System (NPS)
have assumed the Localized antennalSingle cone model and
have used Bayesian paramcter estimation for three di-
mensional dye localization to extract structural informa-
tuon froma network of FRET measurements. The AV has
been used as a prior, which is refined by experiments to
resolve potential locations of the dyes
volume (posterior). "I'he inclusion of more complex dve
models  into NPS has been  introduced  recently
[100°,112]. In its current stage of development, NPS
tests the consisteney of a given structural model with
DA distance scts by comparing the overlap of these
credible dye volumes ( posterior, depicted in Figure 1d)
with the AVs (prior) of the considered structural model.
Iniaally, CNS and I'PS both used the Free Diffusionf/iso
moelel to consider the distribution of flexibly linked dyes.
In a benchmark study with FPS, docking a DNA primer-
template o [TIV-1 reverse transeriptase, Kalinin ct al.
have shown that it is crucial for the accuracy of the
docked complex to explicitly consider the spatial dve
distribution [42°°]. CNS uscs fluorophore center posi-
tions as pseudoatoms rigidly connected to the biomole-
cule. T'he position of the pscudoatom is taken as the
average position of the fluorophore relative to the mole-
cule as obtained from a molecular dynamics simulation
[86°°.88]. Owing to the explicit treatment of the dve
distance distributions, I'I’S can serve as an appropriate
interface for this experimental input. "Thus addictional
dye models have been included in FPS meanwhile for
improving the accuracy of hybrid-FRICT modeling for
speeific combinations of systems and labels: (1) Free
diffusionflso model for organic fluorophores tethered to
nucleic acids [42°°,61°], (2) Free diffusion + Gontact/lso
model for organic fluorophores tethered to proteins (this
work), and (3) SAW-Dyffusion/lse mode! for fusion proteins
[103,104°]. Finally, Preus ¢ /. [35°] developed the
toolkit FREImatrix for modeling FRE'l" between
probes possessing limited diffusional and rotational free-
dom. ‘L'his oolkit is especially useful for localized fuor-
ophores in nucleic acids as a replacement for one of the
natural bases [113] giving the advantage of reporting
from internal sites of interest.

as credible dye

Currently, structural models from hybrid-FRE'] modeling
cannot be deposited in the Worldwide Protein data Bank
(wwPDB) [114,115]. At present, the authors have two
alternatives to archive the coordinates of suggested struc-
tural models: (1) provide them as supplementary informa-
tion with the publication or (2) deposit them in the Model
Archive (MA, www.modelarchive,org), which assigns a
unique stable accession code {DOID) to each deposited
model. "T'he Model Archive is being developed following a
community recommendation during a workshop on appli-
cations of protein models in biomedical research [57] as
part of the Protein Model Portal (hitp://www.
proteinmodelpaortal.org; [116]). Advantageously, it offers
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the opporcunity to apply consistent assessment and vali-
dation criteria to the complete set of structural models
available for proteins. Morcover, it allows providing in
depth information about the simulations performed and
the parameters and constraints used. Therefore we decid-
cd to depositall data of the presented test case study in the
Model Archive with the IDOIL 10.5452/ma-aZhbq.

Finally, it is important to note that the wwPIB is aware of
the need for a large and gencral repository for structural
maodels of biomolecular systems that have been obtained
by integrative modeling using varied types of experimen-
tal data and theorctical information [38]. Lstablishing
community-wide accepted standards for measuring, ana-
lvzing, and describing FRIET daca is an additional step
necessary for organized dara deposition.

Hybrid-FRET modeling on rails: a case study

Which information can be obtained by a hybrid-FRET study?
The aim of hybrid-FRE'T" modeling is to describe
macromolecules that potentially adopt multiple dynam-
teally exchanging conformations in thermal equilibrium
by three-dimensional structural models derived from
prior structural knowledge and multiple quantitative
FRE']" measurements [42°7.88]. "I'o provide an infor-
mative answer, our hvbrid-FRE'l' modeling procedure
15 organized such that a spectrum of possible solutions
(structural arrangements) is collected from all structural
background information {c.g. X-ray structurcs, homolo-
gy/fcomparative models and/or  at  least  educated
guesses) whose smcabilicy 1s under question. We use
this initial information { prier) in step I of the workflow
considering two perspectives. From the first perspec-
tive, experiments are designed to confirm our prier
structural knowledge. If the experiments prove to be
inconsistent with this preor, we consider the design also
from the second perspective that the experimental
information can be used to generate a three-dimension-
al structural model as posterior hypothesis. "I'o test our
prior (Le. the structural background information), we
seele DA pairs with the largest power in proving our null
hypothesis that the initial structural information is
incorrect (step | of the workflow). We identify such
DA pairs by exploring a range of possible conforma-
tional motions of the system, given the prier knowl-
edge. At this stage, unbiased and extensive coverage of
the structural space 1s more important than the accuracy
of structures or the density of the generated ensemble.
"I'o extract the most usetul information from the system
of interest, we established an iterative workflow for
hybrid-FRE'l" modeling consisting of five steps:

Step I Defining specific questions about the biomolecu-
lar system of interest and initializing modeling by collect-
ing prior knowledge to generate an initial structural
ensemble and to determine the most informative DA
pairs.
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Step TT: Performing calibrated FRET measurements and
quantitative analysis.

