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Kurzfassung

Klassische Moleksldynamik (MD) Simulationen und experimetelle Methoden zur
Erforschung von Biomolekslen, vor allem Proteinen, kenneeinander erganzen und
voneinander pro tieren. Viele experimentelle Methoden mesn die Eigenschaften
von Molekslen nur indirekt, zum Beispiel als Veranderungn in elektromagnetis-
chen Feldern oder durch die Detektion gestreuter PhotonenMD Simulationen
dagegen beschreiben die Bewegungen jedes Atoms in einem kutdeen System
direkt. Sie sammeln jedoch nur unzureichende Daten uber nlggesamten Phasen-
raum des untersuchten Proteins. Au erdem enthalten die klasschen Kraftfelder
in MD Simulationen zahlreiche Annaherungen und ungenaue Pametrisierungen
zur Beschreibung der Dynamik von Biomolekdlen. Ungeachtedessen sind MD
Simulationen in den letzten 40 Jahren erfolgreich in tausead Studien von Pro-
teinen zur Anwendung gekommen. In dieser Dissertation wirdh ivier unabhangi-
gen Projekten gezeigt wie experimentelle Methoden und MD rulationen kom-
biniert werden kennen um neue Hypothesen zu Proteinstrukten, -dynamik und
Interaktionsmechanismen zu entwickeln und zu testen. Expmentelle Beobach-
tungen kennen aus den MD Rohdaten vorhergesagt und mit expmentellen Daten
verglichen werden um die Korrektheit der Simulationen zu lbegen und Vorher-
sagen zu machen.






Abstract

Classical Molecular dynamics (MD) simulations and experiental methods used to
study biomolecules, most notably proteins, can both compteent and bene t each
other. Many experimental techniques measure molecular grerties indirectly, for

instance, as changes in electromagnetic elds or throughadtered photons. MD

simulations, on the other hand, have direct access to the mohs of each atom
in a molecular system. However, they su er from incomplete s#ling of the

phase space of the protein under study. Moreover, they are leason classical
force elds, which involve certain approximations and panaeterizations for the
description of biomolecules. Nonetheless, over the past 4ays, thousands of MD
simulations have been successfully applied to protein systs. In this dissertation,

it is demonstrated in four independent projects, how experiental methods and
MD simulations can be combined to arrive at new models of preih structures and
dynamics and test hypotheses on molecular assembly meclsams. Experimental
observables are predicted from the raw MD data and comparedtiv experimen-

tal data to assess the validity of the simulations, which inudrn allow to make
predictions from the MD data.
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Chapter 1
Introduction

Experimental methods to study biomolecules yield only indeéct information on
the system of interest and hence are subject to interpretatn in the light of the
underlying theory. Moreover, the di erent experimental tehniques su er from
non-natural conditions applied to the proteins, which are, h@ever, necessary for
performing the experiments and data acquisition.

X-ray crystallography measures the scattering of photons due the electrons
in a crystal grown from biomolecules. The crystals are typitig obtained at low
or high pH values, in the presence of high salt concentratisrand organic co-
solvents or heavy metals. Under optimal experimental conddns, the scattering
pattern enables the calculation of very accurate electronedsity maps. However,
the crystal structures modelled into the electron density @ps represent only the
thermodynamic ground state in the crystal. In solution, progins sample many
more states, especially in loops and regions of reduced ardelence the crystal
structures represent only one or the mean of many equally ély conformational
states. In addition, amino acid side chains and loops at theterface of adjacent
proteins in the crystal may assume conformations that exigiredominantly in the
crystal, but not in solution and are thus artifacts of the crytallization process.

NMR-experiments, the second most frequently used proteinratture eluci-
dation method, measures chemical shifts and relaxation ed¢ of the magnetic
moments of atomic nuclei in the protein. In order to obtain sbng enough signals,
NMR experiments have to be performed at high protein concemttions. From the
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raw data, which often shows changes to the data measured undkerent condi-
tions, distances between pairs of amino acids can be deducedwll as information
on local exibilities of the protein backbone. The distance are used as constraints
to generate protein structures. As several structures can lgenerated that match
the distance constraints equally well, it is common to puldh a whole ensemble
of structures, hence re ecting the exibility of the protein. NMR tends to predict
protein structures well for ordered regions, yet it is unakl to detect signals for
very mobile protein regions. Moreover, structure generat from NMR data is a
tedious method that involves molecular modelling steps. Thelaxation data, the
chemical shifts and data on the couplings between nuclearisp are usually used
to come up with hypotheses about the dynamics and function @iroteins, often
with the aid of already known structures.

Small angle X-ray scattering (SAXS) experiments yield structal data of very
low resolution. Several quantities like the molecular masand properties of the
overall molecular shape, such as radii of gyration, can beadgtly computed from the
scattering data. However, hypotheses made about molecularopesses underlying
the changes observed in the scattering data cannot be valtdd without further,
complementary evidence.

Fluorescence spectroscopy is another a method that allowsasearing intra- and
intermolecular distances and the dynamical properties ofrgtein side chains and
larger subunits. In contrast to NMR, a single experiment only iglds information
on the dynamical behaviour of a single residue. A further wkaess of this method
is the requirement of the attachment of uorescent dyes to sdues mutated to
cysteine, which may aect the protein structure. Hence, modg of molecular
dynamics based on uorescence spectroscopy also requinghfer validation.

Molecular Dynamics (MD) simulations enable to study the dyamics of proteins
on an atomistic level. The resulting trajectories can be weed like videos of atomic
and molecular motion. More importantly, statistical data d the various states
that the molecule visits can be computed. For many experim&i methods, the
underlying theory permits the computation of experimentalbbservables directly
from the positions and movements of the atoms in the proteinMD simulations
can therefore be validated against experimental data, asseng if they sample all
relevant molecular conformations with the correct probabties. More importantly,
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MD simulations give direct evidence of the structures and #tnmolecular processes
giving rise to the signals measured in experiments.

In this dissertation, four independent projects give exanies of the successful
complementation of experimental methods by MD simulations. &h project com-
bines MD derived models of protein structures and dynamicsithv data from one
or more experimental methods and demonstrates the added walthat each ap-
proach yields. In the rst project, a dimer model is construted from two protein
monomers of known structure and validated against experim&al SAXS data (sec-
tion 3.1). In the second project, several C-terminal statesf the autophagy-related
protein GATE-16 are characterized by MD simulations and cobined with data
from X-ray crystallography and NMR spectroscopy (section 3)2 A model of the
assembly mechanism of the cytokine interleukin-6 with its oeptors is generated
based on multiple MD simulations in the third project (section3.3), and the MD
data for apo interleukin-6 validated against NMR results. A emprehensive and
comparative study of the pico- to nanosecond dynamics of GABA®P, a homo-
logue of GATE-16, is presented and a uni ed framework for thenierpretation of
data from NMR, uorescence spectroscopy and MD simulationsedeloped (section
3.4).



Chapter 2

Scienti ¢ Context

2.1 Experimental Methods

2.1.1 X-Ray Crystallography

X-ray crystallography is a technique that enables the determation of the atomic
structure of molecular crystals at high resolution of up to 1.0 A. It is based
on the analysis of di raction patterns of an X-ray beam afterpassing through a
molecular crystal [l]. According to Bragdgs Law (2dsin( ) = n , Figure 2.1), waves
scattered by a uniform crystal lattice form an interferencegpattern with points of
maximum positive interference at angles (d is the distance of lattice points,
the wavelength of the incident X-ray beam and an integer number).

It is possible, although sometimes dicult, to grow crystak from soluble
biomolecules, most notably proteins. Crystals are usuallgrown under very
unphysical conditions of extreme salt concentrations andHovalues and often
together with heavy metal ions. The X-ray di raction patterns of these crystals
are very complex (Figure 2.2). They are a representation of therystal lattice in
reciprocal space, which is the Fourier transform of the dic¢ lattice. The signal
intensity of the di raction pattern is recorded asF(q), where q is the reciprocal
lattice vector. From the diraction intensity, the electron density in the direct
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Figure 2.1: Bragg di raction from a cubic crystal lattice. Figue reused from %],
available under a creative commons license.

crystal lattice, f (r), can be computed by a complex Fourier transform:

Z
f(r)= ! F(q)€9 " dq (2.1)

The problem is, that the complex value ofF (q) cannot be obtained from the
di raction pattern exactly, but rather only its magnitude, while the information
on the phase (q) is lost:

F(a)=jF(a) ¢ @ (2.2)

Multiple solutions for the phase problem exist. Phases careldetermined from
di raction datasets collected at di erent wave lengths (Multi wavelength Anoma-
lous Dispersion, MAD) B, 4], heavy atoms can be introduced to the crystal, either
by co-crystallization or through soaking of the crystal wih the heavy atoms (Mul-
tiple Isomorphus Replacement, MIP) ], or by Molecular Replacement (MR), in
which a structurally very similar homologous reference ptein is used to determine
the phases]].

To judge the quality of the structural model generated fromhe X-ray scattering
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Figure 2.2: X-ray di raction pattern of crystallized 3Clpro, a SARS protease. (2.1
Aresolution). Figure reused from §], available under a creative commons license.

data, the agreement of the observed scattering amplitude&4) with amplitudes
calculated from the model E.) is computed as theR-factor:

P
KFefa) | Fe(@)k.

R= Fo(d)

(2.3)

Smaller values of theR-factor denote models that are in better agreement with
the experimental data.

The resolution at which a protein structure has been determed gives infor-
mation about the smallest observable features in the struate, i.e., the distance
beyond which two atoms appear as clearly separate structgren the electron den-
sity map. It does not equal the uncertainty in the atom positia, which is generally
lower. At a resolution of 5.0A, the backbone can already be con dently traced
through the electron density and at 2.5A resolution the side chain conformations
start to be reliable. As the resolution is a global value for th complete protein
structure, some amino acids and most likely the side chains ynhave lower reso-
lutions and hence care has to be taken when interpreting sttures.

Apart from this, protein structures solved by X-ray crystallgraphy su er from
additional uncertainties. Due to the crystal packing of nanally soluble proteins,
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unnatural contacts at the protein interfaces arise. Amino ads at the surface of
globular proteins, which are solvent exposed in the cellulanvironment, can make
direct contacts with other protein molecules in the crystal These interactions may
have a distorting e ect, especially on exible parts of the potein like loop regions
and termini. In addition, the heavy atoms and other agents tnoduced into the

crystal to aid the crystallization process or data analysjsmay also have locally
distorting e ects on the protein structure.

2.1.2 NMR { Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance Spectroscopy (NMR) exploits the greetic proper-
ties of atomic nuclei to obtain information about moleculaistructures. When an
NMR active atomic nucleus is placed in a magnetic eld, it absbs and re-emits
electromagnetic radiation at an isotope specic frequengycalled its resonance
frequency []. NMR active nuclei are characterized by an odd number of ein
protons or neutrons or both, while nuclei with an even numbeof both, protons
and neutrons, are NMR inactive. In NMR inactive nuclei are chacterized by a
total nucleic spin of 0. Nuclei with an odd number of both, pratns and neutrons,
possess an integer total spin, while nuclei with an odd numbef either protons
or neutrons (and an even number of the other nucleon) possdwdf integer spin.
This non-zero spin gives rise to an intrinsic magnetic momeand angular mo-
mentum. Isotopes that are most frequently used in NMR spectsgopy are'H
and 3C. While *H is the most abundant isotope of hydrogen (99.98%)C has a
natural abundance of only 1.1% and thus it needs to be introded into molecules
in arti cially high concentrations during synthesis.

The intrinsic magnetic moment of an NMR active nucleus interes with an
externally applied magnetic eld. Its energy due to the magetic eld is minimized
by aligning with the direction of the magnetic eld and it is maximized by pointing
in the opposite direction. After placing a substance into theteong magnetic eld
of an NMR spectrometer, all active nuclei will equilibrate @er some time and
their magnetic moments will thus align with the external eld. They can then be
excited from this ground state by an electromagnetic pulsa ithe radio frequency
range (60-1000 MHz). After excitation, the magnetic momentsrgdually relax
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back to the ground state while emitting radiation.

Two complementary descriptions of NMR spectroscopy existn Ithe classical
description, nuclear spins excited from the ground state tate in the magnetic
eld and oscillate between parallel and anti-parallel aligments with the direction
of the external eld. They rotate at the isotope specic Larma frequency! ,
which is anti-proportional to the external magnetic eld (B) by a proportionality
constant , called the gyromagnetic ratio:

=1 B (2.4)

Due to their rotation, they emit electromagnetic radiation whose intensity decays,
while the magnetic moment returns to its ground state aligreéwith the eld lines.

In the complementary quantum mechanical description, nuel are excited from
their ground state to an excited state by photons from the extrnal radio frequency
pulse. When falling back to the ground state, they emit photos of the energy
di erence, which are recorded as electromagnetic radiatio The frequency of this
radiation is proportional to the energy di erence of the exited and ground states
of the nuclei.

The electromagnetic signal measured during data acquisiti of an NMR ex-
periment is called the Free Induction Decay (FID). It is a muli-exponentially
decaying signal, characterized by multiple decay time calasts. Two characteris-
tic timescales are associated with the decay from the exait¢o the ground state.
The timescale on which nuclei realign with the external elds called \spin-lattice"
or longitudinal magnetic relaxation and is characterized byhe timescaleT;. In
the classical view, rotating magnetic moments can also degwe, i.e., desynchronize
their rotations. This process is called transverse relaxah and denoted with the
timescaleTs,.

2.1.2.1 NMR Order Parameter

The relaxation data obtained in NMR experiments contains idrmation on inter-
nal motions present in the molecular system under study. Mets based on physical
information or ease of formulation are used for the analysigid interpretation of
the relaxation data, e.g., di usion of a bond vector in a coneramn the surface of a
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cone. Despite being useful, all of these models pose the lover interpretation

of limited amounts of data. A "model-independent” approacthas been invented
to interpret the relaxation data without the need to resort © a particular physical

model B].

In an isotropically reorienting protein, the orientations ofall bond vectors uc-
tuate with respect to the external magnetic eld due to fast iternal motions and
slower overall rotation of the protein. As all amino acids (ecept proline) share the
same kind of backbone atoms and nitrogen and hydrogen are bdtMR active
nuclei, the uctuations of the backbone amide N{H bond vectorare usually as-
sessed in NMR experiments of proteins. The internal motionserestricted by the
structure and exibility of the protein chain at a particular residue. The motion of
each bond vector can be described by two quantities: a genkzad order parame-
ter S, measuring the spatial restriction of the motion, and an e etive correlation
time . which describes the rate of the motion. If the overall motiois isotropic,
the spectral densityJ (! ) can be formulated as (see Referenc@)
2 G N (1! S?)

%8 cun T ar e

(2.5)

where with \, is the correlation time of overall rotation of the protein a is
de ned as:
o e ln (2.6)

The spectral density is the Fourier transform of the time-audcorrelation function

of the uctuating magnetic dipole interactions of nuclear pins. It describes a
probability distribution of dynamic processes in the systa with frequency! . The
relaxation times T; and T, can be expressed as functions of the spectral densities
of the NMR active nuclei in the system. The values o8 and . are obtained by
tting relaxation parameters calculated with equation 2.5to experimental values
for T, and T,, where S and . are the only adjustable parameters. Values &?
close to 1 originate from internal rigidity of the correspoding N{H bond and
decreasingS? values towards O re ect increasing exibility.

The S? order parameter directly relates to the internal motions oN{H bonds
in a protein. The bond vector motions in a rigid reference frae attached to the
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protein can be cast into time autocorrelation functions de ed as §:
Ci()=hmP["(1) ~t+ )i; (2.7)

where (t) denotes the unit length bond vectorpP, [X] is the second order Legendre
Polynomial and angular brackets denote averaging over tim&he autocorrelation
function decays exponentially to a convergence value prational to the S? order
parameter.

2.1.2.2 Chemical Shift

Atomic nuclei do not all experience the same external magneteld. Small distor-
tions of the eld due to the magnetic moments of other atoms intte local environ-
ment give rise to individual magnetic elds felt by each nu@dus. The di erences are
proportional to the external magnetic eld strength and here stronger magnetic
elds are more sensitive in the detection of individual nuéi, as the di erences in
the emission frequencies increase with eld strength. Thegsal radiated during
transitions from the excited to the ground state is measuredsahe FID. The FID
can be Fourier transformed to obtain information on the fregency distribution.
Each NMR active nucleus can therefore be assigned a frequeticgt depends on
the external magnetic eld and the local environment. The cbmical shift of a
nucleus is de ned as

_ _sample! ref. (2.8)

ref

where smpie IS the resonance frequency of the nucleus ang; is the resonance
frequency of a reference compound in the same magnetic efdd and **C chemical
shifts are usually referenced against tetramethylsiland ¥1S) and this compound
therefore has a chemical shift of zero. As the units of numeratand denominator
in equation 2.8 both have units of Hz, the chemical shift is a uttess quantity. To
make the usually very small quantity easier to handle and rep it is divided by
10 © and thus given asparts per million (ppm).

The chemical shift can be used to identify chemical compousd In protein
NMR spectroscopy it serves a prominent role, as chemical gkifjive hints on the
secondary structure of the protein and changes in chemicdlifts indicate local
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exibilities.

Currently, NMR spectroscopy and X-ray crystallography are tB dominat-
ing methods for protein structure elucidation, with more ttan 110,000 structures
solved by X-ray crystallography and more than 11,000 structas solved by NMR
spectroscopy (as of April 2017). Recently, Electron Microspy (EM) is rising as
a third method. In 2016, almost as many structures were solvavith EM as with
NMR spectroscopy (408 by EM versus 456 by NMR). EM is particuléy suited to
determine the structures of larger protein complexes, wiicare constructed from
low resolution experimental data, often in combination wit atomistic models of
the known structures of subunits of the complex.

2.1.3 Small Angle X-Ray Scattering

Many of the challenges posed by X-ray crystallography can b&amvented by

Small Angle X-ray Scattering experiments. SAXS measurementsche performed
in solution, without the challenge of nding suitable crystdlization conditions and

hence the sample preparation is signi cantly simpler and cgiires less material.
Also, the range of system sizes that can be studied by SAXS is cangbly large,

ranging from small molecules to large macromolecular assdiab, the latter far

too big to be solved by NMR spectroscopy. However, these featgrcome at the
price of drastically reduced resolution of maximally 10.%\, a resolution range
still high enough to distinguish molecules based on theirz& and shape. This
information can help to validate high-resolution models of @teins [LO] or to guide

the modelling process of macromolecular assembli&@§]]

2.1.3.1 Experimental Procedure

In SAXS experiments, a protein sample in solution is inserteahto a collimated,
monochromatic X-ray beam, originating ideally from a synclatron storage ring
(Figure 2.3) [12. The angle dependent intensityl (s) of the radiation scattered
by the sample is detected at small angles between 0.1 and 10réegas a function
of momentum transfers =4 sin( )= = , where 2 is the angle between the
incident beam and the scattered signal and is the wavelength of the incident
radiation. The name ofs (momentum transfer) hints to its interpretation as the

11



amount of momentum that is de ected from its original directon in the X-ray
beam. In the literature, the letter q is sometimes used in place af (Figure 2.3).
In contrast to X-ray crystallography, SAXS measures an orientemnally averaged,
isotropic scattering intensity, which is detected as a radlly symmetric signal.

SAXS is a contrast method, in which the scattering intensity of e solvent
alone is subtracted from the intensity of the sample in solidn. The magnitude
of the remaining signal depends on the di erence in electroredsity of solvent
and solute () and hence denser systems give rise to larger signal§afer 0:33
€ 1A% powein  0:44 8 1A3).

| (s) decays quickly for small values o§. The intensity at very small angles
contains information about the low resolution shape of the alecule, at medium
angles about the overall fold and at larger angles (where theformation content
is very low and scattering curves from di erent molecules lmeme very similar)
about the atomic structure (Figure 2.4).

Several quantities can be directly computed from the scatieg intensity. The
scattering intensity at s = 0 is proportional to mass and volume of the scattering
particles, but it needs to be extrapolated from the measuredlues, as it is su-
perimposed with the original incident X-ray beam on the detéor. The assembly
state of macromolecules can also be determined from the gsitions of the parti-
cle volume and molecular weight. The radius of gyratiorRg, is directly accessible
from the logarithm of | (s):

Injl (s)j = In ji (0)j! 533'?‘23: (2.9)

The scattering intensity also depends on the electron diskiition (or pair distri-
bution function) of the scattering particles as:
z .
D max sin(sr)

I(s)=4 . P(r) o

dr; (2.10)

where D o IS the maximum distance in a solute particle and is the distance in
the particle from an arbitrary origin.

P (r) can be directly calculated from the scattering curve by mee of Fourier
transformation and presents information of the distances beeen electrons in the
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() Collimated X-ray beam  Sample

] {: I X-ray detector
(©)

(b)

(g=0-26 A7)

Figure 2.3: Schematic description of a SAXS experimenta) The sample is in-
serted into the X-ray beam and the scattering pattern is recoetl. (b) Scattering
pattern from a SAXS experiment in solution with a maximum resaition of 23.9
A. Here the momentum transfer is indicates withg in place ofs. (c) Scattering
pattern from a protein crystal of 2.0A resolution. Red circles indicate radii of
equivalent resolution of crystallography and SAXS experimén The cyan circle
indicates the maximum resolution achievable in SAXS (105A). Figure reused with
permission from referencelf).
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Figure 2.4: Information content at di erent momentum transter ranges. The X-
ray solution scattering curves were computed from atomic rdels of twenty- ve
di erent proteins with molecular masses between 10 and 30@&. Figure reused
from [14], available under a creative commons license.

scattering particle. It is related to the electron densitym the sample as:
Z
P(r)= r? (2.11)

(r) (u+r)ydr

\%
where the integration inside angular brackets gives the sj@ autocorrelation
function of over the total volume V. The angular brackets represent radial
averaging of the electron density autocorrelation over thetal volume, indicated
by to distinguish radial averaging from the autocorrelation integration. P(r)
can also be directly computed from computational models andgsents a way of
comparing experimental data to structural models. FronP(r), the overall shape
of the molecule can be deduced, e.g., whether it is spheriaald- or disc-shaped.

2.1.3.2 Scattering Curve Prediction

The solution scattering curves of a model structure can beadily computed from

the pair distribution function P(r) (Equation 2.10). To compare a model to an
experimental scattering curve, several quantities were ggested. In analogy to
the R-factor computed in X-ray crystallography (Equation 2.3), he discrepancy
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Ab-initio modeling Rigid-body modeling

Envelope representation Envelope from densely ~ Envelope from dummy Missing domain represented ~ Rigid-body model+missing  Atomic models derived
using spherical harmonics packed dummy beads residues forming a chain- by ensemble of dummy loop represented by from rigid body modeling
compatible model residues forming a chain- ensemble of dummy residues  applying conformational
compatible model sampling

Figure 2.5: In silico models generated with di erent approaches from the solu-
tion scattering data of a complexed cellulase protein. Dint ab initio modelling
approaches allow the reconstruction of molecular envelapéa), densely packed
bead models ), chain compatible models of dummy residueg), chain compat-
ible models of missing parts of the structured), rigid body ts of known atomic
structures (e), and conformational ensembles of known atomistic structes ().
Figure reused with permission from referencéd.

between the calculated and experimental scattering curvesin be computed:

P
ijl é?i)ex I (Si)calcj.
. e ;:()Si)expj , (2.12)

Rsaxs =

where the sum runs over alNp measurement points indexed by. It is, however,
more common to weight the scattering intensity di erence bythe experimental
error ( (s)) and compute the normalized discrepancy function:

2 1 X I (Si)exp I cl (Si)calc ?

=TT ) : (2.13)

wherec is a scaling factor. 2, which is used in the SAXS data analysis program
CRYSOL [15], gives larger weight to lower resolution data.

With the ability to evaluate model structures against the saltion scattering
data, attempts can be made to generate models from the expwantal scattering
curves (Figure 2.5).
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In order to compare predicted scattering curves to experimtal data, the ex-
cluded solvent volume occupied by the solute and a hydratioklayer of ordered
solvent molecules need to be taken into account. The exclutlsolvent is usually
modelled as continuous electron density equal to that of theeal solvent. Hydra-
tion layers are either taken into account explicitly, by plaing solvent molecules
around the solute, or by a continuous envelope of a suitablenpirical electron
density.

The pair distribution function used to derive the theoreti@al scattering curve
can be computed directly from the atom positions. However, th scales with the
square of the number of atoms and becomes quickly unfeasidiaster alternatives
employ Monte Carlo integration routines or multipole expasions using spherical
harmonic functions.

The degree of detail of models that can be constructed from SAXfata ranges
from crude envelopes to atomistic ensembles. The envelopes eonstructed from
various basic shapes of continuous electron density or frospherical harmonic
functions (Figure 2.5a). Instead of a continuous density eelope, a space lling
bead model can be generated, approximating the envelope neb(Figure 2.5b). A
greater degree of detail is achieved by chain models that rast dummy residues
consisting of a single particle into conformations that tree a realistic chain, while
matching the SAXS scattering curve as well as possible (Figure&g). These meth-
ods are all summarized under the termb initio models, as the only reference they
require is the experimental data without resorting to knowrstructural information.

In addition to ab initio models, it is possible to dock rigid bodies of known
atomistic structure into the low resolution envelopes. THi can be done for
monomeric rigid models with the program SASREF and for multimric models,
with the additional complication of correctly predicting the mutual orientation,
by the program BUNCH [L1] (Figures 2.5d and e). Finally, multiple models can
be generated that t the experimental data comparably wellleading to a whole
ensemble of structures, as with NMR spectroscopy (Figure 2.5fin addition, the
rigid docking methods can be combined, for example, to produ@ multimeric
model of rigid bodies, whose individual structures are knawconnected by linkers
of known sequence but unknown structure (Figure 2.5e).

An excellent review of Small Angle X-ray Scattering (SAXS) has be¢ublished
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Figure 2.6: Fluorescence mechanism: A protein molecule (gyay labeled with a
Alexa Fluor 488 dye (green). The dye is excited with blue lightrad it can then
emit green light

by Putname et al. in 2007 13, discussing the theoretical background and data
analysis methods.

2.1.4 Fluorescence

While the aforementioned methods are all ensemble methods, the sense that
they measure properties of a huge ensemble of molecules in test tube, uo-
rescence is a physical phenomenon that enables single-mdeexperiments. In a
uorescence spectroscopy experiment, a uorescent dye iscéed by electromag-
netic radiation, often in the visible range and the intensitythe uorescence time
and the polarization of the emitted light can be detected (Figre 2.6).

To study protein structure and dynamics with uorescence spctroscopy, the
dye is attached to a macromolecule at carefully selected jtams, one at a time.
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The amino acids at these positions are rst mutated to cystee. Linker molecules,
together with the dyes, are then covalently linked to the cysine residues. In each
experiment a dierent residue can be labeled. The dye posins are selected
for positions that can yield information on the mechanism ungr investigation.

Care needs to be taken to select positions, where a large énkand dye does
not disrupt the proteins structure. Good choices are residaet the surface with

solvent exposed side chains.

A dilute solution of the protein is then excited by a laser bea in a confocal
microscope. The excitation volume and protein concentrain are so small that
only a single molecule is present at a time. Hence, uores@@nspectroscopy is a
true single-molecule experiment, as it studies a single raolle at a time.

The uorescence is anisotropic in the sense that the emittetight contains
parallel and perpendicularly polarized components with regct to the excitation
light beam. The donor anisotropy,rp, is a measure for the magnitudes of the
parallel (F,) and perpendicular ¢s) uorescence intensities emitted at timet,
after excitation at time t [16]:

Fo(t+ t) ! Fo(t+ to)
t+t)= —*
)T Bt ) r2R(tr )

(2.14)

It gets maximal for purely parallel uorescence and minimafor purely perpen-
dicular uorescence. The time dependence of the anisotrojgy very similar in its

mathematical form to the N{H bond vector correlation functionused to describe
S? order parameters in NMR experiments (equation 2.7):

rp(t+ te) = roC(to) = P2 ["a(t) "e(t + to)]i; (2.15)

where *, and ~¢ are the transition dipole vectors of the uorescent dyes for ab
sorption and emission scaled to unit length.

Analogous to the bond vector autocorrelation function, the m@isotropy can
be described as a multi-exponential decay. The sources ottbecay are internal
motions and overall rotational di usion, conceptually equialent to the mechanisms
behind the S? order parameter. In NMR, motions of the N{H bond vector are
probed, while uorescence spectroscopy yield informatioon the mobility of the

18



dyes, which is hypothesized to re ect the side chain mobilgs in the absence of
dye and linker.
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2.2 Simulation Methods and Analysis

2.2.1 Molecular Dynamics Simulations

The main method that was used in the presented research are lewular dynamics
(MD) simulations based on classical molecular mechanics kM [17]. In molecu-
lar mechanics, molecules are modelled as systems of chenycakrt atoms that
interact through Newtonian mechanics, governed by Newt@ second law:

F = ma; (2.16)

stating that the accelerationa that a body undergoes is proportional to the force
F acting on that body with massm.

The interaction energy between atoms is described by predéty simple math-
ematical equations, mainly harmonic and trigonometric furtons, as well as the
well known electrostatic and Lennard-Jones potentials. A ggn set of potential
energy equations, together with their parameters, is catlea force eld, as it is
used to compute the interatomic forces (see also section.2)2

Several programs that perform MD simulations exist. GROMAG [1§] was
used for all projects described in this dissertation.

2.2.1.1 Numerical Integration of Newton @ Equations

Newton® equations of motion are numerically integrated to obtain &ajectory in
phase space. A naive approach would be to use a simple Euleegnation scheme
[19] using the Taylor expansion of the particle positions trureted after the second
order term:

f

5 t2+ O( t3); (2.17)

r¢+ t)=r@)+v( t+
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wherem is the particle mass andv andf represent velocities and forces of aN
particles respectively:

2 3 2 3
fl;x Vl;x
fay Viy
fl;z Vl;z
f=81:14; v=g8 i 4, (2.18)
fN;x VN;x
fny Ny
fN;z VN;z

where the rst index denotes the particle and the second theeg¢tor components
in X, y, and z direction. For simplicity all particles are assumed to be oéqual
mass here, hencen becomes a scalar. The velocity update in the Euler method is
computed as:

f (1)

vt+ t)=v(t)+ S LT o( t?): (2.19)

While this algorithm is reasonably simple, it turns out to be aparticularly bad
choice as it is irreversible and su ers from an inherent engy shift [20]. Several
di erent integration schemes have been introduced over thgears. It is easiest to
start the discussion with the Verlet algorithm R1]. This algorithm is based on two
Taylor expansions of the particle position, forward and b&evard in time:

r+ t)=r @)+ v() t+m t2+_t3'r"(t)+o t4 (2.20)
2m 3! '
and
r@! t)=r@! v t+% t2 | Tt:'r"(t)+0 t4 - (2.21)

Summing equations 2.20 and 2.21 and solving for(t + t) yields the position
update relation of the Verlet integrator:

r(t+ t)=2r()! r(t! t)+¥ t2+ O( t4 (2.22)
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It is interesting to note, that the Verlet algorithm computesthe position update
from the positions at the two preceding time steps, bypassinthe computation
of the velocities altogether. As the velocities are esseritf@r an estimate of the
kinetic energy and hence the temperature, they might still & computed as

r! o rt+ )

> + O( t?); (2.23)

v(t)=

but only up to an accuracy of ordeilO( t?). The Verlet algorithm also su ers from
the fact that it needs two subsequent initial time steps to strt the integration
procedure and de ne the velocities.

Integration schemes exist, that are equivalent to the Verlantegration in the
sense that they give rise to the same (analytical) trajectags, but yield a higher
accuracy for the velocity computation and the correspondgevaluations of kinetic
energy and temperature. The Leap Frog integration algoritin starts out by sub-
tracting the Taylor expansions of equations 2.20 and 2.21ather than summing
them up, and truncating after the third order term, therefor initially losing an
order of accuracy:

r¢¢+ ! r! 1t

> +0O( t9) (2.24)

v(t) =

Shifting the result by + t and dividing the time step by 2 gives:

Ft+ 0! r ()
t

v(t+ t=2)= +0O( td) (2.25)

Shifting equation 2.24 instead in opposite direction regslin:

vitr t=py= DT i“ Yo 1 (2.26)
Equation 2.25 gives a direct way of updating the positions:

rit+ t)=r@+vt+ t=2) t+0O( t3 (2.27)
To get a relation for the velocity update, equations 2.25 an@.26 need to be
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subtracted and combined with equation 2.22:

vt+ t=2)=v(t! ¢a+i§2t+0(ﬁ) (2.28)
One order of accuracy for the velocity computation has beemiged at the cost of
one order of accuracy for the position update compared to théerlet integration.
An additional disadvantage of this method is the fact that pasions and velocities
are not computed at the same but at alternating half-integer the steps. This
complicates the evaluation of potential, kinetic and totalenergies, as these are
as well not de ned at the same time. It is however possible toeg rid of this
additional problem by casting the Verlet algorithm in a di erent form, known as
the velocity Verlet algorithm. Its equation for the position update is the same as
in the Euler integrator. To arrive at the velocity update rehtion of the velocity
Verlet algorithm we start out by adding both sides of the relaon for the Verlet
position update (equation 2.22) shifted by + t to the naive Euler position update
relation (equation 2.17). Rearranging and collecting likeerms gives:
t2
r+2 ! r+ t)= UMU+§;M(H-0+fUH+O(F)Q2%
Insertion of the t-shifted Euler position update relation into the last equabn
and solving forv (t + t) results in:

vt UIVm+§%ﬁﬂ+ 0+ f (0]+ O( t9) (2.30)

The velocity Verlet algorithm is therefore able to compute ®locities and positions
at the same integer time steps, while maintaining the same ad of accuracy as
the Leap Frog algorithm. If the accuracy ofO( t3 is high enough, the velocity
Verlet algorithm is the best choice among the presented algghms.

2.2.1.2 Periodic Boundary Conditions

The number of atoms included in a simulated molecular systers at most a few
million, and hence much smaller than real systems in the bulkyhich contain
atom numbers in the order of moles ( 10?® particles). The small system size
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introduces strong unphysical artifacts at the boundariesfahe system, where it
interfaces the vacuum. It is possible to restrain the posdns of the molecules
at the vacuum interface, preventing the system from dissation. However, this

method is still insu cient, as atoms at the boundary only interact with atoms

inside the system but miss interactions with the vacuum, wbh leads to surface
tension at the boundary interface. A solution to this problen, which mimics the

bulky conditions of real systems closest, is the introducn of periodic boundary
conditions. Periodic boundary conditions allow particleso leave the box at one
side and to reenter at the opposite side. More importantlynteractions act across
the periodic boundaries and hence each particle experieadke simulation box as
if it was located at its center.

2.2.1.3 Temperature and Pressure Control

According to the ergodic hypothesis in thermodynamics, the stribution of states
visited by a system during an in nite time span equals the disibution of an
in nite number of copies of the same system in equilibrium atrge instant of time.
In other words, averages of system properties over time wéhual averages over
states in phase space. These distributions of states at tineodynamic equilibrium
are summarized in the concept of ensembled?]. Each of a number of possible
ensembles (i.e. distributions of states) is associated widystem properties that
are constant for all states of that ensemble. The thermodynac ensemble that
is produced by a molecular dynamics simulation is controtleby the macroscopic
properties that are kept constant during the simulation Theensemble directly
a ects the behaviour of the system and therefore the measutequantities. A
naive approach to molecular simulation would keep the numbef particles (N),
the system volume V) and the total energy of the system ) constant, as this
does not require any control of extensive quantities, thatra hard to in uence.
This will yield distributions from the microcanonical, or NV E ensemble, which
does not correspond to any situation that is easy to create i laboratory. Two
other ensembles result in distributions that are much moreickctly comparable to
real world experiment. The canonical, oNV T ensemble, requires a proper control
of temperature (T) and re ects experimental conditions of constant volume ah
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constant temperature. Another ensemble, thBIP T ensemble, needs an additional
mechanism to control the pressureR). NPT is the desired ensemble for most
biomolecular simulations, as it corresponds directly tin vivo situations, where
the pressure and temperature are controlled by the envirorent and in general
thought to remain constant on chemically relevant time scak.

Several algorithms exist for temperature control during MDBsimulations. The
Berendsen algorithm 23] rescales the velocities in order to match the di erential
equation

dT _ To! T

at - .
that couples the system exponentially with a time constantt to a heat bath
of temperature To. The Berendsen thermostat suppresses uctuations of kinet
energy and therefore does not generate a proper thermodynamansemble. It
might still be used for equilibration purposes.

(2.31)

The Nos-Hoover thermostat P4, 25 extends the system Hamiltonian by cou-
pling to a thermal reservoir with a friction term . The reservoir has its own
momentump , a mass-like parametef, and it follows its own dynamic equations
of motion:

dp _

P (2.32)

coupling the reservoir momentum to a reference temperatufg. The new equation
of motion for the particles is:

dri _ Fi, pdn

dtz  m; Q dt
The Nos-Hoover thermostat can be extended to couple the heedservoir to an-
other bath, which in turn couples to a further bath and so forth to generate a chain
of baths. This Nose-Hoover chain is guaranteed to be ergoditthe limit of in nite
chain length. The system temperature under control of a Nosloover chain will
oscillate around a reference value and it is therefore notised for equilibration if
the system starts out at a totally di erent temperature.

(2.33)

A third temperature control algorithm is the velocity rescding thermostat [26],
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which, as the name suggests, rescales the velocities simitathe Berendsen ther-
mostat with the improvement of an additional stochastic termthat ensures the
generation of a proper thermodynamic ensemble distribution

Pressure control happens along the same lines of the algbnits outlined for
temperature control. A Berendsen analog for pressure coup exists and the
Parinello-Rahman R7] and Martyna-Tuckerman-Tobias-Klein (MTTK) [ 28] algo-
rithms are similar in spirit to the Nose-Hoover thermostat, caipling the pressure
to a pressure bath. One additional complication of pressuntrol is the de ni-
tion and computation of the pressure in a bulk system. It is deed by the virial
equation:

* +

1 X
PV = NkBT+5 riFi (2.34)

whereD is the number of dimensions. The virial equation relates thergssure to
the average over the forces acting on all particles. The psese computed in this
way is a highly uctuating quantity and only its time average @n be meaningfully
interpreted.

2.2.2 Force Fields

An exact calculation of the behaviour of a molecular system ioWwes solving the
Schmdinger equation for all electrons and nuclei. As the ogutaional complex-
ity for this problem grows extremely fast with increasing sstem size, the direct
solution of all but rather small molecular systems is infeddie. Parameterized,
analytical models have been developed for a simpli ed degation of interatomic

interactions in and between molecules that enable simulatis of large molecular
systems. The mathematical form of these equations is inspirdy knowledge of
the physics and chemistry that govern molecular interactits. The parameters are
chosen to reproduce energy functions of quantum mechanidaiscriptions of model
systems. As the large number of parameters, the choice of the@del systems and
the quantum chemical methods used for reference computatioae all degrees of
freedom in the paremterization, several di erent sets of pameters exist. A set
of equations with its corresponding parameters is called ar€e eld. This section
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rst discusses the mathematical form of relatively simpleyet fast to compute,
non-polarizable force elds and then gives reasons for théaice of a particular
implementation.

2.2.2.1 Lennard-Jones Potential

A simple but often reasonable model of atomic structure trés atoms as nuclei
surrounded by a di use electron cloud. Some elements possagsermanent dipole
moment due to the shape and occupation of their electroniclatals. Three kind
of interactions between electron clouds give rise to the vater Waals interac-
tion, which is the attractive contribution to the Lennard-Jones potential. First,
two permanent dipoles interact and will attract or repel edt other depending on
their mutual alignment. The second contribution to the van @&r Waals interaction
comes from dipoles induced in the electron cloud by permanedipoles of neigh-
bouring atoms. This interaction is attractive, as the inducé dipole will have the
same polarization as the inducing dipole due to repelling eteon clouds. Finally,
the electron clouds of two unpolarized atoms repel each othé¢herefore inducing
dipoles that in turn give rise to a dipole{dipole interaction The sum of these three
e ects is the source of the van der Waals interaction and givasse to an overall
attractive force that decays with the sixth square root of tle interatomic distance.
Two atoms that approach each other will be a ected by the Pauwlexclusion
principle that prohibits electrons from having the same sta. This prevents two
atoms to occupy the same space and will result in a repellingrée at close dis-
tances. This and the dipole interactions of the electron aldls together are cast
in the Lennard Jones potential that contains a term for shortange repulsion and
one for long range attraction (Figure 2.7):
" 12 6#
Via(rj)=4 — 1 — ; (2.35)

rij rij
where is the depth of the potential well, which has its minimum atr,, = 2% |
and r; is the distance between atoms and j. For each pair of atom types a
force eld needs to specify two parameters to de ne their edjibrium distance
and the depth of the interaction well. Many force elds list @mrameters per atom
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Figure 2.7: Lennard Jones potentials for carbon{carbon, hydgen{hydrogen and
carbon{hydrogen interactions.

type and give a relation for the computation of parameters fahe Lennard-Jones
interaction of two di erent atoms. The Lennard-Jones interation converges fast
to zero for large interatomic distances, and with it the restihg force goes to zero.
This fast convergence makes a truncation at a suitable cutadistance possible.
However, for an accurate computation of the potential energyhe abrupt cuto
distance needs to be accounted for. This can be done by switmhshift functions
that set the Lennard-Jones interaction smoothly to zero instad of a hard cuto .

2.2.2.2 Coulomb potential

The computation of the Coulomb interaction is particularlytricky in systems with
periodic boundary conditions (section 2.2.1.2), as the eleostatic energy and force
decay slowly with increasing distance and su ers from ill cwergence:

1
Ve(rij) = 4—0%; (2.36)
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whereq is the charge on atom and g is the dielectric constant of vacuum. This
problem is treated with sophisticated methods for long raregelectrostatic interac-
tions such as the Particle-Mesh-Ewald (PME) method29].The partial charges on
each atom that are needed for the evaluation of the Coulomb pmttial are part
of the force eld parameter set and are usually derived fromugntum chemical
calculations.

2.2.2.3 Bonded Forces

Apart from the non-bonded inter-atomic forces there also estiinteraction poten-
tials due to bonds between the atoms of a molecule. Bond stthaing (equation
2.37), bond angle bending (equation 2.38) and improper dith@l torsion angles
(equation 2.40) can all be modelled by harmonic potentialfut more sophisti-
cated mathematical forms exist as well. Proper dihedral tsion angle potentials
are modelled by a cyclic cosine potential (equation 2.39),dhis usually maximal
for eclipsed and minimal for gauche conformations. Bond stiching is de ned by
an equilibrium distance between two atom typesr,i?, and an interaction constant
k,ﬁ’ Bond angles are parameterized by an equilibrium angle betrethree atom
types and a constant (ﬁk , ki ). Dihedral and improper dihedral angles depend
on interaction constants and equilibrium angles between plas spanned by three

atomsijk andjkl ( 9, P, kil and ki ).

1
Vb(rij) = ékl? (rij ! rﬁ’)z (237)
1
Va( i) = Eki?k( !’ (2.38)
Va( i) = Ky (L+cos(n ja ! fa)) (2.39)
1.
Via( i) = ékiljil Ciw ! fa)? (2.40)

The parametern in equation 2.39 determines the periodicity of the dihedrangle
potential, i.e., the number of minima and maxima. Dihedral agles withn = 1
have a single minimum, usually in eithercis or trans conformation. Angles with
larger n have more minima and maxima. More complicated potentials nabe
constructed from a combination of multiple dihedral angle ptential with di erent
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periodicities and positions of the minima and are used to metnucleic acids.

A great variety of force elds exists and a careful and well fiormed choice
about the set of equations and parameters that can model thesdgm under in-
vestigation best has to be made. Recent benchmarks of protdorce elds give
insights into the strengths and weaknesses of the availablptions [30], indicating
that one of the most up to date corrections to the widely used Aber force eld
(amber99sb-ildn-nmr ) [31] is a very good choice for simulations of proteins in ex-
plicit solvent. For the cited benchmark a statistical evalation of the performance
of various force elds compared to real experiments was perined. A number
of di- and tripeptides served as model systems for chemical fsShmeasurements
in NMR experiments. The deviations of the measurements fronhemical shifts,
computed on the basis of molecular dynamics trajectories ii@med with the in-
vestigated force elds, are reported. In general, older fagceld parameterization
sets performed worse than newer corrections for all forceds studied. The chosen
correction to the amber99force eld performed best in simulations of ubiquitin,
the only full length protein studied in the benchmark. All stuies presented in
this work make either use of theamber99sb-ildn-nmr force eld or its predeces-
soramber99sb-ildn , which performs nearly as well in combination with thelIP3P
water model.

2.2.3 Hamiltonian Replica Exchange MD

In order to sample the dynamics of a protein during an MD simutan with su -
cient statistical accuracy, the sampling time needs to be Iger than the timescale
on which the dynamical process takes place. This is probletitafor processes
happening on the microsecond timescale or longer, as samgltimes are limited
to a few microseconds for systems consisting of 10,000 to,000 atoms on modern
computing hardware (as of 2017). In order to speed up samgiirof the energy
landscape, the replica exchange method was inventegl]] The central idea is
to replicate the system multiple times and run equivalent MDsimulations of each
replica in parallel at narrowly spaced increasing temperatas. The hotter systems
will overcome energy barriers, separating stable states dme energy landscape,
more quickly. At regular intervals, coordinate exchanges arperformed. Each
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exchange is accepted with a probability of
! %

GE) Ly 1
p = min 1;e(E"E’) kTi KT - (2.41)

wherei and j denote two separate replicask; is the potential energy of replica
i, T; denotes the corresponding temperature ankk is the Boltzmann constant.
In order to enable similar exchange rates between each pairmeighbouring repli-
cas, temperatures are drawn from a geometric progressionvitich the ratio of
subsequent temperatures is constant. The most e cient exemnge ratio is approx-
imately 20% for atomistic systemsd3. Iterative algorithms have been devised to
nd the temperature distribution that ensures an exchange rab close to the opti-
mum. The replica simulated at the target temperature sampleshe desired phase
space distribution, while the replicas at higher temperates enable to overcome
energy barriers more quickly. Due to the coordinate exchaeg, the ground state
replica can overcome these barriers as well, as it frequenteceives coordinates
sampled at higher temperatures, while it is not required tossnple the high energy
transition states inaccessible at the ground state tempexae.

While temperature replica exchange speeds up the samplingopess at the
target temperature, running many parallel replications othe simulated system
is expensive. To limit the number of replicas, more e cient eplication schemes
have been invented. One widely used scheme is the HamiltonRRaplica Exchange
MD (HREMD) or Replica Exchange with Solute Tempering (REST) mehod [34].
Instead of scaling the temperature of the complete systemhe system is parti-
tioned into separate regions: a hot region whose samplingtes be increased, for
example a protein, and a cold region which is of lesser intstefor example the sol-
vent. Instead of scaling the temperature directly, the engy function, also called
Hamiltonian, of the hot region is modi ed using a scaling facr 1.

Interactions within the hot region are kept at an e ective tanperature T= .

Interactions between the hot and cold region are kept at an ective tem-
perature of T=

Interactions within the cold region are una ected
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In order to achieve this, the interactions in the hot region ad at the interface of
both regions need to be scaled:

- Charges a ecting the Coulomb potential (equation 2.36) intie hot region
by a factor

- the Lennard-Jones parameter (equation 2.35) in the hot region by a factor

- dihedral angles within the hot region by and those crossing the region
boundary by

The acceptance probability function for exchanges betweeeaplicas is changed to

Ei(ri)! Ei(rj)+ Ej(rj)! Ej(rj)

p=min 1e ke T ; (2.42)

where Ei(rj) is the potential energy of the coordinates of replica under the
Hamiltonian of replicai and all other quantities are as before. This ensures e cient
sampling of the hot region in the replicas with < 1, while the cold solvent
does not have a large negative impact on the exchange acceg® probability.
This is di erent from temperature REMD, where in addition to the protein, the
solvent has to be heated, requiring many replicas in order tobtain su cient
energy overlap between replicas, which is necessary foregable exchange rates.
HREMD is, for example, available in the MD program GROMACS though the
PLUMED plugin [35, 36].

2.2.4 Analysis of MD Simulations

While inspiring ideas about the structural dynamics of proteis can be gained
through visual inspection of the molecular dynamics trajecties, statistical anal-
ysis methods together with prediction of experimentally ailable quantities is
required for a sound scienti ¢ evaluation.

2.24.1 RMSD

One way to quantify the similarity between conformations ofan equivalent set
of atoms is the Root Mean Square Deviation (RMSD) of atomic pdions. It is
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de ned as

10 X

N
i=1

<
N

RMSD = (2.43)

wherei enumerates theN atoms of the selection and; is the distance between
the atom positions in both conformations. Usually, a rigid soerposition that
minimizes the RMSD of the two structures is performed priord the RMSD com-
putation. This is achieved by a translation of the centers of ass of the molecules
to the same position and a subsequent optimal rotation that mimizes the RMSD
[37, 38.

The structural similarity of protein structures is often asessed by computing
the RMSD over their C atom positions or over all backbone atoms. The smaller
their RMSD, the more similar two structures are. However, the RISD is only a
good measure for similarity for closely similar structuress structures with larger
RMSDs to a target structure cannot be discriminated againstaeh other.

2.24.2 RMSF

Through the computation of the Root Mean Square Fluctuation (RISF) of atom

positions, the local exibility of protein structures can be measured. The RMSF

is de ned as: q
RMSF =  krig! rek®; (2.44)

wherer;; is the position vector of atomi at time t, r s iS a reference position
and angular brackets denote averaging over all frames in thelMrajectory. Com-
mon choices for the reference position are an experimenyatletermined reference
structure, starting structures or average structures of theimulation. If the aver-
age structure is used as the reference position, the RMSF dam interpreted as the
standard deviation of an atom position around its mean posdn. RMSFs can be
computed for all backbone atoms or all heavy atoms and subsetly averaged
on a per residue basis to describe the exibility of the corsponding set of atoms
per residue.
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2.2.4.3 Dihedral Angle Principal Component Analysis

The RMSD fails as a measure of protein structure similarityagnd similarly RMSF
as a measure for exibility), when the di erences in the strgtures become too
large, for example, if parts of the protein start to unfold. Tk protein backbone
dihedral angles and de ne the backbone protein structure as a set of internal
coordinates without the need of a structural alignment. Morever, using and

instead of Cartesian coordinates allows to better disentgte motions in highly
exible or even unordered parts of the protein from small utuations in the rigid
regions.

Principal Component Analysis (PCA) is a way to transform a set bobserva-
tions with linearly correlated variables into a set of cooridates that are linearly
uncorrelated, called principal components. This is achiedeby diagonalization of
the covariance matrix of all observations. The resulting genmodes of the covari-
ance matrix represent the principal components and the vance of the data along
each principal component is equal to the corresponding emyalue. The spectrum
of eigenvalues decays quickly for highly correlated datasewith only a few eigen-
values of signi cant magnitude. The data can be projected iot a space spanned
by only a subset of the eigenmodes to ease the interpretatioh the input data
by concentrating on the signi cant uctuations only, while reducing noise in the
data along the ignored eigenmodes. By selecting only eigevshes with eigenval-
ues larger than a de ned threshold, all uctuations of the iput data along the
ignored eigenmodes are removed. The eigenmodes themseadiasinformation on
correlations and anticorrelations of di erent variablesm the input data.

It is possible to perform a PCA on the dihedral angles of an MD #&jectory. As
the dihedral angles are circular coordinates with a discanuity between 0 and
360, they need to be transformed into a Cartesian space rst. Thigs achieved
by introducing new coordinates:

vi = cos( i) (2.45)
w; = sin( ) (2.46)
X;i = cos( i) (2.47)
yi = sin( ) (2.48)
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These coordinates are now of Cartesian nature. Distances Wween points in this
space can be interpreted as Cartesian distances betweennp®ion a unit circle.
These distances approximate the distances of circular cdorates along the arc of
the unit circle well, especially for small angles. The PCA ishen performed in a
space spanned by &.s! 1) coordinates, whereN,es is the number of residues.
The rst and last residues do not possesshi and psi angles respectively.

In an MD study of decaalanine, dihedral angle PCA (dPCA) has wven to be
\a one-to-one representation of the original angle distriltion and that its princi-
pal components can readily be characterized by the correspuiing conformational
changes of the peptide"39].

2.2.4.4 NMR/Fluorescence Order Parameter Determination

Molecular dynamics trajectories lend themselves to a direciomputation of S?
order parameters (section 2.1.2.1), as the evolution of the N{bond vectors is
known directly from the MD trajectories. The S? order parameter is equal to the
convergence value of the internal bond vector correlatiomrictions (equation 2.7
in section 2.1.2.1). This convergence value can be estinthta multiple ways. The
MD trajectory can be tted to a reference structure, to remoe overall rotation of
the molecule. The internal correlation functions can then é computed from the
tted trajectory and the S? order parameter estimated as the convergence value,
either by taking the nal value or as the average over a numbenf points at the
end of the correlation function to reduce the in uence of nse.

However, there is an alternative route to this procedure. Therder parameter
can be computed as an ensemble average over the trajectory 43:[

1! 6 3@ %
82:5 3 hi it 1 ; (2.49)

i=1 j=1
where ;, , and 3 are thex, y andz components of*. This method avoids the
computation of bond vector correlation functions and the ammpanied problems
if the correlation functions of exible residues do not degato constant values.