Step II: Computational modcling to improve the sam-
pling density of the initial cnsemble guided by the
obtained experimental FRICT data. Tdenofyving the best
structurcs by screening and computing the precision of
the obtained cnsemble.

Step IV: Judging the agreement between the modeled
structure and experimental data to decide whether the
steps I to T should be repeated.

Step Vi sing the quality of the obtained conforma-
tional ensemble with respect to the FRIET data (precision
and accuracy) and to the structural modeling (judgement
by short-range stercochemieal criteria).

Choosing informative DA pairs — an experimental de-
sign problem. I'hc choice of DA pairs for FRE'L experi-
ments 1s an essential initial step. It represents a classical
cxpenmental design problem [117] which influences the
obtained structural model in terms of the precision and
accuracy. More explicitly, the question is, which DA pairs
should be measured such that the obtained information is
maximized with respect to its power to discriminate
structures of the inital ensemble. 'I'wo cases need to
be distinguished for the sclection of IDA pairs. If scructural
pre-knowledge is unavailable or not fully considered, the
localization of the fluorophores themselves is of interest.
T'hus, connceted networks of DA pairs are needed and
the dyes are localized by trilateration  approaches

137,100°].

In the second case, if structural pre-knowledge is avail-
able, usually not all DA pairs are equally informative.
I'herefore it is advantageous to select a small set of most
informative DA pairs because in real experiments, acqui-
sition of reliable data is challenging due to the involve-
ment of multiple steps, that is, mutagenesis, protein
expression, purification, biochemical activity assays and
measurements.

Here, we define distance sets to be the mostinformative if
they lead to the highest expected precision of a structural
model. "I'o achieve high precision with a minimum set of
DA pairs {DAm} for a well-planned experiment, we
formalize the design of (DA™} to automate generation
of FRE'I-based structural models. 'T'hus, we establish a
quality parameter, {A ), for a given {DA""} by defining
its expected precision (uncertainty). First, each conform-
eris used as a reference to compute the reference-specific
precision Ag, for {DA™). Here the precision corresponds
to the weighted average G, atom RMSD over all con-
formers with respect to the chosen reference conformer.
‘I'he weight of the conformer is determined by its confi-
dence in being a worse model compared to the reference

model as judged by squared, error weighted deviations.
Second, the average over the reference-specific precisions
vields (A e To find an informative distance set (DAY,
we apply a greedy backward eliminartion feature sclection
algorithm |118] to minimize (A,.,},.s In this algorithm,
DA pairs that lead to the smallest decline of (A e (ic.
smallest increase in RMSD) were iteratively excluded
from the sct. As the sct of possible DA pairs is limited to
several thousand pairs, the computational burden of chis
algorithm is low cnough to complete within ~24 h on a
desktop PC.

TFor the first itcration of the hybrid-I'RIET modcling
workflow (Figure 3), ten distances sclected
(IFigure 4a). In real experiments, suggested DA pairs
might be discarded to minimize crrors (see Scection ‘LError
cstimation’). Structural aspects relevant for brochemical
activity (binding pockets, stabilizing salt bridges, and so
on) and fluorcscence propertics (quenching amino acids)
should be considered in the sclection procedure to mini-
mize the effects of the labels on the biomolecular fune-
tion and to optimize their fluorescence propertices.

WCIC

Generating hybrid-FRET models for a heterogeneous
system in the presence of fast dynamics for the test case
Adtlastin-1. '1'o study the accuracy and precision of hybrid-
FREl" modeling, we designed 4 test case and simulated a
protein with three cexchanging conformers. The used
structures of the conformers are structurally well-charac-
terized by X-ray crystallography. We simulated typical
data traces of single-molecule RIET experniments with
multi-parameter fluorescence detection for typical con-
ditions [60°°,119]. In this way, the known X-ray structures
can serve as unquestioned references for the assessment
of the structural moedels obtained by hybrid-FRE'L
modeling using our FPS roolkit.