It is also possible to t one or more () exponential decays tothe internal
correlation functions and obtain multipleS? values, together with their correlation
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i=1

+ Ag; (2.50)

where the decay processes are associated with their indivadicorrelation times,
i, and amplitudes of the decay proces#,;. The slowest correlation time is de ned
to be 1, and correlation times are sorted in decreasing order. Eaolithese decay
processes then re ects a di erent dynamical process of the barvector, giving
rise to the decorrelation. Each decay process can therefdye associated with
an S? order parameter, which is the sum of amplitudes of all slowgsrocesses:
Ss?= " I""'A;. The S? order parameter of the slowest internal process € 1)
is the S? order parameter commonly discussed in NMR literature.

For very rigid bonds, the correlation functions decay quidk (within a few pi-
coseconds) to a constant value and the obtain&¥ values have little variance when
computed for many uncorrelated subtrajectories of the sansgmulation. However,
exible bonds tend not to converge quickly and hence the err®f the derived S?
values is large. The simplest possibility to circumvent tisi problem of unconverged
correlation functions is to average the correlation funatins from multiple equally
long and uncorrelated subtrajectories and hence obtain angie well converged
correlation function, from which the S? values can be readily computed.

It is also possible to take the exponential tting procedureone step further and
t the global bond vector correlation functions directly with exponential decays,
including the bond vector decorrelation due to overall roti@gon of the molecule.
The global correlation function is assumed as a product of éhinternal correlation
function and the global decorrelation:

C(t)= Ci(t) Cgapar(t) = Ci(t) € wona (2.51)

The noise in the global correlation functions is too large tollaw for meaningful
ts of a single correlation function. Only by averaging manycorrelation functions
of a single bond vector over subtrajectories, su ciently smoth global correlation
functions can be obtained.

The optimal number of decay processes that can be t to a cofegion func-
tion depends on the underlying number of decay processesiwgu ciently well
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separated decay times. Hence the risk of over tting the coraion functions with
too many exponential decays exists. The Akaike Information@erion (AIC) can
be employed to nd the optimal number of decay processe$]]:

AIC=2K +n In(RSS), (2.52)

where K is the number of parameters used for tting,n is the number of data
points and RSS is the Residual Sum of Squares of the t. AIC penzaés more
complex models and has been shown to result in the optimal cheiof model: as
simple as possible while maintaining a good quality of t.

The resulting order parameters need to be scaled to be comalle to experi-
mental data by a factor :

= 0:89 (2.53)

The reason is, that for the computation ofS? order parameters during the anal-
ysis of NMR data, S? is interpreted as a ratio of experimental dipolar coupling
strengths to those that would be observed in a totally rigid eéference molecule
[42]. An internally rigid molecule ignores quantum-mechanicatero point vibra-
tional motions and the e ective bond length chosen for dataralysis a ects the
scaling of theS? order parameters. For historical reasons, a bond length of02 A
is most often used, while a bond length of 1.04 would yield S? order parameters
much closer to unity. As classical MD simulations ignore qué&amm mechanical ef-
fects and treat N{H bond vectors as rigid, yieldingS? order parameters near unity
independently of the bond length, it is helpful for the compason of MD and NMR
derived order parameters to scale the experiment&? values by & in order to
obtain close to unity values for very rigid N{H bonds as well. Hmever, it is more
common to scale the simulation derive&? values by , achieving an equivalent
e ect for comparison. One should keep in mind that it is relatie di erences inS?
that matter, and not absolute di erences between experimerdand simulation.

Side chain mobilities probed in uorescence spectroscopynche readily com-
puted from MD data with the same procedure described aboverf®dN{H bond
vector S? order parameters measured in NMR experiments. As most side chain
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consist of multiple bonds, order parameters for all bonds stld be computed and
then averaged. Bonds able to rotate without a ecting the ovetll orientation of the
side chain should not be considered, such as bonds in the Tsiree and Phenylala-
nine rings not colinear with the C-C bonds during rotations of the ring around
the axis of that bond. A good example are the GC bonds of Tyrosine.

The computation of order parameters from MD trajectories ha been auto-
mated in the softwareMOP S? and is made available to the public by the author

[43].

2.2.45 Chemical Shift Prediction

The chemical shift of an atomic nucleus is de ned as its resant frequency in a
magnetic eld relative to a reference frequency (more detaion chemical shifts
are provided in section 2.1.2.2). Many methods to predict checal shifts have
been developed over the last decade®]]. Bioinformatics based methods predict
chemical shifts from protein sequence data alone, utilizindpe fact that similar
sequences adopt similar protein structures, which in turnxéibit very similar
chemical shifts. By comparing a target protein sequence tolarge database of
sequences with known chemical shifts, it is often possible generate reliable shift
predictions from the known structures. In contrast to sequee based methods,
shift prediction methods have been developed that base th@rediction on three-
dimensional structural data. These methods fall into di eent categories, based on
the level of theory employed for the predictions. Quantum Meeimical (QM) pre-
diction methods employ Hartree-Fock (HF) or Density-Functioal Theory (DFT)
calculations to nd estimates for the chemical shifts in a mlecule. These meth-
ods are very costly, as they require huge amounts of compugipower, especially
for larger molecules. Semi-empirical prediction methods aeefaster alternative
to QM based predictions, at the cost of a lower performance. Wever, for large
scale protein chemical shift predictions, empirical prediion methods are needed,
that do not resort to quantum mechanics and are therefore atléaster to compute.
The most successful of these methods employ modern macheerhing techniques,
either solely or in combination with other empirical methods Two of the most
successful methods (according to referencesl,[45, 46, 47, 48]) are described in
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more detail.

SPARTA+ The chemical shift prediction with SPARTA+ [45 is based on an
arti cial neural network. The network is trained with a carefully selected set of
580 protein structures, for which high-resolution X-ray stictures and complete
experimental backbone and Cchemical shifts are available. The network consists
only of a single level (one hidden layer plus input and outpulayers). Input
to the neural network consists of backbone and side chain son angles of a
residue and its two immediate neighbours, information on Hdnds, the presence
of ring currents and electrostatic interactions and a predtion of the local backbone
exibility. In total this amounts to up to 113 parameters per residue, depending
on the identity of the amino acid. The prediction of a 100-redue protein takes
approximately 1 to 2 seconds.

SHIFTX2  SHIFTX2 divides the chemical shift prediction into two subpre-
dictions, which are nally combined for the end result. The rst prediction
(SHIFTX+) is based on the protein structure, while the second (SHITY+) is
based on the amino acid sequence. SHIFTY+ aligns the amino acidgsience
of the target protein with a large database and predicts thehemical shift from
shifts of known structures with highly similar sequence antience presumably
similar chemical shifts. SHIFTX+ uses a machine learning apprea for chemical
shift prediction that combines multiple statistical machne learning methods and
trains these on a set of 63 parameters. These parameters uag the amino
acid type and the type of its neighbours, the secondary striwre, the hydrogen
bonding status, the solvent accessible surface area, baskb and side chain
torsion angles and the presence of ring currents and eledtatic elds. Finally,
the predictions of SHIFTX+ and SHIFTY+ are combined. However, the squence
based prediction of SHIFTY+ is only considered if the sequencddntity with any
sequence from the database was at least 40%. If the di erenceshift predictions
from SHIFTX+ and SHIFTY+ is su ciently small, the sequence based prediction
of SHIFTY+ is used exclusively. Otherwise, a linear combinatio of the two
predictions is used as the nal prediction, with a bias towads the structure
based prediction of SHIFTX+ that grows with the di erence in the two methods.
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The motivation behind this procedure is, that for highly coserved proteins, the
chemical shifts of the known homologue are very reliable mhetions, but their
accuracy decreases quickly with dissimilarity in the seqoees and the predictive
value of the structure based prediction increases.

According to reference 46], SHIFTX2 outperforms SPARTA+ slightly, but
both methods are far more accurate in terms of chemical shiftNRSDs and corre-
lation coe cients relative to the experimental shifts than dl other methods used
in the benchmark. As the comparison was done by the developasSHIFTX2,
the possibility of the selection of a favorable test set for SHTX2 exists and hence
the inferiority of SPARTA+ is questionable. Hence, both method represent very
good choices for accurate and state of the art chemical shiftedictors.
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2.3 Molecules

2.3.1 CitAP { BsLA Fusion Protein

2.3.1.1 Bacillus Subtilis Lipase LipA

Bacillus Subtilisis a gram-positive, aerobic bacterium found in soil and watéhat
is subject to active research since 19929. Bacillus Subtilisis of major industrial
interest because of its highly e cient protein secretion sstem [5(], enabling the
production of proteases and amylases in bulk quantities]. Of special interest
are its excreted lipases, as these catalyze the hydrolysiglasynthesis of long chain
triacylglycerols (2. These lipases possess a wide substrate speci city. Theyd
applications in transesteri cation reactions, the synthsis of esters, the resolution
of racemic mixtures, and are used as additives in laundry deggents (3.

The reported experiments where performed using lipase Lip#om Bacillus
Subtilis (BSLA). Compared to lipases from other organisms, BSLA is relaely
small, consisting of 181 amino acids and weighing 19.36 KDASBA belongs to
the / hydrolase fold enzymes. Members of this protein family arewmstituted
by a twisted -strand core anked by -helices on both sides5H]. Because of its
small size and because other known/ hydrolase fold enzymes extend on this
core structure, it can be considered as a minimal  hydrolase. BSLA hydrolyses
sn-1 and sn-3 glycerol esters with long fatty acid chains, wailts highest activity is
exhibited on medium sized fatty acidsg2]. The optimum environment is reported
to be found at pH 10 pZ].

Most known lipases possess anhelical segment that covers the active site.
The encounter of lipid aggregates triggers the opening of thiid, exposing the
active site and enabling catalytic activity. This behaviou is known as interfacial
activation [54]. BSLA lacks this lid, resulting in an active site that is solent
exposed and thus actively hydrolysing fatty acids even in thabsence of lipid
aggregates.

The active site is located at the bottom of a shallow cleft foned by four
turns (Figure 2.8). Its structure is in accordance with the semdary structure
topology of the canonical / hydrolase fold, in which the active site is formed
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Figure 2.8: Active site ofBacillus Subtilis lipase LipA with 1,2-O-isopropylidene-
sn-glycerol (IPG) phosphonate-inhibitor bound. The cataftic triad residues are
colored, as well as the backbone nitrogen atoms forming theyanion hole. Coor-
dinates taken from PDB accession cod=

by a nucleophile, an acid and a histidine, together called theatalytic triad [52].
In BSLA this catalytic triad is constituted of serine 77 (nudeophile), aspartate
133 (acid) and histidine 156. Serine 77 is located at the solled nucleophilic
elbow 5], a sharp turn at the bottom of the binding pocket connecting central

-sheet to a peripheral -helix. The ester hydrolysis reaction, catalyzed by BSLA
is depicted in Figure 2.9. The ligand binds covalently with its posphoryl group
to Serine 77. A tetrahedral intermediate structure is form& The phosphoryl
oxygen of the substrate is hydrogen bound to the NH atoms of ntebnine 78
and isoleucine 12, forming the oxyanion hole, a pocket stébing the negatively
charged transition state common to most lipase$?. The N atom of His156 is
located at hydrogen bonding distance from the Ser77 Gitom and the substrate
ester oxygen.
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Figure 2.9: Ester hydrolysis reaction catalyzed by BSLA. Figerreused with per-
mission from referencedq].

2.3.1.2 Periplasmic Domain of Sensor Histidine Kinase CitA

CitA is the sensor histidine kinase of a two component regutay (TCR) system
of Klebsiella Pneumoniagd57]. TCR systems generally consist of a sensor histidine
kinase and a response regulator (CitB in the present case)eror histidine ki-
nases respond to environmental conditions by autophosplytation of a conserved
histidine residue. The phosphoryl group is subsequently tnaferred to a conserved
aspartate residue of the response regulator. The phosphatdd response regulator
in turn triggers a change in gene expression or cell behaviqé7]. The CitA/CitB
regulatory system controls the expression of citrate ferm&ation genes. Citrate
metabolism requires careful regulation, as an uncontrotidranscription of citrate
fermentation genes in the absence of citrate would break thar acid cycle with
severe consequences for the organiss][

Like most known sensor histidine kinases, CitA is a membran@otein, the
domain composition of which is shown in Figure 2.10. Its exteallular N-terminal
sensor domain is anked by two transmembrane helices, one which links to
the intracellular autokinase domain. Like virtually all known sensor histidine
kinases, CitA appears to be dimericqg]. In many cases only the structures of the
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Figure 2.10: CitA domain organization. The transmembrane heles are indicated
with TMH1 and TMH2. Only the structure of the periplasmic domain (CitAP) is
known and was used in the reported research. Histidine 350 ggthosphorylated
after signal transduction as described in the text. Figure tesed with permission
from [57)].
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extracellular domains of sensor kinases are known, due to timerent di culties
of obtaining structural information about membrane protemns. This is also true for
CitA, where only structures of the periplasmic domain (CitAP)have been resolved.
CitAP consists of 135 amino acid residues, weighing a total ©4.68 kDA.

The overall fold of the periplasmic domain of sensor histidé kinases classi-
es them as members of the Per-Arnt-Sim domain superfamily. fAis superfamily
comprises many well studied sensor histidine kinasés).

The mechanism of action of CitA §7] is initiated by citrate binding, trigger-
ing a conformational change of the periplasmic domain that is ediated by a
transmembrane helix (TMH) to the cytoplasmic kinase domainlt has been hy-
pothesized that this mediation happens by a piston-like maanism (Figure 2.11)
in which transmembrane helix 2 is pulled to the periplasmidde of the membrane.
The resulting conformational change in the kinase domainlals the interaction
of the ATP-binding subdomain with the cytoplasmic phosphoriation subdomain.
After autophosphorylation the subdomains dissociate. Thehwsphorylation sub-
domain can now bind to the receiver domain of the response régpor CitB. A
nal phosphotransfer in the phosphorylation domain from hstidine to an aspartate
completes the CitA cycle and a new response can be triggered.

The binding pocket of CitAP includes a -sheet core that forms the bottom
and two loops, the minor loop (residues 96 to 106) and the majmop (residues 63
to 92, Figure 2.12). These loops form tight lids covering the lad ligand, forming
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Figure 2.11: Hypothetical mode of action of CitA. The citrate-tiggered confor-
mational change of the periplasmic domain is mediated to the/toplasmic kinase
domain by a piston-like mechanism. Figure reused with permisa from [60]

a closed pocket. While the conformation of the termini remaguncertain due to
crystal packing artifacts, the core structure of the bound GAP has been solved
with 1.6 A resolution and has been experimentally found to be well fi#d in so-
lution (by NMR spectroscopy, p0]). The major loop is unresolved in the unbound
CitAP structures, indicating that it is highly mobile withou t the stabilizing e ect
of the ligand. The core structure of the protein is highly sintar for the bound and
unbound structures with similar backbone positions and se&lchain orientations of
the binding residues not located in the minor or major loops[]].

A sodium ion attached to the rst helix of the periplasmic doman (H1 in Figure
2.11) and the -sheet core has been crystallized in the citrate bound struces.
This ion seems to be of physiological relevance, as sodium éguired for the
induction of the CitA/CitB target genes [61] and is backed by the fact that no
sodium ion has been found in the citrate free crystal structa.

It has been reported that citrate binding to CitAP is highly speci ¢ and that
virtually all CitAP molecules are in the bound state under phgiological citrate
concentrations 0. Citrate interacts mainly with Thr58, Arg66, His69, Glu80,
Serl01, Leul02, Arg107, Lys109 and Serl24 by hydrogen bondifigure 2.13).
A further hydrogen bond is mediated by a water molecule to GIyiB.

The conformational change in the periplasmic domain of sesrshistidine kinase
CitA is illustrated in Figure 2.12. The main conformational bange is a attening
of the -sheet that forms the minor loop. Upon citrate binding this -sheet is
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Figure 2.12: The conformational change in the periplasmic dain of sensor his-
tidine kinase CitA. The minor loop changes from the bound coafmation (blue)
to the open conformation (red). Citrate bound and free coordates have been
taken from PDB structures and , respectively. Coordinates for the ma-
jor loop (green) are only available in the bound structure as ivas indicated to be
unstructured in the ligand free form, at least under crystadization conditions.

pulled in, due to interaction with the ligand. This disrupts ©me of the interac-
tions with neighbouring -sheets and subsequently pulls the C-terminus away from
the membrane. The unstructured major loop in the citrate fre crystal structure
indicates that the citrate binding pocket is less stable in afence of citrate.

2.3.1.3 Fusion Complex

The two proteins, CitAP and BSLA, have been fused in the laboraty, motivated
by the desire to regulate the lipolytic activity of BSLA via dtrate binding to CitAP.
A controlled upregulation by a cheap and non-toxic moleculguch as citrate could
be utilized to switch on the desired catalysis at speci ed mies. It was assumed
that the conformational change of CitAP triggered by citratebinding could have
a regulatory e ect on lipase activity.

The sequence of the fused construct, as used in the experitsgperformed in
the group of Karl-Erich Jaeger (Heinrich-Heine-University Dsseldorf, Germany),
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Figure 2.13: Interactions of CitAP with its ligand citrate as determined by visual
inspection of a 1 ns molecular dynamics trajectory of citratbound CitAP. The
minor loop is the domain with the largest RMSD in the transitimm from the citrate
bound to the citrate free conformation.

is shown in Figure 2.14. CitAP was connected to BSLA by means of limker
helix that was taken from YtvA, the blue light sensor ofBacillus Subtilis (PDB
accession code: ). A polyhistidine-tag (His-tag) was attached to the N-
terminus of CitAP to allow easy puri cation and a protease si& was included in
the complexed protein as it was found experimentally that tis increased the e ect
of citrate on BSLA activity. The construct consists of 336 anmmo acid residues and
weighs 36.21 kDA.

Although it was attempted to up-regulate the lipase activityby citrate bind-
ing, experiments indicated the opposite e ect (section 3)11t was further demon-
strated that increasing citrate concentrations had no e etcon the activity of iso-
lated BSLA. Lipolysis was signi cantly reduced at higher citate concentrations in
the CitAP{BSLA complex to about 40% of the initial activity of t he complex.

2.3.2 GABARAP and GATE-16

Throughout a eukaryotic cel@ life cycle, many of its components become dysfunc-
tional or unnecessaryq2, 63]. To prevent damage due to toxic protein assemblies
and to reuse building blocks such as lipids and amino acid$ielse components are
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Figure 2.14: Amino acid sequence of the CitAP{BSLA complex.

disposed and recycled in a controlled manner through a prasecalled autophagy
[64]. Autophagy involves the creation of an autophagosome: a spioal vesicle

formed by a double layer membrane that engulfs the cellularaste p5. Even-

tually, the autophagosome fuses with spherical, membraneind vesicles called
lysosomesq6]. In the lysosomes slightly basic interior, biopolymers ardegraded
into their components by hydrolytic enzymes.

The biogenesis of the autophagosome consists of multiplages §7]. First, a
cup-shaped membrane forms at the endoplasmic reticulum llea the phagophore.
In a subsequent step, the phagophore enwarps a volume of théopfasm and forms
the autophagosome vesicle. Finally, the autophagosome fusdthwvhe lysosome,
in which the breakdown of the cargo takes place.

Many proteins are involved in the creation and constitutionof autophago-
somes and lysosomes and in the signalling process that targetsteins for degra-
dation. The proteins involved in autophagosome formation areollectively de-
noted as autophagy-related proteins (ATG). In yeast, the a@ophagic process is
dependent on the protein ATG8, of which several orthologs it in higher eu-
karyotes. These orthologs are collectively referred to avé LC3/GABARAP
family, which in turn is constituted by two subfamilies: LC3and GABARAP.
The LC3 subfamily consists of four distinct proteins (LC3A/BC, where LC3A
exists in two dierent splicing variants), while the GABARAP subfamily con-
sists of GABARAP, GABARAPL1 and GABARAPL2 (GABARAP like proteins
1 and 2), where GABARAPL2 is also known by its alternative name GPE-16
(Golgi-associated ATPase Enhancer of 16 kD&{]). The acronym GABARAP,
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referring to -aminobutyric acid receptor type A (GABA,) receptor associated
protein, stems from the function it was rst associated withduring its discovery
[69. The subfamily classi cation is based on their degree of hwlogy, character-
ized by intrafamily sequence identities larger than 80% and terfamily sequence
identities of approximately 60% 0. The structure of all LC3/GABARAP pro-
teins is highly conserved. They consist of two N-terminal -helices, followed by
a ubiquitin like core [71]. A key feature responsible for their ability to selectivel
associate with speci ¢ binding partners is the di erence irelectrostatic properties
of these N-terminal helices (;! ;). Helix 1 of LC3 is basic, while it is acidic in
GATE-16 and GABARAP. Helix 2, on the other hand, has an acidic, newal and
basic surface in LC3, GATE-16 and GABARAP, respectively. This iges rise to
their speci c electrostatic patterns: LC3 (basic-acidic) GATE-16 (acidic-neutral),
GABARAP (acidic-basic). Even though the LC3/GABARAP family members
are structurally very similar, they exhibit non-redundant, unique functions during
autophagy.

In order for LC3/GABARAP proteins to fulll their functions, po st-
translational modi cations are necessary. The proteins &t in an unmodied
pro-form, which is then cleaved at the C-terminus by membersf the ATG4
protease family to expose a conserved glycine residue, duet) isoform I. Sub-
sequently, isoform Il is produced by other ATG proteins covantly conjugate
phosphatidylethanolamine (PE), a class of phospholipidsodind in biological
membranes, to the conserved glycin€3]. The conjugated PE is used to anchor
the proteins to membranes at which they ful Il their functions.

The di erent known functions of LC3/GABARAP proteins are summarized in
Figure 2.15. GABARAP can act as sca olding proteins, recruitingother bind-
ing partners and forming complexes with them, enabling theucleation of the
autophagosomal membrane (Figure 2.15A) . Whether the initial membrane
nucleation happens due to GABARAP and the membrane is formede novoor if
the membrane is derived from other organelles, inheriting@eformed lipid assem-
bly, and held in place by the protein sca old is still unknown Selective engulfment
of organelles is possible with the aid of GABARAPL1 and LC3B (Fige 2.15B).
Elongation of the phagophore membrane is facilitated predanantly by LC3B,
mainly due to ionic interactions with the lipid heads (Figure2.15C) E7]. Clo-
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sure of the phagophore to produce the autophagosome is meddby LC3B, but

more importantly by GABARAP (Figure 2.15D). It has been hypothe&ed, that

GABARAP exists in an open conformation, in which the two N-termin&helices
detach from the ubiquitin core of the protein and penetrate th adjacent membrane
by hydrophobic interactions of the unfolded helix 1, enabig the phagophore clo-
sure [74]. In autophagosome fusion with the lysosome, several membef the

LC3/GABARAP family play important roles in the interactions wi th other pro-

teins relevant for the fusion process. However, the exact eraction partners and
processes at work are yet unclear (Figure 2.15E).

In addition to the importance for autophagy, LC3/GABARAP proteins per-
form functions unrelated to autophagy. GABARAP, as its name suggsts, was
originally found to facilitate intracellular transport due to interactions with the
GABA , receptor. The e ect of this interactions might be the incorpration of
this receptor into the transport vesicle membrane. GATE-1@nhances the trans-
port across membranes of the Golgi apparatus (Figure 2.15F)4. Other known
involvements are the degradation or proteins in the endo@anic reticulum, phago-
cytosis, mobility and growth, as well as functions as a tumor gpressor.

More information can be found in a detailed review of LC3/GABARP family
proteins, published by Schaaf et al. in 2016 §], providing an ideal starting point
for any reader wishing to familiarize with the current stateof LC3/GABARAP
research.

2.3.3 Interleukin-6

Interleukin-6 (IL-6) is a pleiotropic cytokine, i.e., a sigaling molecule a ecting
multiple cell types. Its main function is to control the immune response, but
many other functions outside of the immune system are known agll, such as
metabolic control and the generation of pain. While predomamtly acting in a
pro-in ammatory way, stimulating the acute phase responsé¢o injury [77], IL-6
has also been associated with anti-in ammatory functiondelping cells to recover
from in ammation [ 7§].

IL-6 levels are elevated during in ammation and hence it cotisutes an inter-
esting target for medical treatments. It could be therapetutally exploited to treat
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Figure 2.15: Graphical depiction of the dierent functions & LC3/GABARAP
family proteins. Figure reused with permission from referee [76]
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chronic in ammation diseases.

IL-6 signalling acts through the gp130 receptor, which it sres with sev-
eral other interleukins [/9, 80]. Gp130 is a transmembrane glycoprotein, ex-
pressed ubiquitously in all cell types. It consists of eighlomains: six extra-
cellular, one transmembrane and one cytosolic domain. Thestr domain (D1) is
immunoglobulin-like and the following two domains are the ma cytokine binding
domains (D2 and D3). Preformed but inactive dimers of gp13&ist on the cellular
membrane 81].

IL-6 cannot bind gp130 directly. It rst needs to form a heteodimer with its
receptor (IL-6R ) to form the IL-6/IL-6R  complex. There exists evidence that
IL-6R exists as a preformed homodimer as well, similar to gp1387].

IL-6R exists in a membrane bound form (mbIL-6R) and in a soluble form
(sIL-6R ), which is produced from the membrane bound form by protedig cleav-
age or through an alternatively spliced IL-6R messenger RNA, which does not
contain the transmembrane domaind3]. IL-6 alone can only a ect cells that ex-
press both mbIL-6R and gp130 receptors, which is called classic-signalir&y][
However, IL-6R is only expressed in a few cell types, such as macrophages and
neutrophils, and hence the classic-signaling of IL-6 is pemsible for the pro-
in ammatory behaviour of IL-6. In addition, IL-6 can bind to sSIL6-R and either
initiate a response in cells not expressing mblL-6Ror amplify signalling on cells
that do contain mbIL-6R . This process is called trans-signaling. One of its func-
tions is to attract lymphocytes to the in amed area B5. The pro-in ammatory
functions of IL-6 are likely due to its classical-signalingpehaviour, while its anti-
in ammatory behaviour is mediated by trans-signaling $6).