We chose to study the cytoplasmic part (residues 1-446)
of the large G'I'Pase human Atlastin-1, which belongs to
the dynamin superfamily. 'T'his part consists of two
flexibly connected domains, the N-terminal G'1'Pase
domain (G domain) and the C-terminal middle domain,
for which three distinct conformations in the functional
cycle were found by X-rav crystallography. For the simu-
lations of smFRE'L" experiments, we chose the mono-
meric subunits of two crystallographic dimers (PDB-1Ds
305D [120] and 41DN [121]) and a tetramer (PDB-1D
3Q5KE [120]), depicted in Figure 2, named here €y, &,
and 5. 'T'o the best of our knowledge, nothing is known
about conformational dvnamics of Atlastin-1 in solution.
I'hus, in a Gedankenexperiment, we assumed the exis-
tence of a putative dynamic exchange equilibrium with
the linear reaction scheme ¢ — € — G5 (Figure 2).'I'he
conformer €5 differs significantly from the conformers &
and (. In contrast, the structures of conformers ' and €5
are similar to each other (RMSD 3.0 A). 'T'herefore, we
simulated a fast exchange between ¢ and & (kinetic
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Presentation of the test case Atlastin. Overview of the benchmark test system. For the benchmark test, we used three crystal structures of
Atlastin-1, which are termed C4, Cs, and C5 (PDB-ID: 3Q5D (chain A) [120], 4IDN {chain A) [121], and 3Q5E (chain A} [120], respectively). We
simulate the kinetic exchange between C4 and C» 1o be fast, and the exchange between C, and Cs to be slow. QOur task was te recover the

number of other states, their kinetic connectivity, and their structures, given
Spectrascopy.

only the structure (PDB-ID: 4IDN) and infarmation from smFRET

relaxation time Zg ;= 30 ps) and a slow exchange be-
tween (5 and &5 {fpz 3 = 10 ms). In the test case, we
utilized the cryseal structure (P1IIB-1DD: 41I1DN) as a prior
for structural simulations. Note, however, thac all exper-
imental FRICT observables were sunulated from the
three “true’ crystallographic structures to test whether
they could be recovered by hybrid-FRE'T" modeling.
T'hus, we aimed at finding suitable structural models
for €y, C,, and 'y and recovering the kinetic exchange
equilibrium by treating the simulated photon traces
identical to single-molecule FRE'L" experiments using
a data generator (for details see [119]) that generated
photon streams of typical single-molecule experiments
by Brownian dynamics (BD) simulations.

In real experiments, fluorescence decavs are complex due
to DA distance distributions, brightness distributions due
to the confocal excitation profile and experimental nui-
sances such as instrumental response function and detec-
tor dark counts. All these aspects are reproduced by the
simulations of freely diffusing molecules, to generate
realistic photon traces. "I'echnical details are given in
detail in [119] and are outlined below. As in real single
photon counting experiments, the Poissonian statistics
determines the experimental noise and thus the statistical
errors of the subsequent analysis. I'he simulations corre-
spond to ~3 measurement hours with current instrumen-
tation in the Seidel group. In this test case, we want to
studv whether the simulated data of tvpical experimental
quality allows us to recover accurate hybrid-FRET mod-
els and explore experimental limits on their precision.

FRET on rails: Step 1. We started our hybrid-FRE'T'
modcling (I'igurc 3) by testing the null hypothesis thac
our prior will met be described by experiments. T'o design
an optimal sct of 1A pairs for this test, we use the wollic
NMSim to gencerate an cnsemble unbiased by expern-
mental FRE'T data with 40[2 000 conformers (RMSIDD
from PDB-113: 4IDN up to 26 A) as alternative candidates
to the préior. NMSim is a normal mode-based geometric
simulation approach for multiscale modeling of protein
conformational changes that incorporates information
about preferred directions of protein motions inte a
geometric simulation algorithim [122,123]. "I'he obtained
ensemble was clustered and used to select an optimal set
of DA pairs according to three criteria. At first, all residues
that are positioned on the protein surface and are located
far enough from quenching amino acid residues (I'rp,
T'yr, His, Met) [124] were selected. Secondly, from all
pairwise combinations of these labeling positions, those
that result in average inter-dye distances >30 A were
selected. ‘Thirdly, we determined the most informative
distances from a matrix of inter-dve distances as de-
scribed above.

FRET on rails: Steps II + IIL Next, we have to test the
null hypothesis vsing this initial distance set. In real
situdtions, we have to prepare a set of samples and
perform a series of measurements of freely diffusing
molecules. However, in this test study, we replace the
experimental data acquisition by simulations for a set of
10 hypothetical FRET samples wich cthe mixtures of
appropriately labeled Atlastin-1 conformers.

www.sciencedirect.com
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Complete workflow of FRET-restrained structural modeling. Workflow for the benchmark test using three distinct crystal structures of Atlastin-1.
Step I: Starting from the crystal structure (PDB-ID: 4IDN), we generated a conformational ensemble by NMSim, which was subsequently
clustered. From this, we derived the most informative donor-acceptor {DA) pairs, which can distinguish between these clusters. These DA pairs
serve as one of the inputs for the next step. Step II: The previously determined DA pairs, crystal structures, and the kinetic scheme (Figure 2)
were used to simulate smFRET experiments. In the simulations, the molecules randomly exchange their conformation, diffuse freely, and emit
fluorescence if they diffuse through the confocal detection volume. The simulated photon trajectories were analyzed according to Box 1 to yield
for each DA pair a conformer-specific distance and a species fraction x?. This results in a distance set for each of the three conformers, which is
used in the next step. Step Ill: Structural modeling was based on the distance sets determined in step Il and the conformational ensembles
generated in step |. Using fitted distance sets, we applied FRET-guided NMSim to expand the conformational ensemble of each conformer.
Subsequently, we screened the resulting cenformaticnal ensemble with the FPS software to identify conformers that are in agreement with the
simulated experiment. Step IV: A secend round repeating steps Il and |ll, which considers additional DA pairs, improved the discrimination power
and increased the resolution. Step V: The final madels were chosen by selecting those that are within the 6§8% confidence level.

Tn in silico MFD-experiments, we simulace: (1) diffusion of
individual molecules; (2) dynamic exchange of the states;
(3) the confocal excitation profile and observation volume;
(4) the photon emission as Poissonian process, which fol-
lows the conformer-specific fluorescence decay [ f7)

(Eq. (2)) described by the excited state depopulation with
£po and FRE'1-induced quenching with a distributed
F gy due to flexibly linked dyes; and (5) experimental
nuisances such as the instrumental response funcrion (TRF),
background fluorescence and experimental calibration
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Figure 4
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Anzlysis of simulated FRET data. Fluorescence analysis workflow. (a) The distance network used to simulate the fluorescence experiments was
constructed in twa iterations. After a first analysis round (iteration 1, black), the network was extended by additional distances (teration 2, orange).
The analysis workflow is shown for the highlighted DA pair. (b} Cenfocal sm experiments with pulsed excitation (73.56 MHz) and time-resolved
multi-parameter fluorescence detection {i.e. spectral and polarization resclved detection) [60°"] were simulated for every DA pair using a data
generator as described in detail in [119], that generated photon streams of typical single-molecule experiments by Brownian dynamics (BD)
simulations. The fluorescence decay of D and A in absence of FRET was medeled by single exponential decays using a fluorescence lifetime of D
of 7pg =4 ns and A of 7, = 1 ns, respectively. Their time-resolved anisotropies were modeled using mean rotational correlation times of 1ns. The
fluorescence signal was modeled to yield y=1 as calibration parameter. The DA distance distributions were simulated by ACV simulations, which
resulted in an average DA distance half-width of 10.4 A The optical detection profile of the setup was simulated by a 3D-Gaussian, which
decayed at a radius of wg = 0.5 pm (x, v direction) and z, = 2.25 pm (z direction) to a value of 1/e°. To assure single-molecule conditions we
simulate experiments with a mean number of 0.004 molecules in the focus which diffuse with a diffusion time tur= 1.5 ms as defined by FCS.
First, single molecule bursts of the interconverting conformers (Cy, C,, and Cs) were classified in 2D frequency histograms by their FRET-efficiency
and intensity-weighted average donor fluorescence lifetime {1py},. The number of molecules (bursts) is scaled from light grey {lowest) to black
{highest). The 1D histogram of {tp,is is given as a projection on the top. In the 2D-histogram, three peaks a high FRET {HF, yellow), low FRET
{LF, violet) and a peak corresponding to FRET-inactive molecules (D-only, green) are visible. These peaks can be deseribed by static and dynamic
FRET lines. The static FRET line (black) describes the theoretical relationships between the FRET efficiency and {rg;, for all molecules in the
absence of protein dynamics. Deviation from the static FRET line towards lenger fluorescence lifetimes indicates conformational dynamics.
Dynamic FRET lines are defined by the limiting states of the dynamic processes. The FRET-efficiencies and {7py) of the conformers Cy, C,, and
Cj are shown as yellow, magenta, and blue filled circles, respectively. Dynamic FRET lines of the C1-C, transition and a C; — C4/C» transition are
shown in viclet and red, respectively. Cy and C, are in fast exchange (violet arrow) while Cs exchanges slowly with Cs {red arrow). Therefore, only
an average of Cy and C» LF{C4/C.} is resolved. {c) Dynamic PDA (time-window, TW = 3 ms) characterizes the slow Cy — C+/C» exchange by the
analysis of FRET-efficiency histograms (data, grey) by a kinetic two-state model (fit, black ling) and recovers fluorescence-averaged distances of
Cs (33.6 A) and G1/C» (52.5 /:\). Weighted residuals are shown to the right. (d) Sub-ensemble denor fluorescence decay analysis of the LF
population resolves G, and G, as individual compenents. The donor flucrescence decay in the absence of FRET serves as reference. The
instrument response function (IRF) is shown as black line. The magenta region shows the number of photons of the doner quenched due to FRET.
On top of the fluorescence decay, the weighted residuals (w.res.) of a one-component (1 distance, red) and a two-component model {2 distances,
violet) are shown. As visualized by the auto-correlation of the weighted residuals, the one-compenent model is significantly worse and is therefare
discarded (p value > 0.99) (e} Filtered fluorescence correlation spectroscopy (fFCS) computes the species-specific cross-correlation (SCC)
between HF{C3} and LF{C,/Cs}. The species auto correlation (SAC) of C3 recovers the diffusion time iy The presence of two anticorrelation terms
in the SCC indicates three kinetic states. The analysis of the SCC recovers characteristic relaxation times tg; and tg; of the Cy, Cz, and Cy
kinetics.
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factors. Finally, to generate brightness @ and Auorescence
decavys fry 1) for each state in the simulated single-mole-
cule experiment, we used the crystal structures as input.
This involved two steps. First, DA distance distributions
xfRp4) of the sclected FRE'T pair were caleulaced using two
inputs, the crystal structures of ¢, Gy, and Oy, respectively,
and the Free diffusion+Contact{Iso mode! defining the corre-
sponding accessible contact volumes. Second, the obtained
respective xR ps) for Gy, €, and €5 were used to calculate
the FRE'T obscrvables (fluorescence intensity decays fiz)
and transfer efficiencies £} according to Lqgs. (1-(3) (the
assumed Huorescence parameters of the dyes are compiled
in the caption of Iigurc 4). The transfer cfficicncics & were
uscd to caleulate the brightness € as described previously
[60°7]. All simulation parameters are compiled in the cap-
tion of igure 4b.