IL-6 consists of a four-helix bundle, characteristic for 16 type cytokines B7,
88]. The four helices (A, B, C, D) are arranged in an up-up-down-ae fashion
with short loops connecting helices B and C (BC-loop) and |lger loops connecting
helix A to B (AB-loop) and C to D (CD-loop), as shown in Figure 2.16

A crystal structure of a hexameric complex, consisting of wv IL-6/IL-
6R /gp130 trimers, has been solved by X-ray crystallography8f]. However, an
alternative model of the receptor association has been prgaal, stating that only
one IL-6/IL-6R complex is needed to bind to and activate the gp130 dimer.
[90]. This alternative model suggests that at low IL-6/IL-6R concentrations,
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Figure 2.16: The four-helix bundle of IL-6, showing helices AtD in blue, green,
yellow and red, respectively, as well as the AB-loop in cyan drthe CD-loop in
orange.
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the complex with a single IL-6/IL-6R activates the signal transduction pathway,
while at higher concentrations the hexamer forms, in whichpd30 is inactive.
The hexameric form would in this model present a self-inhibdn mechanism to
damp the response to IL-6 signaling.

IL-6/IL-6R , in its soluble and membrane bound forms, initiates signatdans-
duction of gp130 to the cytosol through associated kinasesd]. IL-6 possesses
three distinct receptor binding sites (Figure 2.17), binding dmains D2 and D3 of
IL-6R at site |, domains D2 and D3 of gp130 at site Ila and the immundgpulin-
like domain D1 of the second gp130 in the complex at site Illdn the hexameric
complex, there are additional interactions between both D8omains of IL-6R
and gpl130 (site lIb), as well as the D2 domain of IL-6R and the D1 domain of
gp130 (site Illb). Site Il is characterized by a larger hydophobic binding inter-
face to which Trp158 makes the largest contribution. Trp15& conserved among
nine species of the IL-6 family. In addition, the AB-loop make several contacts
with gp1308 D1 domain. It is highly mobile in the apo state of IL-6, as iswdent
from 32 structures of an ensemble originating from NMR specsoopy B7].

A viral variant of IL-6 (vIL-6) exists in human herpes virus 8 which signals
through the gp130 receptor without the need for IL-6R [91]. Human and viral
IL-6 share a sequence identity of 25% and a sequence simijaaf 66%. The X-
ray crystal structure of the vIL-6/gp130 tetrameric comple shows a very similar
binding pose with two gp130 molecules compared to human ILf82]. The binding
interfaces lla and Illa of viral IL-6 are at equivalent positons to human IL-6,
however, the amino acids constituting these interfaces aret well conserved.
To identify the crucial binding interfaces that enable the L-6R independent
binding of vIL-6, a chimeric variant was constructed in whils three subsites of vIL-
6 binding site 11l were introduced into human IL-6 (Figure 2.8) [93]. Interestingly,
human IL-6 was only able to bind gp130 in the absence of IL-6Rf subsites a, b
and c were introduced in the chimeric variant at the same timeven though subsite
c does not make contact with the D1 domain of gp130 in any of threceptor bound
crystal structures. Subsite c is located at the BC-loop andags not directly contact
the D1 domain of gp130. Its contribution to binding site Il istherefore likely
through interactions with the other two subsites, a and b, prsumably through
salt bridges.
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Figure 2.17:A: The hexameric human IL-6 assembly (PDB accession coide” /).
IL-6 is shown in yellow, the receptor in shades of green, and the gp130 receptor
in cyan, purple and rose to indicate the individual subdomas. The three binding
sites of IL-6 are indicated with circles.B: Schematic representation of the hex-
americ assembly corresponding to panel AC: The binding epitopes of IL-6 are
shown with transparent surface representation with the saencolor coding as in
panels A and B.
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vIL6

Site Il

Figure 2.18: Binding of vIL-6 to gp130. A) Ribbon model of the recently solved
vIL-6/gp130 X-ray structure. (B) Interaction of gp130 (only immunoglobulin-like
domain D1) and vIL-6. Sites I, Il and Il are indicated. C) The BC loop of site
Il (subsite c) is not in direct contact to gp130-D1. D) Schematic drawing of the
common four-helix bundle cytokine fold. The di erent partsof site 1l and site IlI
are color coded as green (site Il) or red (site Ill). Figure andaption reused with
permission from referencedp.
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A detailed review of IL-6, discussing the receptor complexssembly, the di er-
ent signaling mechanisms and its biological activity has lee published by Scheller
etal. in 2011 pP4]. A more recent review published by Hunter et al. in 2015 foces
predominantly on the biological mechanisms and its experimih evidence Pg.
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Chapter 3

Applications

3.1 A combination of mutational and computa-
tional scanning guides the design of an arti-
cial ligand-binding controlled lipase

3.1.1 Summary

Bacillus Subtilis Lipase A (BsLA, section 2.3.1.1) is set unddigand-dependent
regulatory control through the introduction of a regulatoly domain (CitAP, section
2.3.1.2) from a dierent organism. Structures of both indidual molecules are
known. The proteins were fused together with a helical linkgo produce a fusion
protein of unknown structure in the hope that CitAP is able to rgulate the activity
of the lipase. It was found that citrate, the natural ligand @ the regulatory domain,
is able to inhibit lipase activity. Furthermore, the fusion potein was shown to exist
primarily as a homodimer at physiologically relevant conecgrations.

The research questions addressed in this publication are: Vths the structure
of the fusion protein and how is BsLA activity controlled by CiIAP?

The most important experimental data to elucidate the struture was obtained
by small angle X-ray scattering (section 2.1.3). With the aid fomolecular mod-
elling, using MD simulations and SAXS curve reconstruction, wevere able to
generate a structural model of the fusion protein based on é¢hsub-domains of
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known structure that is in agreement with the experimental 8XS data. However,
it was not possible to fully explain the underlying mechanisnof allosteric BsLA
regulation based on this structural model.

3.1.2 Contribution

| built the fusion protein models from low resolution SAXS data ¥ rigid body
tting of known X-ray structures. The linker domains were reonstructed from C
traces, which were obtained by a t of the SAXS data with single-bad protein
residues (section 2.1.3). Four di erent models of fusionrptein homodimers were
generated. Each model was subject to 100 ns MD simulation texf which SAXS
scattering curves were computed for the MD trajectories. Firlg, the best models
were selected, based or? values, which estimate the agreement between simulated
and experimental data.

| wrote manuscript sections on MD simulation methods and ma building, the
results section on computation modelling and SAXS envelope restruction and
produced Figures 5a, 5b, 6a and 6b (in total approximately 15 @f the complete
manuscript).

3.1.3 Reprint

This section contains a complete reprint of the publicatiof96]. The supporting
information to this article is located in section 6.1.

The publication is licensed under a Creative Commons Attribion 4.0
International License. The images or other third party matgal in this
article are included in the article&d Creative Commons license, unless in-
dicated otherwise in the credit line. To view a copy of this lense, visit
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Allostery, i.e. the control of enzyme activity by a small molecule at a location distant from the enzyme’s
active site, represents a mechanism essential for sustaining life. The rational design of allostery is a
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explore the possibility to rationally engineer allostery into the naturally not allosterically regulated
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Functional assays, combined with biochemical and biophysical studies suggest a mechanism for

control, similar but distinct to the one of the parent CitA protein, with citrate acting as an indirect
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catalytic mechanism of some enzymes may be evolutionary optimized in a way that it can easily be

perturbed by small conformational changes.

Allosteric regulation represents a general mechamibich is used throughout all kingdoms of lifeatthieve
control of protein activity. In terms of their ewtion it appears reasonable to assume that aliogteoteins
evolved from non-allosteric ones. Hereby, the digniwof multidomain (sensory) proteins is of pactiar interest
for engineering purposes mimicking natural evolatias they potentially arose through establishimgain
interactions between independently functioning, @stcal protein¥= "us, a key to understanding allostery
in multidomain sensory proteins is to understandihinose proteins gain, lose and rearrange doméins.
theory, new functionalities can emerge by at leastmechanisms: i) the interchange of sensor armedte#
domains between di#erent sensory receptors in ege®called domain shu$ifignd ii) the recruitment of a
sensor domain to an existing non-allosteric protein motame of the most widespread and versatile sensor
domain families, e.g. present in sensory histitinases (SHK8)and other multidomain sensory receptors
are Per-Arnt-Sim (PAS) domaihsSignal perception by PAS domains is usually céted by covalently or
non-covalently bound small molecule ligahdatructurally, PAS domains possess a maxbefold, where usu-
ally %ve anti-paralleistrands together with a variable sed dielices form a tight pocket in which the respecti
ligand is bound Known ligands include heme, &avins (&avin moniemticle, FMN and &avin adenine dinucle-
otide, FAD), 4-hydroxycinnamic acid (4-HCA), divalenetal cations, C3-C4 carboxylic acids (malomatdate,
succinate), C6 carboxylic acids (citrat&¢ environmental stimuli that a given PAS domadan recognize, are
equally diverse, ranging from chemical signals asanetabolite concentration (e.g. carboxylic ¥¢itdsoxygen
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(heme}2 redox potential (FAD¥*“to physical signals such as light (FAD, FMN amtiCA)%*17 Based on this
diversity and the modular nature of PAS-domain edmihg sensory receptors, e#orts have been madathgec
to engineer allosteric behaviour into naturally raltosteric proteins by fusion of PAS sensory dost&i?
Although successful in several c&%é3the rational engineering of allostery into an existing non-allosteric pro-
tein still represents a challenging endeavour. f@kstrategies have been brought forward all rglgn the
above described two evolutionary mechanisms, i.e. domain swapping taaepailpsteric control altering the
sensory input of the systéhtS insertiort®23or terminal fusioA®?°of a sensory domain. O'en, the screening
of several fusion construé{g?*>4and/or circular permutation and several rounds of direeealutior?® were
necessary to obtain an e*cient switch. "us, the ga@al question arises, which of the already explsteade-
gies represents the best for a given target praaih, more importantly, is it possible to rationaliegict the
best strategy (N-terminal fusion, C-terminal fusion or insertion) based on i.e. bioatfosnanalyses or already
available mutational data for a given target protein? To this end, d@eerfdrmatic methods have been devel-
oped that infer the evolutionary (statistical) cbog between residue pairs in a given protein fasdquence
alignment”?8 It is reasoned, that this co-evolutionary infotima captures the statistical signature of funcaion
constraints arising from conserved communicatiotwsn positions and thus enable the identi%cafiohains
of residues facilitating the &ow of information necessary for allosteric communigatiéh

In the present contribution, we explore the podgibof rationally engineering allosteric contrata the
naturally not allosterically regulated lipase A of the Gram-positive hatt&acillus subtiligBsLAFC by fusion
of the citrate-binding CitAP PAS domain of the periplasmic CitA citrate-sengdelogiella pneumorfizhereby
mimicking evolutionary processes that could leath® emergence of new multidomain proteins. "e site
of domain fusion (N-terminal, C-terminal or insesti) was rationally determined based on a wholegnot
site-saturation mutagenesis dataset of BsLA, bagkedmputational evolutionary coupling analysimétional
assays, complemented by a set of biochemical apldyisical studies, suggest a mechanism for caittioé arti-
%cial citrate-binding lipase, similar but distittcthe one suggested to be realized in the passisios-domain
containing CitA SHK. Our study demonstrates tha tfeneration of ligand-binding dependent controbof
enzyme by sensory domain fusion can easily be achieved in a simple 2plug ancupher® m

Results _

‘-’__f_(‘ofzV ’V”iT(____(‘ovo f.T .<_:kﬂm3f.f“f%0(i.:t'.--(-'fq-'f_f (Tin_(A)
T T —e = fZ7Z> feot FTTIZ——<tef" =SFE'ZEFL"E c e F—HEst Afis a don-
omerica/b-hydrolase that hydrolyses glycerol-esters witdioma chain length (C8) as well s3-1andsn-3
glycerol esters with long fatty acid chains to the corresponding abltdtsone of the smallest known lipases,
that, in contrast to other lipases, lacks a lid-donstructure and hence does not show interfacidyation®C.
No allosteric e#ects have so far been described for BsLaleinto infer chains of evolutionary coupled resi-
dues and hence to identify the best site for seth@miain fusion, we computationally inferred the letionary
coupling between residues in BsLA by using the &Mowy webserver (www.evfold.ofg§? In order to obtain
reliable evolutionary constraints (EC) values, arestructed a large hydrolase core alignment withBsSLA
sequence as query for alignment generation usiegotbls available as part of the EVcoupling weleselivan
unrestrained run, an alignment containing 149.5@4uences was generated (E-value cuto# 10E-3) whish
subsequently used to infer EC scores for every residue in the conserved BsLA oesaltlieg EC values were
mapped onto the BSLA X-ray structure (Fig.+1alsesupplementary+Figure+1). Evolutionary corgdigtlies
are color-coded from grey (low EC values) to regh(fEC values). A network of evolutionary couplesidues
appears to be centred around the anti-paraéHsta#old of BsLA, with the highest values obtafoedesidues
on b3,b5,b6. To experimentally validate those %ndings weaiset of data obtained by complete site-satura-
tion mutagenesis of BsE®*and parsed this data for residues whose substitlgd to severe loss of function.
From this data, the number of inactive variants ggsidue was determined (Supplementary+Figured-2)en
respective values were mapped on the X-ray struofBsLA (Fig.+1b). Interestingly, very similar todta
obtained from evolutionary-coupling analyses, ninsitationally-sensitive® residues, i.e. those wihaugations
led in many cases to loss of enzyme activityparelfwithin theb-sca#old of BSLA, namely on strah@sb5,b6.
In particular, the %rst N-terminal 11 amino acids includingoBhstrand (residues 6 to 9) appear especially sen-
sitive to mutation. Importantly, a similar netwook functionally important residues seems to be abaethe
C-terminus or within loop regions of BsLA.

Design of the fusion protein. Based on the above described analyses, a potglusieric communica-
tion pathway was predicted extending from the BsLA N-termiughe %rgb-strand to the enzyme active site
(Fig.+1). "us, in order to gain control over BSLA function we fused the citrate-bindigdemain CitAP of the
CitA SHK ofKlebsiella pneumoniai-terminally to BsLA as a putative d#ector® madidereby, the CitAP PAS
domain (residues 44 to 178 of full-length CitA) dalit-length BsLA were linkeda the & linker (residues 126
to 147) of theB. subtilisytvA photoreceptc®, resulting in a tripartite fusion protein (Fig.+2a). In wild-type CitA,
a transmembrane helix (TM2) connects the periplas@itAP PAS sensor domain and the cytosolic histidi
kinase (HK) e#ector domain (Fig.+2a). We decideépiace this TM2 helix (residues 179 to 199) luf-type
CitA by the YtvA & linker, to allow for soluble expressiorEncoli As suggested for full-length CitA, we rea-
soned, that in the here designed, potentially tighimding controlled lipase, the conformational nga induced
by ligand binding in the CitAP PAS domain could be transmitiadhe & linker to a#ect BSLA activity.

fef foi—<Tc—> T «— @& e Tt 1’ 1 *The gene-fusien’ qodidgdfor CitAP-BsLA was
expressed i&. colias a hexa-histidine (His6)-tagged fusion proteith puri%ed to homogeneity by immobilized
metal a*nity chromatography and preparative sizelegion chromatography. A speci%c activity o#58%/mg
was determined for puri%ed CitAP-BsLA, while putid6kl-type BsLA showed an activity of #83 U/mg with
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Figure 1. Comparison of evolutionary-coupling analy$&sand site-saturation scanning mutagenesis data
(b) mapped onto the X-ray structure of BsLA. Evolutionary coupled residues weredrifem a multiple
sequence alignment using the EVcoupling webserver (www.evfold.org). "e obtaiokdievary constraints
(EC) values were mapped onto the X-ray structure of BsLA (PDB Entry:2I8s\fhagnitude of the
obtained EC scores is color-coded (low values in yellow; high values in red). Addidhabyyes are
encoded by sausage thickness representing the magnitude of the EC scoentgtion, the central
b-sca#old 03-b8) of BsLA is labelled according to topological ofdée number of inactive BsLA variants
per residue was obtained from a complete site-saturation mutagenesis étaseétnfapped onto the BsLA
X-ray structure. "e number of inactive variants is encoded by color (blue: low valagesigh values) and
sausage thickness. "e N- and C-termini of BsLA are indicated. "e residues of theytiatalad, Ser77,
Asp133 and His156 are shown as sticks with oxygen in red, carbon in grey@gehratioms in blue. "e
color-bars next to the respective %gure represent the plotted scale of EQidaheesamber of inactive BsLA
variants per mutated site.

p-nitrophenylbutyrate as a model substrate. "is suggests that fusiontAPGb BsLA had no negative in&uence
on the lipolytic activity of BsLA. On the contratlye speci%c activities of CitAP-BsLA exceeded ibiohe
isolated wild type BsLA. "is observation might belated to the fact that fusion of CitAP to BsLAul&sin an
increased solubility of the protein. While BsLAtsté0 aggregate at pH 10 at concentrations hitffaer 1 mg/ml,
CitAP-BsLA can easily be concentrated to 5+10 mdath not shown). "e e#ect is even more pronounced
neutral pH values, i.e. under assay conditions. fligght result in higher stability of the fusion peo under
assay conditions and thus could account for the increased apparent spéid6c act

To address citrate sensitivity of CitAP-BsLA, weqgrened lipase assays in the presence of di#feremnt c
centrations of sodium citrate. Figure+2b showsldise response curve recorded for the citrate-degaralof
CitAP-BsLA lipase activity, displaying a clear sigmoidal response, chatacterispeci%c binding interactions
and ligand-dependent functional regulation (Fig.+88;line). In contrast, isolated wild-type BsLA haeiit
attached sensor domain, did not show any respamsardl citrate in the tested concentration rangg.(Fab; blue
line). From the %t of experimental data, an appa¢gof 32+ 8nmM and a Hill coe*cient i) of 0.94- 0.11
can be derived. During setup of the lipase assayifAP-BsLA, we realized, that the detergent Tri¥i100
(TX100), which is added to the assay to solubilize the hardly water-solublsuipstsate, apparently in&uences
the magnitude of the functional citrate dependasponse of CitAP-BsLA. We therefore performed geéx
ment where we kept the citrate concentration constant but varied the TX100 caticarih the assay (Fig.+2c).
Please note, that the maximally employed TX100eraration (160vM) is well below the critical micelle con-
centration (CMC) of the detergent (0.22 niff1)in this way, we are able to derive dose responses for the
TX100-dependent response of CitAP-BsLA at threerg#t sodium citrate concentrations (Fig.+2c). 'esé
response curves display sigmoidal character, itidécaf speci%c binding of TX100 to the proteirdiferent
citrate concentrations, di#erent apparerg &hdn,, values are obtained. At a concentration of 1 mik&ia,
an apparent K of 38 1nM can be derived, with a Hill coe*cient of 364.42. In the absence of citrate the
Kp is increased to & 1mM (ny= 7.53 0.42), revealing an increased inhibitory potdrita TX100 in the
presence of citrate. In order to further analyzertbie of the detergent TX100 on the citrate depahdctivity
response of CitAP-BsLA and wild type BsLA, we determined the functional respmrtse, lipolytic activity in
the presence and absence of 1 mM citrate, at dit#€»€100 concentrations (Supplementary+Figureiile
the measurement conducted using wild type BsLA doeshow a clear TX100 dependency and a relatargly
associated error, the measurement for CitAP-BsLA reveals a maximal eespayse at approx. B TX100.
In the absence of the detergent no functional response of CitAP-BSLA is oblseligatiof those %ndings, the
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Figure 2. (a) Schematic representation of the multidomain architecture of the sehistidine kinase CitA of
Klebsiella pneumoniathe blue-light photoreceptor YtvA Bicillus subtilisnd the here constructed arti%cial
ligand-binding controlled lipase CitAP-BsLA. "e numbers above the boxes denote aminowsmlzens at
domain boundaries of the respective full-length proteins. Abbreviations: TN, transmembrane helices,
CitAP PAS: periplasmic citrate-binding sensory domain of Cité; M<terminal N-cam-helix of YtvA, LOV:
blue-light sensing light oxygen voltage domain of Yte@Aadhelical linker connecting LOV and STAS domains
of YtvA, STAS: sulfate-transporter anti-sigma factor antagonist domagi Héisa-histidine tag, IEGRE:
protease Factor Xa cleavage site, BBLAubtilid.ipase A. Domain boundaries of CitA according to Kaspar
et al®’. (b) "e lipolytic activity of CitAP-BsLA (red-line, black circles) and wild type BsLA (blue-litagk
squares) were determined in the presence of increasing concentrations of sodiunieigierimental

data was %tted using a four parameter logistic dose-response model (réx) fimaktivity change in the
presence of increasing concentrations of Triton X-100 was determined at O (black line, 2@tds)dark
grey line, triangles) and 10801 sodium citrate (light grey line, squards). Sodium citrate, as well as the
respective citrate analogues, were added to the assay in a %nal concentratioarmd thalpolytic activity

of CitAP-BsLA and BsLA was determined relative to the activity without ligare presence of Mg* ions,
which are known to scavenge citfgtabolishes the functional response of CitAP-BsLA. 10 mM Mg
added to the assay containing CitAP-BsLA and 1 mM sodium citrate. Lipolyticyastgtmeasured using
p-nitrophenylbutyrate as substrate. Error bars depict the standardtidevdf the mean derived from three
independent measurements.

observed citrate-dependent reduction of CitAP-BdibAse activity has to be interpreted as a citiaj@endent
modulation of TX100 inhibition of CitAP-BsLA.

<— @ e T—ecte fof o' Zf—-FT «—Zt%cfATR e TLf %o ... S"E Efeci%tyt " e —<
of CitAP-BsLA was further probed by using di#ereitate analogues. "e isolated CitAP sensor domaias
reported to be highly speci%c for citfaté/e therefore used isocitrate, succinate andrbédlylate as potential
ligands and analysed the functional response &REBSLA. As expected for a highly speci%c citeatses,
CitAP-BsLA did not respond to any of the testedlagaes (Fig.+2d). Similarly, the isolated BsLAepratid
not show any change in activity due to presence of citrate analogs (Fig.+2u)eiVibr@as reported that My
ions can form a stable complex with cit?atéerefore, the addition of MgC} to the assay solution is expected to
inhibit the citrate-dependent functional respon$€adAP-BSLA by interfering with citrate-binding sAexpected,
addition of 10 mM MgGlto the assay solution containing 1 mM citrate ctatedy abolished the functional
response of CitAP-BsLA (Fig.+2e). Please notathetperiments using citrate analogues and Mg€te per-
formed in the presence of TX100, which indicates that the detergent does not in&uenaedtierliiag prop-
erties of the CitAP domain in CitAP-BsLA, i.e compared to the isolated CitAP domain.

2' f2 . <="f-tecot—. 1t o' — " f7 3B [r W0t PFe=te .t o' -
In order to assess global structural changes in CitAP-BsLA induced by citrate biaditigally monitored the
&uorescence of the aromatic amino acid residu€gAP-BsLA and wild-type BsLA. Excitation of tryptan
(Trp) residues of CitAP-BsLA and wild-type BsLA286 nm did not reveal any spectral changes duleeto t
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Figure 3. Fluorescence of aromatic amino acids of CitAP-Bsl)And wild-type BsLAb). Protein samples,
diluted to 3M in 10 mM glycin bu#er pH 10 supplemented with 10 mM NaCl, were excited at 278 nm.

(c) Fluorescence emission spectra ofdidnilino-1,1¢-binaphthyl-5,%disulfonic acid (bis-ANS) of samples
containing CitAP-BsLA or wild-type BsL@). 6nM of bis-ANS was added to protein sampleg\3in 10 mM
glycin bu#er pH 10 supplemented with 10 mM NacCl. Bis-ANS was excited at 385 nm. Ak&umesnission
spectra were recorded in the presence (red line) and absence (blue line) of 1 MM sadeirfran-UV(e) and
near-UV (f) circular dichroism (CD) spectra of CitAP-BsLA in 10 mM glycine bu#er pH 10 supplemertted wit
10 mM NacCl (blue solid line), a'er addition of 1 mM sodium citrate (red dashed line) ahd jorésence of

1 mM sodium citrate and 5fM Triton X-100 (black dashed line). All spectra were recorded at 25 >C.

presence of citrate (Supplementary+Figure+3ntimsh excitation at 278 nm, thus exciting bottosjne (Tyr)
and Trp residues, resulted in distinctly di#eremtigsion spectra for samples with and without 1 mitvate.
In the presence of 1 mM citrate, an increased éonigkig.+3a) with a maximum at around 303 nm &epled
for CitAP-BsLA (maximum derived from the resultidgterence spectrum, (data not shown). "is small,tbu
reproducible, increase in &uorescence emissiom dmibttributed to an increased emission from ®gidues
and thus to reduced F=rster-Resonance-Energy Tra(lsRET) between Tyr and Trp residues in the protein
In contrast, no citrate-dependent change in Tyr-RRET was observed for the isolated BsLA protéin+8b).
To further probe global structural changes in CitAP-BsL/femgloyed the &uorescent dye¢td#nilino-1,1¢
-binaphthyl-5,%-disulfonic acid (bis-ANS§3% which binds to hydrophobic surface patches ofging'®. Upon
dye binding, an increased &uorescence emissioellessva blue-shi' of the emission maximum, compiiethe
free dye, can be observed. Bis-ANS emission was markedly increased for CitABsBgle& containing 1 mM
citrate (Fig.+3c), suggesting that upon citrate binding additional hydrophobic satfdwespecome exposed.