T'he analysis of the fluorescence signals of the sm experi-
ments simulaced in step IT of the workflow follows the
procedures described in Box 1. First, the brighe fluores-
cence bursts due to single-molecule events with durations
of a few millisceonds were 1dentified and selected 1n the
time trace by separating them from the low background of
1-2 kHz. Seccond, for cach single-molecule burst, all
fluorescence parameters were determined as described
in [60°°]. "T'o check for the presence of exchange dvnam-
ics, the FRE'L" indicators, FRE'L" efficiency £ and the
donor fluorescence lifetime 17,4, were plotted in two
dimensional frequeney MED histograms (IFigure 4b) to
analyze the location of the burses using the static (black)
and dynamic (red) FRIET lines [60°°].

T'he number of conformers and their species fractions
were identified as follows. A time window-based analysis
by dynamic photon distribution analysis (dvnPDA) [247]
resolved the FRE'L averaged distances {(Rpa) . of a small
population (~25%) with high FRE'l' efficiencies, referred
to as HF population, which is in slow exchange with a
second population with a lower FRE'I efficiency (~75%),
referred to as LE pepulation (Figure 4c). 'l'e test whether
these populations are homogeneous, we performed a sub-
ensemble 'I'CSPC analysis of both populations. While the
fluorescence decay of the HF population could be fitted
with a single distance distribution (i.e. a single FRET
species) (Eq. (2)), two distance distributions (i.c. two
FRE'T' species) were needed to describe the decay of
the LE population (Figure 4d). 'T'he necessity of two
FRE'T" species in the LF population was judged by
comparing the goodness of the fits for one and two
distance distributions using weighted residuals (w.res.),
the autocorrelation function (a.corr.) of the residuals, and
X,.ZA Overall, sub-ensemble T'CSPC and PDA analysis
allowed us to resolve three FRE' species. PDA identifies
two dynamically exchanging populations. One of these
populations is resolved into two distinct populations by
sub-ensemble T'CSPC (se’'I'CSPC). We formally assign
the HF population to the conformer (€3) and the LF

population to a dynamic mixture of € and &5, which is
separated from (5 by a large kinetic barrier with a relaxa-
tion time of ~10 ms.

T'o resolve the heterogencity of the averaged {6/}
population, the fluorescence decays of the respecuve
sub-cnsembles for all 10 simulated single-pair FRICT
cxperiments were analyzed by a joint model, which
assumed global species fractions of the {G//€5} popula-
tion and Gaussian-distributed distances. Only this joint
analysis is capable of recovering the experimental global
species fractions x;, = 50% and x; = 25%, which agree
wcll with input values used in the simulation (IFigure 2).
T'he presence of exchange kinctics is independently
detected by filtered fluorescence correlation spectros-
copy (f1°CGS) 123°.119] (Figure 4¢) by computing the
species cross-correlation function (SCCHGC,/GC) — G
that analyzes the exchange between the fase interchan-
ging populations {€,/€} and 5. T"he SCO exhibits two
relaxation times, which is additional evidence for the
existence of three conformational states. L'he fast re-
laxation time 7y = 50 ps exactly corresponds to the one
used in the simulations to describe the exchange be-
tween (O and (. Even though the lifetimes of the
conformers ¢y and € are short (100 and 50 ws, respec-
tively), MFD, se-'I'CSPC and fFCS analvsis unequivo-
cally identified three FRE'L species together with their
species fractions, respective distances and correspond-
ing cxchange kinctics. 'The crrors of these distances
Ak‘.zDA(E) were determined by propagating the experi-
mental noise to the model parameters. As this analysis
revealed three states, we accept the null hypothesis and
reject the initial assumption that the crystal structure
describes the experimental sample.