In contrast, only a negligible citrate-dependent change in bis-ANS &uorescence was @irsesadple of
the isolated wild-type BsLA protein (Fig.+3d).

frae feot off e e T —Zf7" 1< .S See— foelfctflefadcet— L F T
changes. Far-UV CD spectroscopy was used to analyse CitARBsr potential secondary structural
changes associated with citrate-binding. Additibnalue to the observed e#ect of TX100 on BsLAigcH
CitAP-BsLA sample containing the detergent wawnhed (Fig.+3e). Far-UV CD spectroscopy suggesied th
CitAP-BsLA is well folded in solution but does neteal any signi%cant secondary structural chahge®
presence of sodium citrate or TX100. "is notion is further corroborated by dedatign of the corresponding
CD spectra (Supplementary+Table+3) and a compsoitton theoretical secondary structure compositién
the fusion protein derived from the X-ray structsief the components (Supplementary+Table+4). ‘fihéu
suggests that TX100 does not in&uence the profndoof CitAP-BSLA. In contrast, near-UV CD spectr
revealed citrate-dependent tertiary structural aesindependent of the presence of TX100 (Figln3fe
presence of citrate, we observed a decrease in ellipticity at around 265 noreaskhvalues at 285 nm as well
as in the region between 290 nm and 310 nm. Whéehanges seen at around 285 nm may be attribued
rearrangement of Tyr side chains which are distabdithroughout the whole fusion protein (15 resiglyehe
most pronounced citrate-dependent spectral changes are observed in the 290 nm+3idhreonregponding
to the absorption band of Trp residues. Since &giues are only found within the BsLA domain (VeBd W42
of BsLA) of the fusion protein, those spectral gfesmust be interpreted as a tertiary structurahge in the
BsLA part of the construct.
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relative oligomer distribution
AUCSS SAXS
- + - +
o] | [l | el | (%)
Monomer 73 85 73 86
Dimer 23 12 27 14
> Dimer 4 3 n.d n.d

Table 1. Comparison of the relative oligomer distribution of CitAPB4.A samples with € ) and without

(- ) 1 mM sodium citrate derived from analytical ultracentrifugation (AUC) and sriaangle X-ray
scattering (SAXS) data obtained for CitAB<_A at low concentration (0.5 mg/ml)¥or AUC experiments,
the relative oligomer distribution was estimated using Bayesianistaéissuming the presence of discrete
species of known molecular madsrom SAXS experiments the average molecular mass was determined,
which corresponds directly to the average molecular mass of a papbletveeen monomer and dimer with
known molecular mass. "e molecular mass was determined from the condentradrmalized forward
scattering and the excluded volume multiplied by the protein densityharal/erage molecular mass is
given. "eoretical molecular mass: monomer: 38.5 kDa, dimer: 77 Rdyes represent the mean of two
independent sedimentation velocity runs, with an experimental error below 5@.

sedimentation | Guinier RadiusR, | frictional ratio
coe"cent (AUC) ¢ (SAXS): (AUC)® Dinax (SAXS¥
- 4 - W - i - i
[S] [S] [nm] [nm] [f/f0] [f/f0] [nm] [nm]
Monomer? 3.53 3.61 2.94 2.81 1.15 1.12 10.0 9.y
Dimer 4.49 5.15 3.37 3.44 1.37 1.25 11a 116
> Dimer 6.65 8.36 n.d n.d n.d. n.d. n.d n.d

Table 2. Comparison of analytical ultracentrifugation (AUC) and small-angle X-ray gstsing (SAXS)
data for CitAP-BSLA samples with ) and without (- ) 1 mM sodium citrate Molecular mass: monomer:
38.5kDa, dimer: 77 kDa; n.d. not detect&®gandDmaxwere determined from SAXS measurements at
0.5 and 5 mg/mL. At low concentration, the determined parameters primarily infornh tagostructural
properties of the monomer, which is the predominwant population at tmatecdration. At high concentration
the dimer is the prevalent species and the structural parameters inform priatailt the properties of the
dimer. Dmax and Rg were determined from the distance distribution in real 8@loes represent the mean
of two independent sedimentation velocity runs, with an experimental error below 5@.

(="f-fa@tt fettem “—fot"ef"s o Fh b PEf LB ffoToBot e[5> o,
fet fefZ>—c...fZ —Z-"f e ... FMarytheudb fotall,dacterialdSHKs are func-
tionally active as dimers. In those cases, sigitay was suggested to oceia a rotation/piston/torque-like
movement&'*4initiated in the sensor domains which are transalthrough rigid coiled-coils in case of soluble
SHKs, or transmembrane (TM) helices in case of mangobound SHK$**¢ Given that CitAP is reported to
be a dimet*é while BsLA appears to be monomeric, the question arises whether the fosam QitAP-BsLA
is @ monomer or dimer in solution. We therefordially used AUC to determine the oligomerizatioatstof
CitAP-BsLA in solution with or without 1 mM citrater samples of low concentration (0.5 mg/ml) anb-s
sequently employed SAXS to cover a broader corat@nrtrrange (0.5+5 mg/ml) to address the possihilit
concentration-dependent oligomerization and obtaifow-resolution structural model of the fusion f@in.
AUC and SAXS data for CitAP-BSLA are summarizesiipplementary+Figure+4 and Supplementary+Figure+5,
respectively. At low concentrations, both AUC and SAXS reveal the preberam®meric and dimeric species
of CitAP-BsLA (Table+1). Moreover, both methodsigman identical estimation of the relative monomiiener
distribution with the monomer (SAXS: 73@, AUC: 78@pjesenting the predominant species in the alesenc
of citrate. At low concentrations, this equilibriusslightly in&uenced by the presence of citeditéing the
equilibrium further toward the monomer (SAXS: 86@, AUC: 85@IMeHb Additionally, a small but signi%cant
citrate-dependent increase in the sedimentatiorfaeat of the CitAP-BsLA monomer/dimer is observed
AUC experiments (Table+2). Moreover, a citrateuldgr change in the AUC determined frictional rdtig can
also be seen in the radius of gyratiog) €Rd the maximal elongation of the moleculg (R derived from SAXS
experiments (Table+2). "ereby, the frictional ratio re&ects both the shape dradibi of the protein molecule
and can be considered as an approximate meastire ofolecules< globularity. Here, a smaller friaticatio
(f/f0) is observed in the presence of citrate irntdlieasof a more globular conformation and/or lowegdhation.
"is observation is corroborated by the SAXS datdese smaller Rand D, values are found in the presence
of citrate for the monomer. Please note that we cannot rule ouhthahinge in Rand O, observed by SAXS
is caused by the altered monomer:dimer ratio between citate-free and citatedyotein samplevide supra
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Figure 4. (a) Average molecular mass of the scattering particle determined from ttent@ion normalized
forward scattering 1(0)/c or from the Porod volurfie) Monomer and dimer fraction of CitAP-BsLA as a
function of the protein concentration. Values were determined usiniglthéetermined from the Porod
volume. "e respective values were obtained by analysing SAXS data recar@\P-BsLA in the absence
(blue) and presence (red) of 1 mM sodium citrate.

cofcorf-cte T <= @ e Ti'ete ‘o slVfddSAXSMedsurements provide
direct information about the oligomerization staffea protein. Here, the average molecular massecfdattering
particle was calculated (Fig.+4a) from the forweattering (0)/c normalized by the protein concentration
which is directly proportional to the molecular rs&,, of the scattering particle, and by the Porod vaum
multiplied with the appropriate protein densityBy comparison of scattering curves for CitAP-Bat di#erent
protein concentrations, in both the absence and the presence of 1 mM citraegrtretion dependent mono-
mer:dimer equilibrium was observed (Fig.+4b). At all protein concentrations, this aguilias shi'ed by the
presence of citrate, resulting in a reduction @f dimer content (Fig.+4b). At concentrations otiaBang/ml
more than 90@ of CitAP-BsLA was present as a dadeitionally, from Fig.+4b, a dissociation conistdn
approximately 1.8 to 2.2 mg/ml (244849) for the dimer can be estimated, indicating ttamer association
is rather weak. Probably, this is a direct consezpiehfusing monomeric BsLA to dimeric CitAP thusrahg
the dimer forming capacity of CitAP by presenting non-evolved protein-protein inienagt the BsLA part of
the fusion protein. Given the rather high dissdomtconstant of the dimer, it seems reasonabledarae that
under assay conditions (atii4 protein concentration)) CitAP-BsLA is presentaasionomer. "is implies that
the citrate-induced structural changes in monom@&itAP-BsLA are su*cient to induce the observeddtional
response.

fol——f—<'ofZ o TTZZco% feof T o7 $.2¢ P Widbrder toegaih-more insight into
the structural arrangements of CitAP and BsLA mrtonomer as well as the assembly of the CitAP-Bshéy,
we reconstructed low-resolution bead models fronXSAata, further investigated the resulting modsisg
molecular dynamics (MD) simulations, and comparee %nal MD-derived models to the experimental data
obtained in SAXS experiments of CitAP-BsLA with antthout citrate. Four di#erent starting modelstioé
dimeric CitAP-BsLA complex were obtained using di#iestrategies. Details about model generation can be
found in the Materials and Methods section and$heplementary+Materials. "e models di#ered withael
to the manner of generation and the conformatiothef CitAP-PAS domain, being either in the citrbtaind
(closed) (models: y.cit: Mhign-cit) OF Citrate-free (open) state (modelg,Mee Mhigh.red (Supplementary+Table+2).
In order to improve the initial models, a 100 ns Minulation was performed for each dimeric assembly
(Supplementary+Figure+7). To evaluate the quatliiy esulting models sampled during the MD runt)eoret-
ical scattering curve was calculated for every 200 ps snapshot of eatthryrajel %tted against the experimen-
tal data (with and without citrate) (Supplementary+Figure+8). Hereby,eMjpteimulation of M), yielded
acceptable values, as a measure of the goodness of thenéebehe experimental data and the theoretical
model. "us, only the data of the M,.ee Simulation is summarized in Fig.+5. "e respecti\aa for all models
is given in the Supplementary+Materials (SuppleangfEigures+7+and+8). During the MD simulatjgp,.M
(Fig.+5a) and most of the other models (Supplemetfggure+7) underwent signi%cant structural regra
ments. Figure+5b depicts the evolutioa during the M,,..e MD simulation. "e corresponding data for the
alternative models is shown in Supplementary+Figure+8. Hereby, the MD-dedetswere compared against
the experimental SAXS data measured at protein concentrations at which CitAP-Bsidbisipately dimeric
(5 mg/ml), both in the presence (blue) and absefairate (red) (Fig.+5b and Supplementary+F&)ufer
both cases, the data shows the same overall tnerebpears to be scaled by a constant factoraitigca better
experimental accuracy of the scattering curvesimédan absence of citrate and hence a lacgealue. "e
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Figure 5. (a) Structural changes during the molecular dynamics (MD) simulations of the dibhg[i.c
CitAP-BsLA model. "e proteins are shown as ribbons and the colors represaatiges at di#erent times,
changing from red att O ns to blue att 100 ns.k) Time evolution of during the MD simulations of the
M ow-iree MOdel. Deviation between the model and experimental data measurad/atiSblue) and without
citrate (red) are shownc)(Final model of the CitAP-BsLA dimer complex superimposed onto the SAXS
derived low-resolution envelope obtained from SAXS data at high protein coticenimghe presence

of citrate. {l) SAXS scattering curve recorded for CitAP-BsLA at a protein concentration of 5imtiml
presence of citrate (black dots) and the CRYSOL-%tted theoretical scatteengf the %nal CitAP-BsLA
dimer model (red line).

similar trends in both datasets are likely due to highlylaimstructures of the fusion protein dimers with and
without citrate. A'er a structural rearrangementatound 80 ns, the value reaches a minimum of 1.50 when
compared to the experimental scattering data at in the presence of citeatethls model appears closest to the
physical structure of the fusion protein. "is modelas further optimized by constructing symmetrimdis

by superimposing chain A onto theGtoms of chain B andce versd'is yielded a structure with & value

of 1.3 when chain A is superimposed onto chain Bubsequent energy minimization of this model ferth
improvedc to 1.16. "e resulting structure represents the best model in terrasasfd is thus taken as the %nal
model (Fig.+5c). Models from the last frame of &H2tsimulation are shown in Supplementary+Figufesr9.
comparison, the MD-derived %nal model was %ttadaw-resolution SAXS envelope obtained fiaurinitio
bead-modelling (Fig.+5c). For the %nal model, eixémal elongation (R, and the radius of gyration (Rvere
calculated and compared to the corresponding erpantal values. Both values (= 12.2 nm; R= 3.23 nm)
are in good agreement with the corresponding experimentally derived vajygs (1.6 nm; R= 3.44 nm; see
Table+2). As depicted in Fig.+5d, the corresponding theoretical scatteringrees/aiaely with the experimen-
tal one.

Discussion

"e computational prediction of allosteric communication pathways in signalling@ires represents an impor-
tant line of investigation in both basic science and applied pharmaceuticallesteecenabling or facilitating
the design of inhibitors for a given pharmaceutteaget. Likewise, the rational design of allostedmmu-
nication, so far successful in a few cases onheirecent past, is still challenging due to tok &f an atomic
level understanding of the underlying signal-redanciples. Utilizing the small, not-allostericatggulated,
lipase A fromBacillus subtiligBsLA) as model protein, we show that sequenceeba&thods which capture
the evolutionary coupling (see ref. 28 and refegsrtberein) between residues in a protein famifyytald
valuable information about the functional importanand hence potential modes of information &ow inith
proteins (Fig.+1a). So far, those bioinformatidiptns have only been in rare cases experimgntalidated
by alanine-scannirf§ or site-saturation mutagene¥is'e here presented site-saturation mutagenesisadiar
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BsLA (Fig.+1b) shows that both computational predictindgtee experiment essentially yield similar results.
Both evolutionary-coupling analyses and site-saitbmascanning mutagenesis identi%ed a stretctsiofues at
the N-terminus of BSLA as functionally importantm@tationally sensitive®) and evolutionary coupl&ig(+1),
highlighting the complementarity of both methodasBd on this data, the N-terminus of BSLA was chas¢he
most promising site for fusion of the CitAP sensBAS domain expected to result in perturbationsifBfunc-
tion by ligand-binding induced conformational chasgin the sensory domain. "e presented strategydgdl
a well folded arti%cial two-domain enzyme (CitABAswhose function could readily be controlledciiyate
binding in the fused sensory domain. Hereby, CiBd2-A showed decreased activity with increasingteitr
concentrations (Fig.+2b). When puri%ed CitAP-Bslsfored for extended periods of time at 20 >@eqlsgic
cleavage of the two domains is observed (Supplamysitigure+11). In consequence, in samples stiogedidys
at 20 >C, the covalent linkage between the CitAPdMl BSLA domains is to an large extend brokerttend
corresponding functional response is abolished gfaupentary+Figure+12). "is observation providestaattal
evidence for signal-relay between the citrate big@itAP-PAS domain and BsLA. With respect to thecha-
nism of inactivation, studies using the detergeX1¥0 suggested that citrate represents an inditedulator of
CitAP-BsLA inhibition by TX100 rather than a direct allosteric inhibitor (Fig.+2c).

Using dose-response data, an apparenfdf citrate of 32 8nM and a Hill coe*cientn,, of 0.94t 0.11
were determined for CitAP-BsLA, both indicativesp&ci%c non-cooperative binding. Hereby, thedue of
CitAP-BsLA is slightly larger than the one of thalated CitAP sensor domain, for whichg@d€ 11.1 at pH 8.0
was determined by isothermal titration caloriméfryis discrepancy could for example arise from dteaed
citrate accessibility of the CitAP-PAS domain in the fugiamtein, i.e. by a direct interaction between the two
domains or by modulation of the quality or magnitude of thef@onational change that is induced by citrate
binding to the sensor CitAP PAS domain. Complementary, studies using di#erent citagsaevealed a high
speci%ocity of the ligand-binding controlled enzymith very similar properties as the isolated Cigdnsor
domair®”. "us, CitAP-BsLA clearly represents an example of a designed arti%cial, highly attiresyyspeci%c
ligand-binding controlled enzyme.

"e membrane-bound SHK CitA that constitutes the samy receptor of the CitA/CitB two-component system
(TCS) ofK. pneumoniags responsible for induction of citrate fermeitatgenes under anoxic conditions in the
presence of environmental citréfteCitrate-binding to the periplasmic CitAP PAS démeonstitutes the trigger
for structural-changes within the sensory domain that are transmvitéettie connecting TM2 helix to the e#ec-
tor HK, eventually leading to quaternary structulanges within the CitA dimer which probably in&oes HK
autophosphorylatioff. Based on nuclear magnet resonance (NMR) speopigsand X-ray data, obtained for
the citrate-free and citrate-bound form of the &eb CitAP PAS domain, it was suggested that eibvziding
to CitAP PAS results in closing/bending of the BASa#old by a rearrangement of the minor (resi@@ss104)
and major loop (residues 68+%0Moreover, the citrate-free structure of CitAP RA&ks electron density in
the surface exposed major loop, indicative of imeee &exibilitf. "is hypothesis is fully corroborated by our
100 ns MD simulation of the citrate-free form of feolated CitAP-PAS domain, where we observade-txale
rearrangement of surface exposed loops of theteitiading site and a stretching/&attening of teatcal
b-sca#old in the absence of bound citrate (FigSt§aplementary+Figure+6). In terms of global steydt is
assumed that full-length CitA possesses an elothgatellel dimeric structure with gross structusahilarity
to other soluble PAS domain containing SHKs liketé@ophytochrome® or the arti%cial light-dependent HK
YF1*2. According to our simulations and SAXS data, itrikkely that CitAP-BsLA adopts such an elongated
parallel dimer structure. In the best model obtdifrem MD simulations and SAXS envelope reconstonst
we observed a dimeric arrangement of the CitAP-&&8ain with the BSLA domain being arranged paral-
lel to the CitAP-PAS dimer &anking the sensory niedun both sites (Figs+5c and +6b). "e catalyitcl tof
BsLA is accessible in both subunits of the dimevedkas in both monomer models (Fig.+6b), enabdingst
lipolytic activity of the fusion protein. While welieve that the overall subunit arrangement revebjethe
SAXS-guided MD simulations is physically feasd#tailed structural questions cannot be addressedjuhe
present model. In particular, the citrate-inducédistural changes of CitAP-BsLA appear globallygabtle
to be modelled accurately from SAXS data, sindethetMD-derived models as well as the SAXS ereelop
the dimer in the citrate-free and citrate-bound form are very similar. To betterstaddrthe mechanism of the
citrate-dependent functional response of CitAP-BsLA a number of complementary biodreerdibéophysical
techniques were used, which together hint at glob@hitg/quaternary structural changes associated wiith
rate binding and hence ligand-binding dependenttamrof CitAP-BsLA. Several mechanistic scenarinscc
account for the observed citrate-dependent modulatioh®fTtX100 inhibition of CitAP-BsLA. Based on our
data, the most likely explanation is a small-sstlectural rearrangement of the two domains rekatior each
other (illustrated in Fig.+6c), which would by coegt with the observed di#erences in Trp/Tyr &scence,
interpreted as di#erent Tyr/Trp FRET e*ciencies in the presence and absence of citrate (FigetBajtaghe
small change in compactness of the molecule olisbpwAUC and SAXS (Table+2). "is rearrangement itsso
the exposure of additional hydrophobic surface lpegqmarked by asterisks in Fig.+6c), as evideptestANS
binding studies (Fig. 3c,d) and an decreasgtbKTriton X-100 in the presence of citrate (Fig.+2c), which allows
increased binding of the non-ionic detergent TX1&fllitating increased inactivation of the BSLA domin
the presence of citrate. Likewise, this rearrangéomild impose strain to the BsLA structure rethigg the
Ja-linker to %rsb-strand p3) of the BSLA domain, which was identi%ed by our computational and mutagenesis
studies as mutationally sensitive (Fig.+1), oa@thive site, in turn inactivating the enzyme. Hmvebased
on current data and without a crystal structure offil@on protein, it is impossible to delineate betwiese
scenarios.

In conclusion our study highlights the complementarity of evolutionary lamypnalyses and site-saturation
mutagenesis in identifying functionally importamtsidues and potential pathways of information &dthimw
proteins. As exempli%ed here for a small bactipaske, this information can be exploited for tbastruction
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Figure 6. (a) Citrate-bound and citrate-free structure of the CitAP-PAS domain, as useddei-twuilding.

"e citrate-bound structure (PDB ID: 2J80) is shown in grey, with the closed lidagung the minor loop
(residues 99+104), colored in red. Citrate is depicted as yellow van der Waals (vdW) surfacesfeoaing
citrate-free structure was obtained from a 100 ns MD simulation of the civatelistructure. For clarity,
only the opened lid is shown (colored in blub).Best model obtained from MD simulations. "e BsLA and
CitAP-PAS domains of the dimer are colored as in Fig.+5c. "e catalytic triad ofdke igpshown in yellow.
(c) Schematic illustration of a potential mechanism for the regulatiBsloA activity. "e citrate-induced
rearrangement of the CitAP-PAS and BsLA domains relative to each othts iretht exposure of additional
hydrophobic surface patches (marked by asterisks) which allows for increatied bf Triton-X100 to BSLA,
which acts as an inhibitor of BSLA.

of arti%cially controlled multidomain proteins. "simplicity of the here employed fusion strategygsothe
interesting question if the catalytic mechanism of some enzymes is evolutiptiarized in a way that allows it
to be easily perturbed by small conformational gesrand/or non-natural protein-protein interactioi®ich an
evolutionary design could easily be realized byaiorfusion and could account for the ubiquitousgaece of
allostery and multidomain sensory receptors.

Methods

Molecular biological and microbiological methods. Details about general molecular biological methods,
site-saturation mutagenesis, fusion protein construction, expression of gene fasignstain puri%cation can
be found in the Supplementary+Materials.

T2 ——<tef s Lt —" 7 <« %volfiighary eoupiing analysis was carried outlifpases using the
BsLA sequence (Uniprot ID: P37957) as input sequfemehe EVcouplings webserver (www.evfold.orgp) te
generation of the alignment the JackHHMer so'wabdr(terations)? implemented as part of the EVcouplings
webserver, was utilized, to search the Uniprotiatté&® for sequences similar to BsLA. We ran an unrewichi
search not limiting the number of sequences iraflgnment, which retrieved 149.524 sequences wilraalue
cuto# of 10E-3, covering 168 out of 181 residuékefiuery BsLA sequence. In a subsequent resdraime
we limited the number of sequences in the alignn@20.000 while using the same E-value cuto#.sésarch
produced an alignment containing 20.000 sequemesring 176 out of 181 residues of the query sespen
Covariation information was inferred employing lenDCA (pseudolikelihood maximization for Potts neld
with direct coupling analysis algorithPd)implemented in the EVcouplings webserver. Evolutionary constraints
(EC) values were mapped onto the B-factor %eled3$LA X-ray structure (PDB ID: 116W) and visusdiby
using Pymol v1.7.0.0 (Schr=dinger Inc., NY, USA).
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WoS@E—-S"' —% S —— Z< fet foef> fot Th—F"ecef—c'e " —SBstA—f—<"
was used in a previous study as a model proteassess the full protein landscape towards ioniddiq
resistanc# and detergent toleran®e All variant genes were expressediooliBL21(DE3) and fused to a
PelB secretion signal, which led to an unspeci@&aseeinto the culture supernatant. "e mean actégainst
p-nitrophenylbutyrate §-NPB) of 9€E. coliBL21(DE3) clones harbouring the pET22p{ector with no insert
was used to determine the experimental backgromddséandard deviations(). All variants with an activity
lower than the mean of the experimental backgratiBd were considered as inactive. "e B-factor of ttabp
%le (PDB-ID: 116W) was replaced with the absolute number of inactive variant$ fof #ec181 BSLA amino
acid positions to generate the representation shown in Fig.+1.

T—F7ecof—cte 7 -"f-teeti tette BsLAdlb;ﬁIytlt: aftivity was medsured using
p-NPB as the substrate at 37 >C Activity measuresnvegre carried out in 1 cm disposable cuvettels wit
100 mM 3-(N-morpholino)propanesulfonic acid (MOPS) bu#er, pH 7,5 supplemented wittl $fiton X-100
(TX100) as assay bu#er. Substrate stock solutiers pvepared in acetonitrile containing 16 npMNPB. A
suitable volume of enzyme was pipetted into the cuvette placed into a Réek®B0 UV/Vis spectrophotom-
eter temperature controlled to 37 >C. Assay bu#srheated to 37 >C in a thermo-block. Immedia&fgrb
the activity measurement, the assay bu#er was miktbdhe substrate stock solution to yield an asshy su
strate concentration of 0.8 mM. "is mixture was wexed brie&y and then added to the enzyme soliritime
cuvette. Hydrolysis g&-NPB was monitored by measuring the releagerifrophenolate p-NP) at 410 nm
over 60 seconds. "e lipolytic activity of the constts was calculated using the molar extinctiortcieat
of p-NP (15.000 M* cnr 1). All measurements were carried out in triplicafer the determination of the
citrate-dependent lipolytic activity of BsLA andAT-BsLA sodium citrate was added to the reactioture in
concentrations up to 10 mM. Dose-response curves el#ained by plotting the relative lipolytic & against
the logarithmic citrate concentration. Dose-respodata was %tted using Origin 9 G employing gpmameter
logistic dose-response model according to the following equation:

Ama\x - Amin
1+ 109K © M D

With A, and A, representing the top and bottom asymptotic agtivitluesKy the apparent dissociation
constantC the citrate concentration any, the Hill slope.

fofrecef—cte 0 _8F 71— 0 Te—wme@SHvyv. - WwdaEti fette— f
«<— @@ ¢ & TX100 dependence of the citrate-response of CitAP-BsLA was determined using the same
experimental setup as described for the citrate-dependent lipase activityeassdiyim citrate concentration
was kept constant at 0 mM, 0.2.mM and 1 mM while the TX100 concentration was variedfkbto Q60riM.
All measurements were performed in triplicate and the data was anadydestabed above.

y= Amin+

"y'—''S fe 2—""1e d@uorgséence of aromatic amino acids was monitbie the presence and
absence of 1 mM citrate for CitAP-BSLA and wildetlBsLA. For all measurements 1 cm quartz cuvéttdbr(a
Analytics, M[llheim, Germany) were used employin@ary EclipsB spectro&uorimeter (Varian GmbH,
Darmstadt, Germany) temperature controlled to 37 >C. A bandwidth of 5 nnsadsboth the excitation and
emission. CitAP-BsLA and wild-type BsLA were didute 3niM in 10 mM glycin bu#er pH 10 supplemented
with 10 mM NacCl. Tryptophan &uorescence emissios waasured from 300 nm to 400 nm while exciting the
sample at 295 nm. When the sample is excited at 278 nm, both Trp and Tyr sglaghaicited and hence con-
tribute to the observed &uorescence emission spetich were recorded from 280 nm to 400 nm. "e iréace
of citrate on the emission properties of the aromatic amino acids of the protedeteamined by adding 1 mM
of sodium citrate to the same protein sample.

28zt <fecZ bW AVE —SC6EBdpd{Z ‘ec... f..<T ,<e2e Bis?ANS bihding T-... 1
studies were carried out in 1 cm quartz cuvettes (Hellma Analytics, M[llheim, @gymsing a Cary Eclip8&
spectro&uorimeter (Varian GmbH, Darmstadt, Germatgyhperature controlled to 37 >C. Bis-ANS was dis-
solved in acetonitrile and added to protein solnsido a %nal concentration affd. Protein samples were
diluted to 3rM with 10 mM glycine bu#er pH 10 supplemented withmM NaCl. "e in&uence of citrate on

the emission properties of bis-ANS was determineddaling 1 mM of sodium citrate (dissolved in 10 iyt

cine bu#er pH 10 supplemented with 10 mM NaCl}te sample containing the dye and the respectiveipro
Bis-ANS emission spectra were recorded from 4060080 nm by exciting the dye at 385 nm (emissizh a
excitation band-width: 5 nm).

o —Zf7 T S e * Far-U\circular dictioism (CD) spectra were recordsihg
2 mm quartz cuvettes (Hellma Analytics, M[llheim, Germany) using a JASCO J-810@pgplkecimeter temper-
ature controlled to 37 >C. All protein samples widtged in 10 mM glycine bu#er (pH 10) supplemeiweth
10 mM NacCl to a %nal concentrations of 0.1 mg/ppr. 31M). CD spectra were collected between 190 and
250 nmin 1 nm intervals with a scan speed of 50 nm/min. Ten spectra were averhtgd theo%nal CD spec-
trum of the respective sample. "e in&uence of citrate on the far-UV CD spefc@aAP-BsLA was determined
by adding 1 mM sodium citrate (dissolved in 10 mixtime bu#er pH 10 supplemented with 10 mM NaCtht®
protein sample. Additionally the in&uence of0 Triton X-100 was tested. Near-UV CD spectra wecerded
from 250 nm to 370 nm using the same setup. Samwglesdiluted to a %nal concentration of 1 mg/impi@x.
30mM) using 10 mM glycine bu#er (pH 10) supplemented with 10 mM NacCl.
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efZs—<..fZ —Z-="f..%—" Fresty thawec CitAP-BELA solutions at a conceitnabf
0.5 mg/ml dissolved in 10 mM glycine buffer pH tpmgemented with 10 mM NaCt(citrate) were filled
into custom-produced titanium centerpieces withaipe windows and optical pathlengths of 20 mm. po
inserting the cells into the rotor, optical alignm@long the centrifugal %eld is ensured by thé&capipn of
a custom-made cell alignment tool (Nanolytics).iSemtation velocity experiments were carried outeon
BeckmanCoulter XL-A/XL-1 Analytical Ultracentrifugesing absorbance optics=(1275 nm) at 25 >C and an
angular velocity of 40 krpm. "e data were analyzeith the standard c(s) model in SEDFIT version {tps://
sed%tsedphat.nibib.nih.gov/so'ware/default.as)@ Bayesian prior expectations for weightingréuilari-
zation. Bu#er density and viscosity were calculate@mentally using Sednterp 2.0 according ta@tiien com-
position. Likewise, the partial speci%c volume (0.734 mL/g) was calculated itehgmecording to the amino
acid composition. A'er completing a conventionasg@nalysis with uniform prior, thé”8(s) distributions were
calculated as a secondary analysis, based onithexypectation that the protein sample exclusieelgtains
monodisperse species resulting in sharp p&akao major peaks (monomer and dimer) as well amupo
minor peaks representing higher oligomers wereraatally detected from an existing c(s) distribatiFor
each, a numerical representation of a delta-peak (widtii S) is placed at the weight-average s-value integrated
across the peak. From thi&%s) distribution the relative peak concentrations were calculated.r@imoaterial
outside the peaks was assigned by f¢és} distribution, the validity of the prior expetitan is demonstrated.
"e corresponding frictional ratios (f/f) are related to the di#usion coe*cient and werécatated from the
respective sedimentation coe*cient and the molecular mass of the speciethesswgdberg equation. All plots
of AUC raw data, best %ts and residuals were dnedtethe so'ware GUSSI, which can be downloadechf
the MBR So'ware Page (http://biophysics.swmed.edu/MBR/so'ware.html). Data plots ohd(€}¥s) distri-
butions were created by in-house developed so'ware.

o fZZ fe%Zt @”f> »..f—SAXSw measured of CitAP-BsLA (0.5 to 5.0 mgIGmM
glycine bu#er pH 10, 10 mM Nad ¢itrate), 10 >C sample temperature) at the bearBlM29 at the ESREF
Measured data were scaled by the concentrationexeluded Porod volume was calculated with the progr
DATPOROD and the molecular mass was estimatedihy tise reported protein density of 0.588 gfil'e
distance distribution functio®(r) was determined using the program DATGNOM. In t@@ab initio models
were generated using the program DAMMIF, averagedize %ltered model was used. "e envelope function
was determined using the SITUS pacRage

<(— @ ¢ o' TFZ [ —<Zt<o%o fol o' Z% .. —aLf2Zf+ fodethiled strategy for
modelling of the dimeric CitAP-BsLA complex is suamaed in the Supplementary+Materials. CitAP-BSLA
monomer models were built with the program BUN&HKf the ATSAS packaeln all cases, template coordi-
nates were taken from the PDB structures with WIB32 (CitAP) and 116W° (BsLA). "e linker connecting the
CitAP and BsLA domains in the monomer, the His6aad all other remaining missing residues of treédin
protein were modelled asaCraces during the %tting procedure. A'erward® @a traces were extended to
all-atom models with the web server MaxSptds the all-atom extension of prolines failedstheere mod-
elled by a superposition of a template prolinediesibnto the proline backbone obtained from Max8pmimer
models were either built manually, by superimposirggcorresponding monomer models onto the dimeris-
tal structure of CitAP-PAS (PDB-ID 2J80), or wesseanbledb initio by oligomerizing the monomer models
using the program SASREBptimizing the dimer orientation against SAXS dattaigh protein concentration
(100@ dimer). Further details are given in the Bupentary+Material and Supplementary+Table+2. détgu
of all models was evaluated with the program CR¥SCQRYSOL computes theoretical scattering curves and
compares these to the experimental data. As quality indicator for each hexdelalues computed by CRYSOL
were used, which present a measure for the disueggzetween theoretical and experimental curvesrder
to improve the initial models, a 100 ns molecublarainics (MD) simulation was performed for each dime
assembly and a theoretical scattering curve was calculated for evesysB8fshot of each trajectory and %tted
against the experimental data using CRYSOL. Details can be found in the SutgplerMaterials.
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3.2 Conformational Polymorphism in Autophagy-
Related Protein GATE-16

3.2.1 Summary

The autophagy-related protein GATE-16 (section 2.3.2) wastudied by X-ray crys-
tallography (section 2.1.1), NMR spectroscopy (section 22) and MD simulations
(section 2.2.1).

Di erent X-ray models of GATE-16 show di erent conformational states of
the C-terminus. In addition, NMR S? order parameters also indicate a exible
C-terminus. It is known that the C-terminus is crucial for GATE-16 processing.
It is proteolytically cleaved by ATG4 family proteases and gbsequently lipidated
to enable membrane tethering.

The presented research attempts to answer the questions: Whs the nature
of GATE-16@ C-terminal dynamics and how is it important for its function?

We discovered that Hamiltonian replica exchange MD simulains (HREMD,
section 2.2.3) sample multiple C-terminal states. Structal indicators, such as
hydrophobic contacts, side chain orientations and salt-litfges were used to classify
the C-terminal conformations into discrete states. From tair populations a three-
state model of GATE-168 C-terminal dynamics is proposed:

1. Newly synthesized GATE-16 is in a closed state.

2. The C-terminus of GATE-16 exists in a conformational equbrium between
multiple states. It assumes an extended, detached confortime about 15%
of the time.

3. When GATE-16 is bound to ATG4 family proteases, a completelyxeended
state of the C-terminus is stabilized by a loop protruding fsm the enzyme. It
shields the hydrophobic groove of GATE-16 formerly accomrdating Phel115
or Phell7 and, at the same time, sterically prevents the Cstainus from
reverting to the closed state. Finally, proteolytic cleavag of the C-terminus
and lipidation can take place.
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3.2.2 Contribution

| performed the MD simulations, including Hamiltonian Repica Exchange MD,
analysed the MD data, computed thes? order parameters and identi ed the dom-
inant structural states of GATE-16.

| wrote the manuscript sections on MD simulation methods and data
analysis. Furthermore, | produced Figure 3 and Table 2. In totall contributed
approximately 40 % of the complete manuscript.

3.2.3 Publication

This section contains a complete reprint of the publication97]. The supporting
information to this article is located in section 6.2.
Reprinted with permission. Copyright 2015 American Chemit¢&ociety.

75



BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Conformational Polymorphism in Autophagy-Related Protein
GATE-16

Peixiang Ma;° Oliver SchillingeMelanie Schwartedustin LecheiRudolf Hartmann,
Matthias Stoldt, Jeannine Mohiler, Olujide Olubiyi, Birgit StrodelDieter Willbold,
and Oliver H. Weierped

*Institute of Complex Systems, ICS-6 (Structural Biochemistry), Forschungsiremts@d 2B licsh, Germany
*Institut fu Physikalische Biologie und BMFZ, Heinrich-Heine-Urti@us#aldorf, 40225 Bseldorf, Germany

*  Supporting Information

ABSTRACT:Autophagy is a fundamental homeostatic

process in eukaryotic organismsllifigl essential roles in

development and adaptation to stress. Among other factors,

formation of autophagosomes critically depends on proteins of

the Atg8 (autophagy-related protein 8) family, which are

reversibly conjugated to membrane lipids. We have applied X-

ray crystallography, nuclear magnetic resonance spectroscopy,

and molecular dynamics simulations to study the conforma-

tional dynamics of Atg8-type proteins, using GATE-16 (Golgi-

associated ATPase enhancer of 16 kDa), also known as

GABARAPL2, as a model system. This combination of complementary approaches provides new insight into a structura
transition centered on the C-terminus, which is crucial for the biological activity of these proteins.

Autophagy is an evolutionarily conserved protein anelongation of the phagophore membrane, whereas the
organelle degradation system in eukaryotic cells, whiG®ABARAP/GATE-16 subfamily engages in a later stage of
plays important roles in cellular homeostasisemtiation,  autophagosome maturafidbespite these functional eti

and stress response. In fact, dysregulation of autophagy drass, all homologues undergo the same post-translational
been implicated in widespread diseases like cancer amsdication steps: newly synthesized human Atg8 family
neurodegenerative disorders, as well as in aging. The gsigteins are cleaved at their C-termini by ATG4 proteases,
autophagy machinery in yeast requires some 15 autophagdtding a product termed form I, which exposes a conserved
related (Atg) proteins to accomplish autophagosome formatigdiminal glycine residue. The El-like enzyme ATG7 forms
and maturatiohAtg8 is one of these, playing a vital role in thehioester intermediates with Atg8 homologues, which are
spedic recruitment of cargo proteins destined for autophadigansferred to the E2-like component ATG3 lavally
degradation and promoting autophagosome maturation. Durlftgwjugated to phosphatidylethanolamine (PE), resulting in
eukaryotic evolution, the primordial A'ggS-en(_:oding 9€N8rm Il anchored to the autophagosome menibrane.
underwent repeated duplication to yield eight human oy er the past 15 years, our laboratory has been investigating

homologues; on the basis of amino acid sequence similagfy, 1 ree_dimensional structures of Atg8-related Prcdeihs
the corresponding proteins have been! elhssito two

- : ; : ._their complexes with model ligands as well as cellular bindin
groups: the microtubule-associated protein 1 light chain P 9 9

: , partner§. ' Together with data published by others, our
(L'\ég';l;cjngr |_|E;%32 S\‘fﬁf:{ggﬁ iﬁgﬁﬂﬁgﬁult‘ﬁiiA’aéi%:SBStructural_studies_ re_v_eal_ed very similllar tertiary folds, comprising
(GABA), receptor-associated protein (GABARAP) subfamif§ C-t((ajrn;méll Ub'qu't'n'“'.(e Idcr)lmlaml (-zgrasp_fold) tha:] IS h
contains GABARAP itself together with several GABARAP-IE{@Ce ed by an N-term.ma helica exteqsmn.l Qn the other
(GABARAPL) proteins: GABARAPLL (GECI, glandulafad. human Atg8 proteins display some intriglengraies
epithelial cell protein 1), GABARAPL2 (GATE-16, GolgiVith regard to patterns of surface-exposed side chains. For
associated ATPase enhancer of 16 kDa), and GABARAPPEMPIe, thrst#-helix in LC3 is basic, whereas in GATE-16
which corresponds to a putative pseudégeNete that and GABARAP, it ha; an acidic nature. The surface of Fhe
GATE-16 is sometimes considered a subfamily of its owRcond#-helix is acidic in LC3, neutral in GATE-16, and basic
because of its divergence from other GABARAP-like protei'ﬁg_GABARAP. Whereas conservation of certain features across
The biological relevance of the expansion of the Atg8 family-in
higher eukaryotes is poorly understood; however, recerdceived: April 8, 2015
evidence indicates that subfamilies are involveéterientli  Revised: July 6, 2015
steps along the autophagic process. LC3s are essentialPfmtished: August 18, 2015

ACS Publications ! 2015 American Chemical Society 5469 DOI: 10.1021/acs.biochem.5b00366
g Biochemistry2015, 54, 54695479



Biochemistry

subfamilies is likely ta#eet common interactions within the and serine residues at the N-terminugngbpuri cation, the
core autophagy machinery, such as binding to the conjugaample was applied to a Superdex 75 prep-grade size exclusion
enzymes, structural eliences between various Atg8 proteinchromatography column (Amersham Biosciences), and the
are expected to confer dpEty toward target proteins, GATE-16-containing fractions were pooled and concentrated
indicating functional divérsition. In many Protein Data Bank by ultraltration.
(PDB) entries for Atg8-related proteins, the C-terminal tail Protein Crystallization and X-ray Data Collection.
contacts the body of thegrasp domain, giving rise to a more Purl ed human GATE-16 was observed to crystallize from a
or less@closefl conformation. During the C-terminal concentrated protein solution (approximatelgMpat 4!C
modi cation process, however, this segment will need toithout addition of conventional precipitants. This condition
adopt a more extended fold. Indeed, the X-ray structure of tvas subjected to optimization using vapasidin experi-
ATG4B LC3B compléx revealed that the LC3B C-terminus ments in a hanging drop setup at!@0 Well-diracting
points away from the core of the molecule, inserting into theystals were obtained with a reservbar montaining 100
catalytic center of ATG4B for cleavage. Similarly, the lipidat@®1 NaHPO,/NaH PO, (pH 7.0), 50 mM KCI, and 10 mM
(membrane-attached) state of Atg8 proteins is probabdjthiothreitol (DTT), and a protein concentration of §M0
incompatible with a fully closed conformation. In line witiX-ray diraction experiments were performed at 100 K. Prior to
this assumption, we could show that residues spatially closeding cryocooled, crystals were soaked in resehesir bu
the C-terminus display the largest nuclear magnetic resonagmetaining 35% (v/v) glycerol for 10 min. Native data were
(NMR) chemical shift térences after attachment to a recorded on beamline 1D14-4 of the European Synchrotron
membrané&? Detailed knowledge of the dynamics of theseRadiation Facility (ESRF, Grenoble, France) tuned to a
proteins will therefore be crucial for understanding th&avelength of 1.009 ! on an ADSC Q315r detector. Data
regulation of their C-terminal madition. With molecular processing, includingfeetions up to 2.0 ! resolution, was
dynamics (MD) simulations, the time-dependent behavior agdnducted using MOSFEfMas well as SCAEA and
dynamics of a molecular system can be siudiéidpusing ~ TRUNCATE® which are part of the CCP4oftware suite.
conditions closely mirroring the physiological state. DetailedStructure Determination. Crystals of GATE-16 belonged
information about the conformational changes characterizing&pace groug2;, with a monoclinic angle equal to 8dtial
proteirs folding and association landscapes as well as fiiftases were obtained by molecular replacement using
thermodynamics and kinetics of macromolecular processesa@n REP® with a single native"daction data set and a
be obtained by this technique. With recent hardware develggarch model derived from a previous GATE-16 structure
ments and algorithmic improvements, simulations on teDB entry 1EO6). The unit cell was found to contain two
nanosecond to microsecond time scale have become feasibledgies of the molecule per asymmetric unit, corresponding to a
solvated systems, further enhancing the relevance of Wistthews cdikcient of 2.1 ¥Da and a solvent content of
method for the study of macromolecular structures. 40%. For improvement of the model, reciprocal and real space
In this work, we focus on human GATE-16 as a model @ nement in PHENI3was alternated with manual rebuilding
investigate the conformational polymorphism of Atg8 proteing.COOT?! Because intensity statistics indicated the presence
We obtained crystals under close-to-native conditions with@ftnearly perfect pseudomerohedral twinnimgement was
using conventional precipitants, and the respective X-i@yhducted using a twinned target function. Statistics on data
structure revealed a conformation at the C-termimuendi  collection and f@eement are listed ifiable 1 The réned
from that previously observed. Protein dynamics wefgodel contains amino acidsl1? of GATE-16 along with
investigated using solution NMR spectroscopy and MPpart of the N-terminal cloning artifact. Validation with
simulations. We describe conformational transitions betwe@®LPROBITY? and COOT revealed good geometry with
open and closed states of the C-terminal segment. Thegeof the residues in the allowed regions of the Ramachandran
I'ndings are discussed with respect to the biological functigfiét and no rotamer outliers. Atomic coordinates and structure

and the life cycle of Atg8 family proteins in the cell. factor amplitudes have been deposited as PDB entry 4CO7.
I NMR SpectroscopyNMR experiments were performed on
« EXPERIMENTAL PROCEDURES a Varian 600, 800, or 900 MHz spectrometer equipped with

Expression and Putication of GATE-16.A cDNA triple-resonance'H, %C, ™) cryoprobes and shielded z-
encoding full-length human GATE-16 (UniProt entry P6052@radients. The data were collected atC2%t a sample
was amgled by polymerase chain reaction from a humanoncentration of 230 or 48M in 25 mM sodium phosphate
cDNA library and cloned into vector pGEX-4T-2 (GE(pH 6.5), 50 mM KCI, 10 mM DTT, 58M ethyl-
Healthcare) using BamHI and Notl restriction sites. Thenediaminetetraacetic acid, and 5% @4yp. Chemical
integrity of the construct was hamti by DNA sequencing. shifts were referenced with 2,2-dimethyl-2-silapentane-5-sulfo-
Escherichia c6#3 cells were transformed with the plasmichate. All NMR spectra were processed with NMRRiyk
DNA and grown at 37C in appropriate media; protein analyzed with CcpNrit.Complete sequential backbone
expression for crystallization was performed in Luria brotigsonance assignment was achieved by two-dimensional (2D)
whereas®C- and'™N-labeled material was produced in M9 (*H" ™N)-HSQC, ct-tH" %C)-HSQC, three-dimensional
medium supplemented witfCJglucose andNJammonium  (3D) BEST-HNCA, HNCACB, HNcoCA, HNCO, HNcaCO,
chloride. In all cases, expression was induced ag,gofOD HBHAcCONH, ¢H" H" 1™N)-NOESY-HSQC, and H(C)CH
0.6' 0.8 by adding 1 mM isopropyb-thiogalactopyranoside, COSY experiment&igure Sl GATE-16 backbone assign-
and the cells were further grown overnight. The gluté&hionements have been deposited at the Biological Magnetic
transferaS6GATE-16 fusion protein was ped from the Resonance Data Bank (entry 18827).
soluble cell extract b§raty chromatography on glutathione  Relaxation Analysis. R;, R,, and heteronuclear (het)
sepharose 4B (Amersham Biosciences). Thrombin (MercddH}" ™N nuclear Overhauséreet (NOE) relaxation experi-
cleavage yielded full-length GATE-16 with additional glycimeents were conducted on 600 and 800 MHz NMR

5470 DOI: 10.1021/acs.biochem.5b00366
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Table 1. X-ray Data Collection and!Rement Statistics

Data Collectich

REMD, one rundN copies of the system at'atent
temperatures, and after each replica has completed a certain
number of MD steps, one exchangeguaoations at terent

zﬁicceeﬁrs:gmeterg € 10060 P2 temperatures based on the Metropolis criterion. The purpose of
the replicas at higher temperatures is to accelerate sampling. In
ab,c() 28.73, 67.44, 58.72 b 9 P pling

" (deg) 90.0
resolution range (1) 29.3@.00 (2.112.00)

HREMD, dierent replicas evolve according terent
Hamiltonians, mimicking"drent temperatures, which is
more & cient because the number of required replicas is

z:?erztl:re /LDDlsAlglégf; P much smallt_er if th_e Hamiltonian of_only th(_a solu_te (in this case
wavelength (1) 1.009 GA_TE-16), including sollieolvent interactions, is m«mﬁ .
no. of umque' Hections 14406 This p.rot.ocgol has .been tgsted for the Trp-cage miniprotein and
Co;nmeteness (%) 94.8 (94.8) a"-hairpirt shovvmg a sigmantly lower computational cost '
average multiplicity 2_2' (2_2)' and better sampling compared to thos_e of temperature replica
R, 0.04 (0.12) exchange. The Amber99SB-IEDprotein forcel eld was
”,i,rgf)n 14.2 (5.8) chosen to represent GATE-16 as th_ls feldewas recently
WilsonB factor (12 233 four)d to5 be one of the best protein fdrekls currently
Rd nement avallalblé.. In rgf 35 11 recent all-atom forcelds' in
Ruork (%) 18.1 combination with! ve solvent models were quantitatively
Rree (%) 21.2 evaluated against 524 diverse NMR measurements on
twinning statistics dipeptides, tripeptides, tetraalanine, and ubiquitin. Given that
operator hok " GATE-16 comprises a C-termmal_ ut_n_qumn-llke domain, the
twinning fraction 0.49 performance of the forbelds for ubiquitin and not so much
contents of the asymmetric unit for the short peptides was of _relevance to us. In this regard,
no. of atoms 2073 Amber99SB-ILDN together with the TIP3P water fodel
no. of protein residues 236 produces convincing results. Only the Amber99SB-ILDN-
no. of water molecules 151 NMR force! eld performs equally well or even slightly better,
averag® factor (19) especially when combined with the computationally more
protein 235 costly TIP4P-EW water model. However, when simulating
water 24.8 more#exible proteins than GATE-16 and ubiquitin, we found
rmsd that Amber99SB-ILDN substantially outperforms Amber99SB-
bond lengths (') 0.005 ILDN-NMR, based on the compariso_n of NMR measurements
bond angles (deg) 0.817 (unpubllshed results). On the basis of.thls reasoning, we
Ramachandran statistics (%) decided to use Amber99SB-ILDN combined with TIP3P to
favored 97.8 model GATE-16 in solution. The HREMD simulation was
allowed 22 initiated from the same starting structure for all replicas; chain
outliers 0 B of the GATE-16 structure determined in this study was

#values for the highest-resolution shell are given in parentheses.

spectrometers. The recycle delay was set to B, R,

selected for this purpose. The protein was centered in a
dodecahedral simulation box, allowing for a 1.2 nm distance
between the protein and the nearest edge of the box. The box
was solvated using the TIB3explicit water model, and

experiments, and the relaxation-caused magnetization decayterions (Naand Cl) were added to neutralize any net
was sampled at 10, 20, 60, 120, 250, 350, 500, 700, 900, 1@@d¢in charge as well as to achieve a salt concentration close to
and 1800 ms for longitudinal relaxation and at 10, 30, 50, 200 mM (15 sodium and 16 chloride ions have been added,
90, 110, 130, 150, and 170 ms for transverse relaxation. Fora@unting to an ion concentration of 102.9 mM). All bonds
hetNOE, the saturation and recycle delays were set to 3 and@esent in the system were constrained using the®*[INCS
respectively. Resonances were automatically pick#ddand algorithm. Short-range nonbonded interactions were truncated

using CcpNmr. Peak intensities were thiea using an

exponential decay model implemented in*Péfahe

at 1.2 nm, while the particle mesh Ewald nié&theas
employed for treating the long-range component of electro-

hetNOE ratio was determined aftting of the resonances static interactions in combination with periodic boundary
and extraction of the intensities in each spectrum. The obtairgahditions. Initially, energy minimization using the steepest

relaxation rates and the heteronuclear NOEs were used as inl@scent algorithm was performed until the largest force acting
for relax, with the coordinates of our GATE-16 crystal structupa any atom decreased below 100 k3 nmol™. The system
(chains A and B) serving as a refefénte. was then equilibrated for 5 ns in N&T (constant particle

MD Simulations. For exploration of the conformational number, pressure, and temperature) ensemble, using a velocity
ensemble of GATE-16, we performed Hamiltonian replicascaling thermostaset to 298 K and a Berendsen bafBstat
exchange molecular dynamics (HREMD) simuf&tiohde at 1 bar. During the equilibration, the heavy atoms were
constant-temperature MD simulations were subsequently mmsition-restrained with a harmonic force to relax the solvent
for the determination & order parameters. All simulations while preventing sigoant protein rearrangements at this
were performed using Gromacs, version 5.0.4 for M§iage. The restraining force was decreased every 500 ps to allow
simulations and version 4.6.7 combined with the PLUMEfr a gradual relaxation of intramolecular interactions to prevent
plugin (a special branch of version 2.1 that can be obtaingtdain that could lead to large unphysical dynamics if the
from https://github.com/GiovanniBussi/plumgddr the position restraints were switchéd imstantaneously. The
HREMD simulations. In the more common temperatursequence of force constants was 1000, 800, 600, 400, 200, 150,

5471 DOI: 10.1021/acs.biochem.5b00366
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Figure 1.(A) Ribbon diagram of the GATE-16 crystal structure described in this papeB feithos indicated by colors ranging from white

[$mean" 1 standard deviation (SD) = 20%tb red @#mean + 2SD = 28.6). The conformation of the C-terminal tail is also depicted for
representative snapshots corresponding to the three most populatéd33tateri(IHREMD simulation (residues"1107 each, yellow), as

well as for a previous GATE-16 X-ray structure (residu&46,l@range) and the structure of LC3B in a complex with ATG4B (resldues 114

122, blue). (B) Close-up view of the C-terminus of GATE-16 emphasizing its noncovalent interactions with the remainder of the molecule. (C
Normalized main chaBfactors derived from a selection of X-ray structures of Atg8 family proteins. For the calculation of the mean and SD,
residues preceding héllxor following stranth were excluded. GATE-16 structures 1EO6 and 4CO7 each comprise two chains per asymmetric
unit, as sighed by light (chain A) and dark coloring (chain B), respectively. In each plot, an interval of one SD abBéther mseadicated.

See the text for details.