I'herefore, in step 111 of the workflow, we explore the
information contained in the experiments by screening
the entire ensemble using FPS [42°°]. "L'his screen selects
an ensemble of iteration 1 for the structural models of ¢,
o and O as posterior hypothesis.

FRET on rails: Step IV. 'I'o improve the precision of our
posterior model, we performed the iteration step IV by
repeating the DA pair selection procedure now using the
reduced ensemble of iteration 1. Based on this analysis,
we chose 19 additional informative DA pairs (Figure 4a).
For these pairs, we again simulated smFRE'L" experi-
ments following step 1l as described above. After the
analysis, our distance set for each conformer contained
29 distances. We then used these expanded distance sets
of iterations 1 and 2 to model the respective structures
applying FRE'I'-guided NMSim simulations and subse-
quent screening by FPS (step 111). We monitored the
improvement of accuracy and precision for each conform-
er (Figure 3¢). Since the RMSD value from the X-ray
structure levels off at 25-29 distances for the best-case
prediction and the recovered experimental accuracy for
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Figure 5
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Current Opinion in Structural Biology

Assessment of the hybrid-FRET structural models. Outcome of hybrid-FRET structural modeling of the three Atlastin-1 conformers. {a) The sum of
squared deviations weighted by the estimated experimental error x? relative to a threshold value x3,.... estimated for the confidence level of
68% with respect to the best structure is plotted against C,, root-mean-square deviations (RMSD) from the corresponding crystal structure for 5
{dashed contour), 20 (grey contour), and 29 (black contour) measured distances. Black dots represent conformers corresponding to the set of

29 distances. Contours are drawn using a kernel density estimate. Colored dots represent selected conformations for the set of 29 distances.
RMSD versus X-ray is calculated excluding flexible loops using the residues 35-99, 122147, 157189, 209-237, 267-277, 292-332, and 349-437.
{b) Overlay of the crystal structures (cartaon representation), selected ensembles (transparent ribbon, 68% confidence), and best (x?m structures
(solid ribbon) for the sets of 5, 20, and 29 distances. {¢) Improvement of the corresponding accuracy with respect to the number of distances
measured. Accuracy is calsulated as y*-weighted average C, RMSD from the corresponding crystal structure. Black line represents the
improvement using experimentally measured distances, the red line represents the best-case scenario where all the distances measured agree
perfectly with the ones predicted for the crystal structure. {d) Comparison for the deviations between measured distances and distances predicted
from the crystal structure by AY and ACY dye models.

all conformers, further measurements would not improve  (determining DA pairs, simulating and analyzing
the accuracy of the obtained structures for Atlastin-1.  smFRET experiments), and step III (structural modeling
However, in the case of remaining ambiguity for the  and subsequent screening) could improve the models
solutions, additional iterations through steps [V and 11 even further.
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FRET on rails: Step V (Figure 3). We screened all
generated structures using FPS, which vielded FRET-
sclected ensembles of iteration 2 for each conformer €,
(5, and (75, using the confidence level threshold of 68%.

Accuracy and precision of FRET-derived structural mod-
els for the test case Atlastin-1. I'hc accuracy and precision
of the hybrid-FRE'T structural models obtained by the
itcrative workflow (Figure 3) is summarized in Figure 5a.
We judge the accuracy of the method by plotting the
conformer specific fvalue (x2/ x5, .. ratio) versus the
le RMSID) of the modeled structures from the corre-
sponding target crystal structurce. The Xfﬁ»’f;/’mld value 1s
cstimated for the confidence level of 68%. For all states,
the accuracy of the selected structures at a confidence
level of 68% using 29 distances ranges between 1and 3 A,
As we are 1nterested 1n large-scale rearrangements of the
super-tertiary structures, we exclude minor rearrange-
ments of the sub-domains for the cstimation of our
accuracy (Figure 5a). l'o minimize the cffect of non-
uniform sampling, we use cluster representatives with a
RMSD threshold of 1 4 (complete linkage) [125]. Cluster
representatives below a confidence level of 68% for
29 distances are shown as colored dots. An overlay of
the selected cluster representatives and the best model
structure (highlighted by solid ribbons) visualizes the
precision, which is given by the structural diversity within
the sclection {IFigure 5b). T'o emphasize the differences,
we aligned the representatives to the rigid G domain of
the conformers. Within our precision (confidence level
68%) we can distinguish all three conformers, even € and
(; (Le. the conformational ensembles do not overlap).

‘I'o capture the general dependence of the accuracy on
the number of measured distances, we calculate an
average RMSD) that is weighted by the probability of
agreement with the experimental distances as judged
by x° of the corresponding structural model. In
Figure 5S¢, this average RMSD is used as a measure
of accuracy, and shown as a function of the number of
measured distances sorted by their information content.
Interestingly, this RMSD decays fast with the number
of measured distances and levels off in the studied
system at an RMSD value of 2 A. The precision and
accuracy of the structural model is expected to depend
on three major factors: (1) the noise (uncertainty) of the
experimental data, (2) its sparseness and (3) outliers.
Indeed, by increasing the number of distances, the
effect of noise and data sparseness decrease for all
conformers as highlighted in Figure 5c. ‘I'he precision
of the FRE'- ensemble (4 to 5 A) selected by 5 dis-
tances mproves to 2 A when 29 distances are measured.
T'he influence of experimental noise and sparseness is
seen by comparing the RMSD dependence on the
number of measured distances in Figure 5¢ for the best
case with accurate distances (black) and the real case
with experimentally determined DA distances (red).

Notably, already small optumally informative set of
DA pairs may provide a high accuracy (Figure Sc,
red), because in the structural models obtained by
NMSim (or any other computer simulation procedure)
C4 atoms are interdependent. Therefore, only 29 FRET
measurements with realistic errors (IFigure Se, plack)
localize the G, positions to an RMSD of ~2 A; the
accuracy 1n our test does not improve significantly even
if more than 15 measurements are performed. Notably,
cven for a large optimal experimental datasct, a residual
RMSD error will be observed, as intrinsic degrees of
backbone freedom within the structural model (rela-
tively small fluctuations of €, atoms) are not scnsed by
FRE'T'. More FRETL measurements would not alleviate
this problem; thac is, this test study reached the maxi-
mum possible precision. Iinally, the third ceffect con-
sidering the possibility that the mceasurcments might
contain a low number of outliers, may be minimized by
increasing the number of measurements, reducing the
risk of systematic errors.

In crystallography, short range (up to 3 A) sterco-chemical
criteria, that is, deviations of atomic distances, angles, and
dihedrals from their mean values, are used as quality
criteria for obtained structures. Using such criteria (Mol
Probity [120]), the FREIselected models generated by
NMSum generally score better than corresponding X-ray
structures. Therefore, we assess the overall quality of the
structural model by experimental quality measures. As
such, deviations between cxperimentally determined
distances (RDAE‘”‘”) and corresponding model distanees
(Rp %!y arc utilized as a quality indicator. Knowing
the target structures in our test case, we used this indica-
tor to assess the accuracy of different dye models
(Figure 5d). We simulated our experimental information
using the ACV dye model (Figure 3, step L) and, accord-
ingly, the ACV model clearly outperformed the alterna-
tive AV model with an RMSD(Rp ) that is lower by ~1.5—
ZA when comparing R, ™7 with Rp, ™% = Rp ™~ ™
(Figure 5d). 'T'hus, parameters of coarse grained dve
models such as the preferential surface residence of
the dye (ACV model) may be refined experimentally
by calibration studies.

Outlook

Hybrid/integrative modeling: Combining FRET spec-
troscopy with other fluorescence and biophysical meth-
ods. 'l'o interrogate different molecular length scales, w
address distinet sample properties {e.g. backbone, side
chain, shape) and to cover different time scales, hybrid
modeling can utilize the complementary information
from a multitude of experimental techniques such as
small-angle neutron scattering (SANS), small-angle X-
ray scattering (SAXS), NMR-spectroscopy, EPR-spec-
troscopy  and FRET-spectroscopy in  one  study
[53°,109,127-129]. Integrative modeling is a thriving di-
rection in methodological development directed towards
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a mulu-dimensional scruccural and dynamical description
of complex biomacromolecular systems [38]. TTowever,
the error asscssment of the data can often be treated only
scmi-quantitatively, because it is difficult, perhaps im-
possible, to determine specifie errors of cach method and
their relatve weights in a joint analysis.