100, 70, 30, and 10 kJ mhaim % The!nal state of this time per replica was 500 ns, amounting to an accumulated
equilibration procedure was the starting structure of tHeREMD simulation time of H%. Coordinates and energies
HREMD simulation. Each replica was simulated MPfhe  were saved every 10 ps for each replica.
ensemble at 298 K and 1 bar using a "Ntsever For analysis of the HREMD simulations, only structures
thermostdt and a ParrinelldRahman barostat. sampled for the target replica with a scaling factor of 1.0 (i.e.,
We simulated 20 replicas for which the Hamiltonian scalifigr the unmodied Hamiltonian) were considered. The
factors were optimized in preceding test runs to achieve gartlctures were clustered according to the following criteria.
exchange rates between neighboring replicas. The resulfljgPhel15 is considered to be in the hydrophobic groove
scaling factors were exponentially distributed between 1.00 fonched by Metl, Val36, Phe79, and the aliphatic portion of
0.66 (exact scaling factors of 1.00, 0.98, 0.96, 0.94, 0.91, QB$R?2 if at least 8 of the 14 side chain atoms of Phel15 are in
0.88, 0.86, 0.84, 0.82, 0.80, 0.78, 0.77, 0.75, 0.73, 0.72, Gondact with these four residues. Here, a contalatés da
0.69, 0.67, and 0.66). These scaling factors correspondthe basis of the minimal distance between each of $sid&15
temperatures between 298 and 457 K. Care has been taken¢hain atoms and any of the atoms of the other four
the minimal scaling factor corresponds to a temperature beloydrophobic residues. If this minimal distangel i5 a
the folding temperature of GATE-16. For temperatures cbntact is present. Multiple contacts between a given side chain
#500 K, we observed complete unfolding of the protein, whieltom of Phel15 and the hydrophobic groove were counted as
we did not wish to study here. An exchange betweeame; thus, the maximal number of hydrophobic contacts is 14.
neighboring replicas was attempted every 5 ps. The aver@ePhell? is considered to reside in the hydrophobic groove
acceptance ratio for exchanges was 0.46. The total simulatising the same!dgtion as for Phell5. (3) When residing in

5472 DOI: 10.1021/acs.biochem.5b00366
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the groove, Phel15 can point into tWerdit directions. We of the correlation functions. As convergence criteria, a
distinguish these directions on the basis of the minimal distadfeerence in means of less than 0.02 and a standard deviation
between the &atom of Phel15 and any of the Trp3 atoms. Ifof $0.02 were applied. The average of the mean values of the
this distance i$7.2 !, Phell5 is oriented toward the N- fourth quarters a@(t) was then used as an estimat€for
terminus; otherwise, it points away. (4) The existence of a salMolecular Graphics. Representations of the GATE-16
bridge between the N- and C-termini is evaluated via tls¢ructure determined in this study are based upon the
distance between the N atom of Metl and the closest of tkeordinates of chain A. Panels A and Bigofre 1were

two carboxylate oxygens of Phell7. If this disthddetise generated with MOLSCRI®PTand RASTER3D using

salt bridge is considered to be formed; otherwise, it is not. Thecondary structure assignments provided bWDE‘bgiRe
selection and Heition of these criteria were made on the basi§ was generated with Matplctfilgeaborfi! and VMD?

of histograms we computed for the corresponding observables

of the target replica (sEgure SB We also determined the [ RESULTS

ensemble-averaged structuretiations in terms Bffactors  The three-dimensional structure of human GATE-16 was
for the structures of the target replica. Bliactors were  determined by X-ray crystallography. Crystals of the protein
computed by averaging the mean square posiiinations  \ere observed to form in a concentrated solution at near-
of the main chain atoms of each residue, after the repliggysiological ionic strength and in the absence of typical
structures had been superimposed on the starting structurg,@icipitating agents ($&eperimental Proced)ra&/hile the

the HREMD simulation. injtial evaluation of "diction data extending to 2.0 !

For the calculation of NMR order parameters, we performegsojution suggested Laue groopm structure determination
regular MD simulations at 298 K for 20 ns starting fromyas unsuccessful in all candidate orthorhombic space groups.
representative structures of the four dominant states obtainggtead, the true space group was foundRB, beith near-
from the HREMD simulation. Here, the number of simulatioRerfect pseudomerohedral twinning accounting for additional
runs per state was chosen to represent the relatisommetry in the ‘tiaction data.
thermodynamic weight of the state in question (i.e., the stategyerall, the three-dimensional fold of GATE-16 in this
population in the target replica). Thus, we ran 151'6, 5, andcstal form is consistent with structures of Atg8 family proteins
simulations for states4, respectively, amounting t0'220 ~  getermined previously; in addition tograsp fold, which is
ns = 580 ns of additional simulation time. The MD simulatiopharacteristic of ubiquitin superfamily proteins, it comprises an
conditions were identical to those of the target replica from tRgterminal helical extension attached to the ctrshalet.
HREMD simulation. All simulations for a given state startefhe two copies of the protein chain related by noncrystallo-
from the same representative structure, though the init@aphic symmetry (NCS) turned out to be very similar, with a

Boltzmann distribution at 298 K. To calculate the squareg, g non-hydrogen atonfsgure A shows this GATE-16
order paramete& from these 29 simulations, time correlationstrycture in ribbon representation, Bithctors of & atoms

functions of the NH bond vectors were computed accordingencoded by a color ramp. In general, the structure is well-

to> ordered; elevateglfactors indicating enhanéexibility are
C()= H"Cx ("t+)] ¢ observed at the N- and C-termini, as well as Ih'the,

) ) ) "2" #3, and' 3" #4 loops and th#4 helix. These segments are
whereP(x) is the second Legendre polynodidéscribes the  mostly located on one side of the molecule, distant from the
N" H bond unit vector, and angular brackets indicate averagiggll-established hydrophobic patches accounting for most of
over timet. The order parameter is thehriel as the macromolecular interactions described for this protein

@= G = limys Q) family. A comparison with other cryst_al structures of Atg8

° homologues revealed that the C-terminal residues following

Before the calculation $ffrom the MD trajectories, the strand"4 have been found i dient conformations. In the
overall rotational motion of the protein was removed bgriginal GATE-16 structdréfor instance, chain A adopts an
superposing all structures of each 20 ns trajectory to the inigatended conformation; i.e., the C-terminus points away from
conformation of that trajectory. Here, it should be noted thahe body of the moleculeigure A, orange), whereas in chain
the trajectory length of 20 ns is well above the rotationd it is positioned closer to thggrasp domain (not shown).
correlation time of GATE-16, which was determined to be 7.8Btably, our crystal structure displays an even more compact
ns from our NMR experiments. Furthermore, the TIP3P watéold, in which the C-terminal segment is held in place by
model used in the MD simulations is known to underestimateimerous polar and hydrophobic interactibiggré B).
the shear viscosity of real water by a factor & Q.08 As Spedically, the approximately! 9end following'4 and
the rotational correlation time is directly proportional to theentered on Gly111 is stabilized by hydrogen bonds between
viscosity of the solvent, the rotational correlation time dhe side chain of Serl10 and main chain atoms of Glul12;
GATE-16 in our simulations is correspondingly smaller. On tRe115 is inserted into a hydrophobic groove formed by Met1,
other hand, a trajectory length of 20 ns is short enough not ¥al36, Phe79, and the aliphatic portion of Lys82nalhd
overrate long time intersalctuations compared to motions Phell7 forms a main chain hydrogen bond with Lys82. The
faster than tumbling, which would otherwise lead to amther extremity of the spectrum is exeetpby the structure
underestimation of the predict&d value§? S order of LC3B in complex with the cysteine protease ATGA4B.
parameters per residue were then computed as the averagdené, the C-terminus is extended completely, pointing toward
the convergence values of the respective time correlatitbe active site of the enzyrR@(re A, blue).
functions. Here, all nonconverged correlation functions werdn X-ray crystallograpi® factors are used to parametrize
discarded, and convergence was judged by comparing the niieamisplacement of atoms from their mean positions using an
values and standard deviations of the third and fourth quartistropic modél: The major sources of such displacement are
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Figure 2.Relaxation data for backbone afiMi@uclei of GATE-162H}" 1N NOE (A) andR,/R; (B), at 14.1 T (red triangles) and 18.8 T

(black circles). Normalized peak intensities from HNCO experiments are plotted vs residue number (C). Comparison of order arameters (D):
derived from model-free analysis of the relaxation data based on chain A (black circles) or B (red dfaoadcuiajethttom MD trajectories
(turquoise triangles). Secondary structure elements are depicted above the plots; asterisks indicate proline residues.

thermal motion and (mostly short-range) disorder in the latticdata by relax is slightly shorter compared to the value computed
which are expected to correlate #eifibility in solutiort. We by HYDRONMR? based on our crystal structure (7.66 and
therefore investigated the distributioB &dctors along the 7.70 ns for chains A and B, respectively). This implies a
polypeptide chains of selected Atg8 family profemse monomeric state of GATE-16 in solution, at the concentration
1C). While these plots reveal a number of shared featuresed in our NMR experiments. In contrast, using the
including higl regions as outlined above for GATE-16,coordinates of the previously published GATE-16 structure
signicant dierences do exist. Generally, these may eithéPDB entry 1EO6), HYDRONMR predicts correlation times
reffect intrinsic properties of individual homologues or resutif 8.14 and 7.83 ns for the two chains, which is even larger than
from df erent lattice contacts imposing restraints on thehat we observe. For the relaxation data, the mobility analysis
mobility of certain parts of the molecules. This ambiguity caields the square of the generalized order parag)evenich
be addressed if alternative sources of structural informationiarghown irFigure B. For the majority of residues in GATE-
available, such as additional crystal structures of the sdie the near-unit® values indicate that the molecule is
proteins with dierent packing interactions. For instance, th@lobally rigid and displays restrained internal motion on the
large dierence inB factors of the#3" "3 loop observed pico- to nanosecond time scale. On the other hand, lower order
between the original GATE-16 structure and the one describgatameters were observed for the N- and C-termini, as well as
in this work is readily explained by a lack of lattice interactiowgo loop regions (residues 40, 41, and 45 iHltHe loop
in the former, whereas we found this loop to be hydrogeand residues 81 and 84 in'tBe#4 loop). For the N-terminal
bonded to a similar region of an NCS-related molecule.  segmentfexibility is cdmmed by the deviation between the
While crystallographiB factors can be interpreted as two chains in the crystal asymmetric unit, and the weak or
indicators offexibility in the context of the crystal lattice, undetectable NH signals in NMRg(re £). Notably, our X-
direct experimental evidence of the behavior in solution canrag structure reveals only mindeinces between chains in
obtained by NMR spectroscopy. For this purpose, protethe C-terminal region, because of restraints imposed by very
backbone mobility was investigated by measuring i two similar lattice contacts, yet sucheminces are very
spin relaxation ratBsandR,, as well as heteronucfér N pronounced in PDB entry 1EO6, which exhibits dleteali
NOEs at 298 KHigure A,B). A complete mobility analysis of packing environments for the two chains. Residu3 iR7
GATE-16 was performed on the basis of the"l$zabo the"1""2 loop (adjacent to the 405 segment mentioned
approach using a model-free analysis implemented &, relaxabove) show sigeant NCS deviation in the new GATE-16
R,, and heteronuclear NOE data couldttesl to the two  structure. As in the case of the N-terminal segment, such
chains of our GATE-16 crystal structure by assuming diierences correlate with broadened or weak NH signals in
anisotropy ellipsoid as ‘augion model with a correlation time solution NMR, which are even undetectable for residues 37 and
' of 7.45% 0.01 ns for protein chain A and #4101 ns for 38, indicating these residues can ad@yedt conformations
chain B. Thus, the correlation time calculated from relaxatiaiith intermediate exchange rates on the NMR time scale. While
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we could not obtain accurate dynamics information for residsiate 4. Phell7 can also form contacts with the hydrophobic
44 because of overlap, the absence of observable resonancgsofave yet has a weaker tendency to do so than Phell5. Only
residues 46 and 47 and the weak signal of residiigu48 ( in 15.2% of all structures does Phell7 reside within the
2C), presumably because of exchange broadening, suppgdrophobic groove. Interestingly, in more than half of these
conformational motion of this region. The two chains in thetructures (61.8%), both Phell5 and Phell7 are inside the
asymmetric unit of our crystal structure are virtually identicalliydrophobic groove (states 5, 8, 10, and 11), while in states 7
the "3" #4 loop region containing residues88l nonethe- and 9, only Phell? is there. An interesting conformation,
less#exibility in solution is indicated by the relativelyf@low though of minor importance as it is populated with only 0.8%
value of residues 81 and 84. probability, is given by state 12, in which neither Phe115 nor
To further investigate these conformational changes, Wbell7 covers the hydrophobic groove, yet the Rhetlll7
performed an HREMD simulation of GATE-16 in solutionsalt bridge is formed. In this case, the salt bridge prevents
Only structures collected for the target replica were considegsinplete extension of the C-terminus, which in most of the
for analysis. With regard to the conformation of the Cstructures is secured by the hydrophobic interactions of Phel15
terminus, the simulations revealed! sati#uctuations, in  and/or Phell7. When none of these three stabilizing
accordance with data acquired by other methods. Thedgéeractions is present, the C-terminus becomes even more
#uctuations are#ected by the lardg@factors obtained from #exible and detaches from the core of the protein, exposing
the HREMD simulationF{gure C), which are directly both Phell5 and Phell7 to the solvent. This situation is
correlated to the meauctuations shown iRgure S5For present in state 3, for which a representative structure is shown
further characterization of the C-terminal motion, we clustergtFigure €. The biological relevance of the conformations
the structures as explained in detail above. In short, we testdith extended C-termini, which account for 14.8% of the
each structure for the existence of the salt bridge between sheictures sampled in our HREMD simulation, is discussed
N-terminal residue Metl and the C-terminal residue Phelbglow. Together, the top four states include 80% of all
coverage of the hydrophobic groove by Phell5, Phell7 swuctures. Snapshots of the other eight states representing the
both, and, in case Phell5 is in the hydrophobic pocke&gmaining 20% of the C-terminal conformations are shown in
whether the side chain points toward the N-terminugtigure S4
Application of these criteria results in 12 distinct states, The #exibility of the C-terminus igteeted in thes order

which are listed ihable 2 parameter, which we calculated for each residue from additional
simulations. To this end, we performed multiple 20 ns MD

Table 2. Characteristics of the 12 GATE-16 States simulations using structures from the top four states as starting

Determined from the HREMD Simulation conformations, where the number of MD runs for each state

Phel1s Phel1s bhell?  Mett was derived from the probabilities listéithiie 2 A similar

e e e etl 4,
population contacts toward the N- contacts Phell7 salt approach has been Sl.JQQESteq by Blackledge and co Wofk?rs'
state (%) h.p? terminus h.p? bridge They found that running multiple but short all-atom explicit
solvent MD simulations exploring tHemint conformational

1 41.2 yes yes no yes . . .

2 15.7 yes yes o no substateg sampled from a p_recedlng accelerated MD simulation
3 14.7 no n/a no no resulted in better reproduction of order parameters compared

4 8.4 yes no no ho to the same number of simulations starting from the relaxed

5 4.3 ves no yes no crystal structure._ Figure B, the averages of the comp&ed

6 41 yes no no yes data together with stan.dard dev!atlpns.are shovx./n.. In general,
7 35 no nla yes yes the theoretic&f values display a distribution very similar to the

8 2.5 yes no yes yes distribution of those derived from our NMR data. Both

9 2.3 no nia yes no simulation and experiment indicate that the C-terminal residues

10 15 yes yes yes no Thrl14 Phell7 represent the migstible part of the protein,

11 1.1 yes yes yes yes which is reasonable considering that we observédrgatdi

12 0.8 no n/a no ves conformers for the C-terminu¥able 2. Noteworthy

deviations are observed for only! thee N-terminal residues,
for Asp45, which is located in'the" 2 loop, and for Val84 in
the middle of th&3" #4 loop. In either case, a higheibility

The salt bridge between Metl and Phell7 has about eqisapredicted by NMR.
probability of being open or closed as in 53.2% of all structurego test the dependence of our results on the!feicbeve
this salt bridge is formed. A more stable interaction deriveerformed three 250 ns MD simulations with the
from the hydrophobic contact between Phell5 and tH@HARMM27°force! eld with TIP3P water. Our decision to
hydrophobic groove formed by Metl, Val36, Phe79, and thee CHARMM27 was motivated by two reasons. (i) We
aliphatic portion of Lys82. This contact is present in 78.8% wénted to use a forkeld not belonging to the Amber family,
all sampled conformations, including the two most populatadiich is based on a completelierdint parametrization
states, which account for 56.9% of all structures. Comparisoraifeme to avoid any possible farickbias. (i) Taking (i) and
states 1 and 2 indicates that Phe115 can cover the hydrophdkwcforce eld comparison in r@binto account, we opted for
groove regardless of whether the salt bridge is form&dHARMM27 as it also performs well for ubiquitin. To warrant
Representative structures for these two states are depictediiact comparability between our Amber99SB-ILDN and
panels A and B Bfgure 3Conformations similar to state 2 are CHARMM27 calculations &f, we kept TIP3P as a water
found in state 4Fgure B®), the only dierence being the model. The CHARMM27 simulations were initiated from chain
orientation of Phe115 within the hydrophobic groove. In staiof the GATE-16 structure determined in this study. All other
2, it is oriented toward the N-terminus, while it points away simulation conditions were identical to those of the 20 ns MD

®h.p., hydrophobic pocket.
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Figure 3.Representative structures for stdtdgA' D, respectively) obtained from the HREMD simulation. The structures from'fganels A
correspond to traces'SB, respectively,kigure A. Most residues of GATE-16 are shown in surface representation with hydrophobic residues
highlighted in orange. Residues 'Mi{i3 and Gly111Phel17 are shown as cartoons, and the C-terminus is colored yelfoguasfin

The side chains of the residues of particular interest (Metl, Phel15, and Phell7) are shown explicitly.

simulations with Amber99SB-ILDN. For the analysis, only tieethods of protein structure determination, X-ray crystallog-
last 200 ns of each simulation was considered. The root-meaaphy and solution NMR spectroscopy, not drey by the
squaretuctuations ang values averaged over the three runghysical state of the samples to be investigated but also provide
agree equally well to the experiment and those obtained wilisparate parametrizations of coordinate uncertainty: while a
Amber99SB-ILDNFjgures S5 and )S@&he conformations crystallographic structure is represented by mean atomic
sampled during two of these simulations belong to states 1 aedrdinates and associated atomic displacement parameters,
2 determined from the HREMD simulations. This is nof\NMR yields an ensemble of models compatible with a given set
surprising as the top two states represent more than haffrestraints. Because they provideatit views on a common
(56.9%) of all structures; i.e., they are considerably stablestbject, combining results from both methods can be
the third MD simulation, structures belonging to state 7 wef@structive.

exclusively sampled. Representative structures from these thrige this work, we have investigated the conformational
simulations are showrFigure Stogether with the evolution polymorphism of GATE-16 by (1) comparison "aérelnt

of the Met1 Phe117 distance and the number of hydrophobigrystal structures, including a newly determined one, (2) direct
contacts of Phe115 and Phe117. The results in panel A of @gsessment of dynamics using solution NMR spectroscopy, and
I gure reveal that of these three interactions, the state of & MD simulations in an explicitly solvated system.
surface-exposed MePhell7 salt bridge can change most The X-ray structure of GATE-16 described in this study has
quickly. It can spontaneously form and break again, Bg&en determined from crystals grown in the absence of typical
happened multiple times between 50 and 120 ns where fp€cipitating agents and should therefdrer dass from
lifetime of the salt bridge is short. The instability of the saitifacts caused by high concentrations of such compounds. As
bridge is a consequence of #aribility of the C-terminus, expected, the overall fold of the protein is not altered

which is mainly brought about by the presence of a Gly resicki@ni cantly during enhanced conformational sampling pro-
at position 116. vided by an HREMD simulation with a total of$40of

I simulation time. Maj@tuctuations were mostly observed for

the last six residues (Glu1RRel17), which appear to occupy
. DISCUSSION a number of transient stat€gy(re 3and Table 2. These
Various functions of biological macromolecules are criticadtytes are characterized by the presence or absence of a salt
related to dynamic properties, covering all structural levels frbritige between Phel17 and Metl, dmatedit hydrophobic
single atoms to entire domains, and time scales ranging froomtacts mediated by the Phel15 and Phell17 side chains. It is
picoseconds to seconds. In the case of proteins, colleciimportant to note that the bend at Gly111 is conserved in all
motions of large regions are of particular interest, because thsates excluding state 3, corresponding to 85.3% of the sampled
are often required during the catalytic cycle of enzymes or fmpulation. In these conformers, the C-terminal segment
switching the functional state of a protein. The two prevalilirgllowing strand4 thus remains attached to the body of the
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molecule. Both our experimental data imnsilicoresults Phell5 or Phell?7 and, at the same time, sterically prevents the
support the notion that Phel15 plays a crucial role in stabilizi@gterminus from reverting to %attachetistate.

these six residues against complete extension; the aromatic sidigidation of truncated GATE-16 (form ) at Glyl16
chain engages in a stable interaction with its hydrophohiwolves sequential interaction with the E1-like enzyme
groove Figure B). This stabilization is of special importanceATG7 and the E2-like ATG3. In the respective complexes, an
when the C-terminus is not toed by the Met1Phe117 salt ~ extended conformation of the C-terminal segment is expected
bridge Figure B). In a minority of the conformers, Phe117 (as cohrmed experimentally by the crystal structure of the
engages as an alternative hydrophobic anchor. yeast Atg7Atg8 compleX). With regard to the membrane-

To allow proteolytic cleavage of their scissile bonds @gsociated PE conjugate (form Il), a similar displacement of the
prerequisite for lipidation), the C-termini of Atg8 familyC-terminus is supported by our previous NMR experiments
proteins need to protrude into the catalytic center of theWith the GATE-16 homologue GABARMfere, coupling of
cognate ATG4 proteases. This extended conformation gsidue 116 to a nanodisc membrane was shown to result in
documented by a set of crystal structures featuring rat LCSi@nicant chemical shift changes for (among others) Tyr115
in complex with human ATGYBand its general properties and Asn82, which correspond to Phell5 and Lys82 in GATE-
are expected to be valid for all Atg8 homologues. While thg: respectively, suggesting that anchorage of the aromatic side
GATE-16 crystal structure features a sharp bend followifgain fo its groove is at least partially fagtie Sp Finally,
strand' 4, the corresponding segment of LC3B takes a straidift iPidation of form Il by ATG4 should cause the C-terminus
path in the ATG4B complex. Notably, the C-terminal stretcl r€vert to its previous equilibrium, with the caveat that a
appears to be displaced from its position by a loop of ATG4MELL Phell7 salt bridge will no longer be possible. In this
with Leu232 of the protease occupying the binding pocket %Qntext, we note that our MD simulation suggests Asp81l as a

Phe119 (corresponding to Phell5 in GATE-16), while th%Jbstitutg interagtion partner of the N-terminal amino group.
Apalysis of primary and tertiary structures of human LC3

segment containing Phe119 interacts with the substrate Cha%r\lb%family proteins reveals that all of them contain an aromatic
of ATG4B. Because of the exposure of additional hydropho ino acid corresponding to Phel15 in GATE-16 as well as

side chains, the extended conformation is not expected to bE 'y . . )
favorable state for an isolated GATE-16 molecule in solution?f0/2" 'esidues at the positions of Val36 and Phe79, suggesting

can, however, be stabilized by a binding partner such t%gt the mechanism anchoring the C-terminus to the body of
ATG4B. In the GATE-16 structure determined pre\fic(’)usly,t protein may be conserved throughout the Atg8 family.

chain A (included iFigure &) represents an extended In an éort to characterize the relevance of Arg68 for the
conformation akin to LC3B in complex with ATG4B. In thi structure and dynamics of LC3B, Liu et al. performed MD

. . . imulations of the wild-type protein as well as a splice variant
case, the neighboring GATE-16 molecule (chain B) takes {agying this residue. In contrast to our results with GATE-16,

role of ATGAB in stabilizing this conformation.!Spéyi the oy did not detect any stable conformation of the C-terminal
anchoring residue Phell5 is accommodated by a hydroph [‘jvment for wild-type LC3Bt should be noted, however,

groove normally involved in ligand binding, whereas 11655 §;; their simulation time was limited to 13 ns, while our
the "2" #3 loop shields the Phells groove. Intriguingly, OUpnroach (a combination of HREMD and conventional full-
HREMD simulation of isolated GATE-16 does capturgiom MD for extended periods of time) allows for much more
detachment of the C-terminal segment (characterized by #ghaustive sampling of conformational space. Moreover, the
absence of the Methel17 salt bridge, solvent exposure oftarting model employed in the LC3B study was constructed by
Phel15 and Phel17 side chains, and loss of the Gly11l bejiditing residues 11416 of GATE-16 (PDB entry 1EO6)
in one sighicantly populated state (state 3, accounting fojto rat LC3B (PDB entry 1UGH), possibly leading to a
14.7% of the conformers). Together with published data, thiixed conformation requiring more time for convergence to a
observation cbrms the notion that the swing-out movement|ow-energy state. It is therefore tempting to speculate that, with
of the C-terminus is a built-in capability of the GATE-1@omparable simulation times, an equilibrium similar to that
molecule and that the extended conformation found in thfeund for GATE-16 might also materialize for LC3B.
ATG4 complex is mostly selected, rather than induced, by the
protease. ASSOCIATED CONTENT

On the basis of these considerations, we propose a thrge-
state model for the C-terminal dynamics of GATE16. (1) |
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C-terminal segment is a closed state, which is characterized EQ(‘ Publications websig DOI: 10.1021/acs.bio-
bend of the chain at Glyl11, anchorage of the side chain® .5b00366
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3.3 Molecular Dynamics Simulations Reveal
Key Roles of the Interleukin-6 Alpha Re-
ceptor in the Assembly of the Human
Interleukin-6 Receptor Complex

3.3.1 Summary

The cytokine Interleukin 6 (IL-6, section 2.3.3) stimulats immune responses after
burns, tissue damage or infections. It needs to bind its assated receptor rst,
after which it forms a complex with the receptor gp130, and this trimer then
forms a membrane-anchored hexamer with a second identicahter. Interestingly,

a 25% sequence identical IL-6 variant from human herpesva8 does not need to
bind the receptor, but can directly bind the -receptor gpl30, leading to a
tetramer involving two viral IL-6 and two gp130 proteins.

In this research project, we answered the questions: What ikd function of
the receptor for human IL-6 and why is it not needed by viral IL-6?

To this end, we studied receptor bound and apo states of IL-6itlv extensive
MD simulations. We validated the simulation results agairtsexperimental S? or-
der parameters and chemical shifts obtained by NMR spectragyy. We found out
that the  receptor pivots around the four-helix bundle of IL-6 and sulegjuently
stabilizes an exceptionally exible part of the AB-loop in hunan IL-6, which inter-
acts with the D1 domain of the gp130 receptor. This stabilizeon is presumably
required to bind gp130, especially, as it orients severaljkeesidues to present ideal
binding partners to the gp130 D1 interface.

Viral IL-6, however, has a much more hydrophobic AB-loop, whicls signi -
cantly more rigid at its N-terminus and very exible in the center, compared to
human IL-6. The more rigid portion can readily interact withthe D1 domain of
gp130, especially as it lacks a lysine residue that is bloegithe interaction in the
apo state of human IL-6. The extremely exible portion is at he same time more
hydrophobic than the corresponding section in human IL-6 @htherefore the ther-
modynamic advantage of interactions with the D1 domain of {80, which reduce
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the solvent accessible area, is large enough to allow gp18bind in the absence
of the receptor.

3.3.2 Contribution

I modelled the starting structures, performed the MD simulabns, analyzed the
data, co-developed the hypothesis, wrote approximately 98 of the manuscript
and created all gures.