In single photon counting it is straightforward to csti-
mate crror of FRE] and other fluorescence measure-
ments due to the Poisson statistics for photon noisc.
Besides FRET, other fluorescence methods are usually
convenient and can also provide reseraints for seructural
modcling as described in the following examples. Pho-
to-induced clectron-transfer (PET) probes the close
proximity of the fluorophore to certain clectron-rich
quenching amino acid residues [130,131] and hence
scnses conformational dynamics [132]. Fluorescence
polarization senses dye mobility that can be influenced
by local and global rotation [133] and by complex
formation where the label can be wapped [134]. The
fluorescence spectra of polanty-sensitive fluorophores,
such as intrinsic Huorescent amino acid tryptophan,
sense their exposure to water [135]. FRE'L' between
the fluorophores and PE'L" with clectron rich amino acid
residues are often competing processes in quenching
the donor fluorescence, so that this scenario was either
judged as valuable information [136] or as experimental
nuisance | 17]. Both methods can be combined to obtain
distance (PE'T: short range, FOS: long range) [137] as
well as kinetic information | 138]. Information similar to
that from PL'L can be obtained from protein-induced
fluorescence enhancement (PIFE) experiments with
cyanine dyes [98,99%]. Finally, SAXS and polarization
resolved FCS measurements [139,140] contain informa-
tion on the anisotropic rotational diffusion of macro-
moelecules, which reports on the size and the global
shape of the macromolecules.

Maximizing data utilization by structure-based forward
modeling. In forward medeling [111°7], the chosen model
parameters are verified by a direct comparison to the
experimental data. In fluorescence experiments with
single photon counting detection, forward modeling of
the registered fluorescence decays and FRET efficiency
histograms has a long tradition (e.g. convolution of instru-
ment response function instead of deconvolution), be-
cause in this way the Poisson statistics of the counted
photons is preserved and the experimental noise (shot-
noise) is exactly known. However, since structural model-
ing 1s typically performed using distance restraints (in
backward modeling; 1.e. the fit is decoupled from struc-
tural model), experimental data 1s preprocessed by ap-
plying fluorescence models (for instance Eqs. (1)—(3)).
"I'his can lead to overestimation of the errors, if the model
parameters (distances) are correlated. However, to obtain
independent errors for the distance restraints, the multi-
dimensional uncertainties of the distances are projected
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to one dimension (i.e. marginalized). Tn this process, the
valuable information on correlations is lost. Similar to
peak assignment problems in NMR spectroscopy [111°7],
corrclations can be preserved by forward modceling which
utilizes a structural model as a global model for the
cxperimental data, maximizing the recovered information
and minimizing ambiguitics. Dve models must be ap-
plied to dircetly link the structural model to the fluores-
cence decay. For this purpose AV, ACV or more complex
spatial dyc distributions can be used. In this forward
fitting approach the scructural model is varied for opiimal
agreement with expenment.

Hybrid-FRET studies in live cells. 'T'hc FRE'I" technique
offers unique advancages for characterizing large biomo-
lecules with high specificity and sensitivicy in hiving cells
or #z vitrn. l'ime-resolved FRET studics can deal wich
heterogencous samples and make use of the single-mol-
ceule advantage so that a quantitative PRI analysis can
be combined with normal 141,142 and super-resolution
[143] imaging to gain insight into the biological function
of biomoelecules in their eellular contexe {c.g. localizing
complexes inside of cells [141], quantifving binding to
interaction partners | 1047], and validating structural mod-
els [103,144,145]). For example, we could show by de-
tailed hybrid-FRE'L" studies of murine immune defense
Guanylate binding proteins with GFP and mCherry
fusions that they undergo reversible structural transitions
berween monomerie, dimeric and oligomeric states as
revealed by a quantitative analysis of homo- and het-
cro-lFREL [ 1047]. Notably, the degree of oligomerization
18 specifie to the localization in hive cells. Detailed hybrid-
FRE'I studies allowed us to characterize the structures of
the dimer and oligomer.

Comparatve studies of cell-like envirenment and dilute
solutions were used to extrapolate excluded volume
effects from in witro experiments to live-cells [1467],
and to identify biomolecular stabilization mechanism
caused by macromolecular crowding [147]. Microinjec-
tion allows one to control the concentration of biomole-
cules labeled by photostable flurophores and therefore
enables the study of crowding effects in live cells [28]. In
this way, single-molecule conditions can be achieved by
tracking microinjected iz witre purifiecd FRET-labeled
proteins to study complex formation and conformational
changes of individual proteins [148]. "L'his approach,
combined with fast confocal detection, was used to probe
protein dynamics from millisecond down to the nanosec-
ond regime [149].

In conclusion, the presented hybrid-FRE'L methods ac-
tually allow realizing an integrated molecular fluores-
cence microscope combining optical and computational
microscopy [58] at a huge spatial and temporal range to
display suitably labeled biomelecular systems at unprec-
edented resolution by atomistic structural models.
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Further information

TFor the presented test case study on Aclastin-1, all scruc-
tural models presented in Figure 5, addidonal detailed
information on the applicd procedures and the simulated
sm FRE'L" data are deposited in the Model Archive with
the DOTL: 10.5452/ma-aZhby.
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