3.3.3 Publication

This section contains a complete reprint of the publicatiof98]. The supporting
information to this article is located in section 6.3.
Reprinted with permission. Copyright 2017 American Chemit¢&ociety.
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ABSTRACT:Human interleukin-6 (hIL-6) is a pleiotropic cytokine with

three distinct receptor epitopes, termed sites |, Il, and Ill, which function to

assemble a signaling complex. hIL-6 signals via a glycoprotein 130 (gp130)

homodimer after initially forming a heterodimer with the nonsidnaling

receptor (IL-6R). The molecular description of the assembly of the hIL-6

signaling complex remains elusive because available structures provide

descriptions of hIL-6 in its free and fully bound receptor forms, but not for

intermediate steps that are crucial in the stepwise assembly of the signaling

complex. In this report, molecular dynamics simulations provide atomic details

describing the functional role of the initial hIL-6/ILg&fRnplex in facilitating

subsequent interactions with gp130, which have not been previously shown.

IL-6R binding to hIL-6 rigities the'exible N-terminus of the hiL-6 AB-loop

through interactions with the D2 domain of IL-6Rhis rigidication

combined with repositioning of residues involved in gp130 receptor recognition promotes gp130 binding at site IIl. Binding of
gp130 receptors at sites Il and Il is coupled with the release of the hiL-6 N-terminal AB-loop interaction and a pivoting of IL-
6R around the hIL-6 helix bundle to the state of the hIL-6/lIgBER30 complex.

! INTRODUCTION of gp130 activates Janus kinase/signal trﬁglsducer and activator
: . A . ; . _of transcription intracellular signaling pathways.
Human interleukin-6 (hIL-6) is a pleiotropic cytokine, whicf? The structure of the IL-6/IL-6Ryp130 complex cormed

regulates biological functions that include the immune . . o "
response, hematopoiesis, the acute-phase response pzi{éeﬁj'?.us StUd'elsgt-hat Slfgl%Steg 2 252'2 st0|c_h|ometrly for the
in"ammatiort, ° and dysfunctional hiL-6 signaling, is linked> o2 d COMPIe iure A),"and the hexameric complex is

¢ ¢ d chronic't i toi di (iostulated to be required for both cis- and trans-mediated
0 acule and chronic:ammation, autoimmune diseases, an ignaling’ This structure showed that a stable hexameric
neoplastic disordér§. hiL-6 signals through cis- or trans-

. ; . - =" complex is formed because the k@30 interfaces at sites Il
mediated pathways and the pathwégsalibstantially in their - 54 1)1 are extended by interactions between gp130 and IL-

cellular distributioh. Cis-signaling is mediated by the gr |n this hexameric assembly, sites Il and IIl consist of two
membrane-bound alpha-receptor (IL;6Rhich is expressed energetically coupled composite sites each, with sites involving
on a limited number of cell types, whereas for trans-signalilg-6 and gp130 termed Ila and lila, and sites Ilb and lilb
the soluble form of the IL-6Ran stimulate all C@llﬂ_-G representing the interfaces betweenl||_aﬁ&gp130ﬁ|gure

adopts the canonical four-helix bundle fold of cytokines wilfa B). Interestingly, the Kapmsarcoma-associated herpesvi-
the helices connected by two longRAnd C D) and one  rus functional homologue of human IL-6, HHV-8 IL-6 (vIL-6)
short (B C) interhelical loops® Three distinct receptor shows modest sequence identity to h1L26%;Figure S)*

binding epitopes, termed sites |, I, and Ill, exist on hiL-@nd binds directly to gp130 to activate signaling cascades
Residues at site | of hIL-6 interact with residues of theithout the requirement of a precomplex with ILX8RThe
extracellular domains 2 (D2) and 3 (D3) of IL-§ke., sequence divergence between hIL-6 and vIL-6 has been
cytokine binding homology region) to form a heterotfimer. proposed to dee the dterences in the assembly of the IL-
This hIL-6/IL-6R complex is essential for recruiting two 6/gp130 signaling complexes, with vIL-6 interacting with gp130
ubiquitously expressed membrane-bound glycoprotein 130

(gp130) signaling receptors at sites Il and Higu(e Received: June 12, 2017

1);*# * pecause neither hIL-6 nor IL-GRone has $wcient  Revised: July 31, 2017

a$ nity to form a stable complex with gp130. Dimer formatioRublished: August 7, 2017
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IL-6R , and that binding of IL-6Rat site | reduces the
dynamics of the AB-loop to favor interaction with gp130 at site
llla. We have attempted to acquire dynamic data of hIL-6 in
complex with a soluble form of IL-6Rowever, thesé¢ats
were complicated by the molecular size of the complex, yielding
spectra with large resonance line widths andaigrspectral
overlap. In addition, our attempts to study the dynamics of vIL-
6 to have comparative data between hIL-6 and vIL-6 have failed
because of self-association of bacterially produced recombinant
vIL-6, which corroborates a previous $tiktherefore, in the
absence of stable protein material, computer simulégions o
an alternative approach to study IL-6 dynamics.
In this report, motional characteristics of hiL-6 in complex
with the cytokine binding homology region of IL{(BR6R! -
D2D3; Figure ) were investigated by MD simulations. We
show that IL-6RD2D3 interacts with side chains of residues
in the N-terminal region of the AB-loop, which has not been
observed previously. Such interactions rigidify this region of
hiL-6. Additionally, we report that along with rigation of
Figure 1.Human IL-6 signaling complex. (A) The crystal structure ofhis region, conformational changes in IL-6 side chain
Fhe hexameric hIL-6{IL-6@p130 signaling complex. hIL-6 is shown orientations upon IL-6RD2D3 binding position these
in yellow, the IL-8Rin shades of green, and the gp130 receptor inesiques for speci interactions with the side chains of
cyan, pur'ple, and rose to |_nd|_cate the_lnd|V|duaI sqbdomams. The t% 830-D1 that would not occur in the absence oft IL-6R
binding sites of hiL-6 are indicated with labeled circles. (B) Schem&iic . . . : .
ed on our MD simulations, we hypothesize that rigid-

representation of the hexameric assembly. (C) The binding epitope . . ; " . . .
hIL-6 are shown with transparent surface representation with the sang@tion of this region facilitates interaction of the D1 domain

color-coding as panels (A) and (B). Side chains involved in recep@rgPp130 at site Ill and upon interaction the D2 domain of IL-
interactions are shown as stick representations and labeled V@R disengages with the AB-loop residues to facilitate the full
assignment information. docking of gp130 molecules. Such processes have not been

observed previously and rationalize the stepwise assembly

through a larger number of hydrophobic contacts whefocess of the hiL-6 receptor-signaling complex. MD
compared with the hIL-6 interaction interfaces (i.e., sites Binulations of viL-6 are also presented and augment structural
and llla)?* Binding site Illa has been divided further into threglata that describes receptor assembly.
subsites based on their position in the protein seguenc
(Figure SR Site IllaA includes the C-terminus of helix A anda METHODS
the N-terminus of the AB-loop (residuds62), site lllaB Residue Numbering. The sequence of the hiL-6 NMR
includes the C-terminus of the CD-loop [(1%%), and site  structure (PDB ID: 111’6 is 165 residues long (numbered
lllaC includes residues in the BC-loop!(1@3) and is notin ~ from 20 to 185). All IL-6 residue numbers in this report
direct contact with the D1 immunoglobulin-like domain otorrespond to the residue numbering of this structure. Residue
gp130 (gp130-D1) based on structural data, yet shown to bembers of vIL-6 (PDB ID: 11TRpand of hIL-6 in the IL-6/
crucial for IL-6Rindependent binding to gp130 by vit-6.  IL-6R /gp130 complex (PDB ID: 1P9M) are shifted bg
Although the molecular assembly of the IL-6 signalirend ! 1, respectively. For example, Leu34 of apo hIL-6
complex has been described at atomic resolution, a detadedesponds to Leu20 in vIL-6 and to Leu33 of hIL-6 in the
molecular account of the assembly process remaimedinde hexameric complex.
This is because current structural data provide a ground-stat®!D Simulations.To assess thétext of IL-6R binding to
description of IL-6 in its free and fully bound forms, but not fanlL-6, MD simulations of hiL-6 were run in the apo state and
any of the possible intermediate steps or structural excursitimes IL-6R-D2D3 bound state. The starting structure of the
into higher energy states that are potentially crucial in tlao state simulation was the NMR minimized average structure
assembly process, but are not easily detected experimen{@®@pB ID: 11L6)'° As the unordered part of the AB-loop
Here, computational methods, in particular molecular dynamfossidues Ser48, Asn49, Met50) is missing in the crystal
(MD) simulations have proven to be valuable and augmestructure of the receptor bound hiL-6 (PDB ID: 1P8M),
experimental data to reveal motions and conformations thetmology model was built with the SWISS-MODEL Web
describe protein functions at the moleculariétel. servef® Thus, the hIL-6 structure from the receptor bound
We have demonstrated previously that fast time scale (ps4nd)-6 structure was used as the template and only the
dynamics of apo-hlL-6 show heterogeneity of the calculatmbrdinates of the missing residues were added into the crystal
backbone order parameter [square of the generalized modéiucture. The resulting model is very similar to the template
free order paramete®)| among clusters of residues in hiL- with a backbone root-mean-square deviation (RMSD#C
62° In particular, the N-terminal region of the long AB-loopQ, and N atoms) between them of 1.0 ! after energy
which corresponds to half of the buried surface area thatnimization and equilibration of the model. The simulation of
constitutes the IL-6/gp130 site llla interactidgufes and viL-6 was run with the coordinates taken from the gp130
S2, experiences larfjactuations along the conformation of receptor bound tetramer (PDB ID 1I11RAll simulations
the backbonest = 0.3 0.8) that are absent at site | or Il. Thus, were performed with GROMACS version #'6tfie
we hypothesize that dynamic properties of the AB-loop inhiimber99SBnmr-ILDN fordeeld?® and the TIP3P water
the direct interaction of hIL-6 with gp130 in the absence of tirrodef®in periodic dodecahedral boxes with a minimum solute

B DOI10.1021/acs.jpch.7h05732
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to wall distance of 12 !. Sodium and chloride ions were addedFor analysis of the MD simulations,!tis¢ 100 ns were

as counterions to neutralize the total charge of the system auldlitional equilibration time for all simulations and not
mimic a salt concentration of approximately 200 mM. Thiacluded in the analysis. Chemical shifts were computed with
numbers of ions, protein, and solvent atoms, along with furtt@HIFTX2° under the aid of the MDTRAJackage. For
details on the MD simulations are providedaiple S1 comparison, chemical shifts were also computed with
Electrostatic interactions were treated with the Particle-MeSRARTA+! Both methods gave very similar restiib|¢

Ewald algorithifl with a Fourier grid spacing of 1.0 ! and SJ. Therefore, only the predictions of SHIFTX2 are reported.
cubic interpolation. Short-range electrostatic and van-der-W&aiction of chemical shifts was performed for each frame of
interactions were computed up to a 12 !#waod treated the apo hiIL-6 trajectory and averaged.

with a Verlet-Bter whose list was updated every 20 time steps. Amide bond vect& order parameters were computed after
Long range dispersion corrections were applied to the van-demoval of overall protein tumbling by a superpositian of C
Waals energy calculations. Moreover, it was tested that #tems of each frame on the crystal strdéture:

minimum distance between the protein and its periodic images 3 3

was at all times siboéntly larger than the citdistance for - _ (g q

the short-range interactions, ensuring that the protein did not 2 ]

interact with its images during the simulaficatse S). The =1EL @)

systems were energy minimized down to a maximum forcey@fere’; denotes the, y, andz components of the!NH bond
10 kJ/mol/!. Equilibration wasrst done for 100 ps in the vector scaled to unit length and angular brackets denote
NVE ensemble (constant numb_er of _parncles N constagieraging over timeThe scaling factér= (1.02/1.049 #
volume V, and total energy E) with position restraints of 10§89 accounts for zero point vibrational motions of the bond
kJ/mol/! on the heavy backbone atoms, and then for 4 ns ijectors not captured by MD simulatids&order parameters
the NPT ensemble (constant pressure P and temperature f¢re separately computed for subtrajectories of 50 ns in length
with gradually decaying position restraints ranging from 1004Rd subsequently averaged to obtain error estimates.
1 kJ/mol/! in magnitude. The purpose of the latter was t0 Root mean squarauctuations (RMSFs) were computed
allow for a gradual relaxation of the side chains at the interfg¢@r the whole length of the trajectories (900 ns for the apo-
between IL-6 and IL-6RThe integration time step was set to state and 1's for the complex simulations), after super-
2 fs. During the equilibration runs a velocity rescalgnposing the helix backbone atoms (ile. O O, and N
thermostaf was used to keep the temperature at 298 K angtoms) of all frames onto thet frame (i.e., those that exist in
a Berendsen baro3fao keep the pressure close to 1 bar. Thea helix in the hIL-6 structure). RMSFs were computed for all
human and viral IL-6 simulations were subsequently simulate@kbone atoms as the root of the mean squared displacement
for 1"s. Given the larger size of theceptor bound system of each atom over the course of a trajectory, with respect to the
(hIL-6/IL-6R -D2D3), three independent MD simulations mean structure of each trajectory. To obtain RMSFs per
were run with identical starting structures but randomizedsidue, the RMSFs of the backbone atoms of each residue were
velocities for 1.Is each. All simulations were performed in theaveraged. Finally, averages and standard deviations over the
NPT ensemble at the same pressure and temperature as dutinge independent trajectories were computed for the hIL-6/IL-
equilibration (298 K, 1 bar), but with the more accuratt NosesR simulations. Hence, RMSF&ce the mobility of each
Hoover thermostit and Parinello-Rahman barostat withresidue on a 1s time scale. For the analysis of the binding
coupling time constants of 2*psAll bond lengths were between derent proteins in the complexes, inter-residue
constrained with the LINCS algoritirAtom positions were  contacts were computed. A contact, as for the Ihidng
stored every 60 ps. interfaces, is deed if the distance between any pair of atoms
To estimate the hydrophobic surface area buried at site lfita two residues is <5 ! (the higher eéutior attractive
due to gp130-D1 binding, one short MD simulation of 1 ns pelondon-van der Waals foréés)n addition, mean (and
system was performed for the complexes hIL-8/IpdR0- standard deviation) interaction energies of IL-6 AB-loop
D1 and vIL-6/gp130-D1 and for both systems in the absencereidues with IL-6Rbinding interfaces | to Ill (s&esults
gp130-D1. These were necessary because residues at the&ssittohwere determined as the sum of the Lennard-Jones and
[lla interface were not optimally packed in the crystal structur@€sulomb energies. Only the short-range part of the interaction
of the IL-6 complexes, resulting in an overestimation of tl@ergies up to the cétoused in the MD simulation (12 ')
solvent accessible surface area. All systems were preparesvarelconsidered, as the long-range component computed with
simulated as described above and the surface area thasParticle-Mesh-Ewald method cannot be computed for
computed with the Shrake-Rupley algdfitiuith a probe  separate groups of the system individually. The energies were
radius of 1.4 !. For hIL-6, the buried hydrophobic surface areamputed with the GROMACS energy tool and the atoms of
was determined as th#edence in mean hydrophobic surfacethe individual groups spedi in an indekle. For the analysis
area of hIL-6 in the hIL-6/IL-6Rromplex and in the hIL-6/ of the outputted energies, an interaction energy of 0 kJ/mol
IL-6R /gp130-D1 complex. For vIL-6, the computation wagorresponds to the absence of interactiohnéteidistance, a

equivalent except for the absence of!IL-6R positive energy to a repulsive and a negative energy to an
Experimental Data.BackbonéH, N, and'*C chemical attractive interaction.
shifts are from published work. The hydrophobic packing of the AB-loop to the hydrophobic

Analysis. Sequence alignment of human and viral IL-6 wasore of the cytokine was determined for hIL-6, vIL-6, and the
performed with Clustal OméQaising the default settings. leukemia inhibitory factor (LIF, PDB ID: 1EMR). The amino
The sequences used for the alignment were taken from ted sequence of LIF from the end of helix A to the beginning
UniProtkB® database with accession codes P05231, sequeathelix B was aligned manually to both IL-6 proteins. Residues
positions 47 to 212 (hIL-6), and Q98823, sequence positioNal65, Phe68, and Pro69 in the AB-loop of LIF correspond to
29 to 195 (vIL-6). Leu63, Leu65, and Pro66 in hiL-6, and Leu63, Phe65, and
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Pro66 in viL6. These residues are located at the N-terminus of
the AB-loop and function as hydrophobic anchors that interact
with the hydrophobic core of the cytokine four-helix bundle.
The N-terminus of the AB-loop of IL-6 consists of residues 48
to 62, which corresponds to residue$4® LIF. Distances
were computed between all side chain heavy atoms of two
groups of residues: hydrophobic residues at the N-terminus of
the AB-loop (group 1) and all hydrophobic residues with a
minimum distance in sequence of two to this region (group 2).
Contacts were beed as distances <5 !.

All plots were produced with VNMDMatplotlib?® and
seaborfl!

! RESULTS AND DISCUSSION

Sequence Alignment of Human and Viral IL-6 Shows
Low Sequence lIdentity. The amino acid sequences of
human and viral IL-6 align without any insertions or deletions
over a length of 166 residugg(re S The alignment is also
structurally justed (Figure SR as it superimposes the four
helices and most parts of the connecting loops (backbone
RMSD of 1.76 ! for helices and 4.65 ! for the loops, where
superposition was performed on the backbone of the helices).

However, the_seque_nce identity of both sFruc?ures of on ure 2.Experimental and MD calculatgedc@emical shifts. (A)
24.7% (41 residues) is remarkably low considering the gapigSiyone Cchemical shifts measured by NMR (red diamonds) and
alignment of both sequences. An additional 48 residues gi&dicted with SHIFTX2 using the MD simulations data (blue bars).
strongly similar and 21 residues weakly similar, yielding a StroRg error bars represent one standard deviation over all simulation
sequence similarity of 53.6% (including identical residues) aimee steps. RMSD denotes the root-mean-square deviation of
a weak sequence similarity of 66.3% (including identical amddicted and experimental shifts. (B) Deviation of predicted and
strongly similar residues). experimental shifts per residue. Twenty evenly spaced bins between
Chemical Shifts of Backbone Nuclei of hiL-6 Derived  the minimum and maximum values were chosen to illustrate well the
from the Simulated Data Match Experimental Values. nea_r_Gaussian dis_tribution 'of_the data with distant outliers. The
The quality of the MD simulations to sample the relevarf2S!tions of the-helices are indicated at the top.
ensemble of states was assessed by comparing the MD-
calculated backbone chemical shifts with experimental chenfigajure S)i The MD-derivedS values match closely the
shift data® The experimental and predictedti®mical shifts  experimental values for residues in the four helices (RMSD =
of apo hIL-6 are shown fingure 2In addition, comparisons 0.06, = 88), but with a lower variance in the data. In the loop
between experimental and predicted backiioNea@d H, regions, the standard deviation of$hpredictions across
chemical shifts for apo hIL-6 were also deterntiipdes  subtrajectories is much larger than the error in the experimental
S4 S6. The predicted Cshifts match the experimental shifts data, in particular for the C-terminal residues of the AB-loop.
with an RMSD of only 1.12 ppm, which is similar to the RMSBs previously reported for a much shorter MD simulation of
value reéoorted in the original SHIFTX2 validation set dflL-6 (i.e., 73.5 n$j,the overestimation of the degree of
proteins® Larger RMSD deviations (>2 standard deviations dfexibilitg/ in the long AB-loop has been attributed to the force
the distribution of residuals of experimental and predicted Celd?**® which confers too mutbxibility in loops and most
shifts, equal to 2.15 ppRigure B) are observed for only 10 likely accounts for the calculated hitdrebility in the loops.
residues (Thr21, Cys45, Glu52, Leu65, Phe75, Phe95, ArglNidnetheless, the MD-derivEdvalues in this study are in
His165, lle167, and Phe171). The predictions of the chemibaltter overall agreement with the experin@nialues when
shifts of the €and N nucleiKigures S4 and )S®llow the compared with the previous sttfdgdicating that the longer
trends of the experimental values. For the backbaioens, simulation captures more realistically motions on the ns time
there are a few nuclei witltedtiences between predicted and scale that hiL-6 undergoes.
experimental chemical shifts >2 standard deviations (2.7 ppniThe Flexible Site 11l Located at the N-terminus of the
Cysb1, Leu93, Valll6, Thrl39, and Aspl61). Jlatohh AB-loop of IL-6 rigidi! es Upon IL-6R Binding. To test
shifts display larger RMSDSg(re Sf and the relative  our hypothesis that interaction of IL-6Rh hIL-6 regulates
standard deviation over the trajectory, as indicated by the ettee dynamic state of residues that function in receptor
bars, is also sigoantly larger when compared with that of theassembly, we have used the MD simulations of hIL-6, the
other nuclei. Overall, the predicted chemical shifts of the abli-6/IL-6R -D2D3 complex, and vIL-6 to measure dynamic
hIL-6 simulation match the experimental shifts remarkably welictuations of the backbone and changes in the spatial position
even in manyexible regions, such as most residueslirsthe of side chains.
part of the loop connecting helices A and B (AB-loop) and the Figure 3shows a superposition of 100 evenly spaced frames
CD-loop formed by residues 129 to 140. Hence, th&om each simulation, providing a visual impression of the
simulations sample the equilibrium structure of hiL-6. "exibility in dterent regions of IL-6, which is further encoded
Longer MD Simulations Improve the Calculation of$ by coloring residues according to their RMSF. Residues located
Data. To further validate the MD simulations, experimentallin the four-helix bundle in each simulation, as expected, show
deriveds data® were compared with MD calcul&edalues  the lowest RMSFs, whereas loop regions show greater RMSFs
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Figure 3. Color-coded IL-6 structure in two orientations is presented in the left column. Columns 2 to 4: superpositions (on helix backbone atoms
of evenly spaced 100 frames from each MD simulation. The color-coding represents the RMSF lper desidete icategories from blue to

red. The upper bounds of each category are given in the legend, and the lower bounds are the upper bounds of the previous category. The |
panel shows a rotation of the molecule 'bgr@édnd the horizontal axis.

with residues in the long AB-loop (35 residuesyating the  backbone RMSD of the helices, and hence these regions have
most. Binding of the hIL-BRat site | leads to an expected the lowest RMSF values. Consequently, an RM8H dfis
modest reduction in the RMSFs for residues at the C-termincisnsidered to be the highest rigidity achievable in a well-folded
of the AB-loop. Interestingly, however, is the observation thabtein and represents an RMSF baseline. This RMSF is
residues at the N-terminus of the AB-loop undergo largeensistent with MD simulations of isoldteuklices with
restrictions in motions, indicating that binding of ILsé6R  restrained backbone hydrogen bbthdte largest RMSF
residues at the C-terminus of this loop restricts motion alomgross all three systems is observed for Ala59 of vIL-6 with a
the entire AB-loop. RMSFs for vIL-6 are the largest in the ABalue of 3.7 . Starting at residue Eigre 8), two full turns
loop, except for residues 45 to 57 that form the initial part deefore the end of helix A, the RMSFs of apd -aeckptor
this loop and are part of the gp130-D1 interaction interfad®und hIL-6 increase steadily, except for Cys51, which has
(i.e., site 1lI). limited mobility because it forms a Hisubond with Cys45.

The RMSFs per residue for the three simulations are plott&gsidues in the AB-loop of hIL-6 (residues 56 to 63) that
in Figure 4All frames have been superimposed to minimize tig@mprise site IllaA drexible in the apo state, but are Figgti
in the presence of hiL46Rwvhich binds these residues from
the opposing side in the MD simulation, as explained below.
The RMSFs for residues of apo vIL-6 indicatéeeibdity
than either apo or bound hIL-6 at the end of helix A and the N-
terminal part of the AB-loop that comprises part of site Il of
vIL-6 (42 55; Figure 4yellow shading). This lowexibility
in this region of vIL-6 compared with that of hiL-6 can be
explained partly by the#elience in hydrophobic contacts.
Here, the much larger number of hydrophobic residues in the
AB-loop of vIL-6 when compared with that of hiL-6 pack
tightly with hydrophobic residues of the protein Eogeré
5). The number of contacts (averaged over all frames) between
hydrophobic residues located in this region of the loop, i.e.,
residues 48 to 62, of vIL-6 (lle50, lle54, Leu55, Pro57, Ala58,
Ala59, 1le60, and F61) during the apo-viL-6 MD simulation
was calculated to be 83.242.1, whereas for hiL-6 (M50, A57,
L58, and A59) this value was calculated to be 204 This
ditterence in hydrophobic packing confers rigidity to this region
of the AB-loop of vIL-6F{gure B8). Hydrophobic contacts

E;E%%ﬁfgxfggyﬂ.?%é?eaem? V:r‘]'dehfﬁ?eﬁngsd;?r(gsédﬁgigf @Svere also determined for LIF (residues 49 to 64) because this

for residues that constitute the AB-loop (residu@@4@emarcated ~ Cytokine, like vIL-6, does not requiré-aeceptor to bind to
by the red dashed lines). The shaded areas denote binding site $it¢ | for gp130-mediated signafingnd experimenta¥
residues in hiL-6 (cyan), vIL-6 (yellow), and both (green). values revealed that the AB-loop is °fighdthough, the
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Figure 5.nteractions stabilizing the N-terminal part of the AB-loop for hIL-6 (A), vIL-6 (B), and LIF (C). Cytokines are shown in yellow cartoon
representation. Hydrophobic residues of the N-terminal AB-lb&2)(48e depicted in transparent purple surface representation and
hydrophobic residues in contact with these residues in the AB-loop are shown ifl igdyrepasentation. Residues that form a salt bridge at
position 52 are shown as stick representations in hiL-6 and vIL-6.

number of hydrophobic contacts of 50 (taken from PDB ID:
1EMR;Figure &) was lower than that determined for vIL-6,
this value is noticeably higher than that of hIL-6, suggesting
that the hydrophobic packing of the N-terminal residues of the
AB-loop in LIF explains the rigidity of this loop. This rigidity
observed in LIF is likely to be a functionally relevant feature,
because the LIF receptor recognizes site Il of LIF via an
immunoglobulin-like domafh,which is similar to the
interaction between hIL-6 and gpl130-D1, suggesting that the
rigid N-terminal AB-loop of LIF precludes the requirement of
receptor binding at site | to change the rigidity of site Il1.
From residue 58 the AB-loop of vIL-6 is miesdble,
showing very hidtexibility at Ala59 and 1le60 (numbered 45
and 46 in PDB ID: 111R). The remainder of the AB-loop is
characterized by relatively large RMSFs for hIL-6 and vIL-6,
with binding of IL-6Rto hIL-6 leading to noticeable reduction
in RMSFs. Exceptions to this trend in both apo proteins are
Leu65, whose rigidity is explained by hydrophobic packing
toward helix D, and Cys74, which forms d disshbnd with
Cys84.
The IL-6R Pivots Around Site | of IL-6 to Form
Interactions with the N-terminal Region of the AB-loop
that Are Crucial for Enabling gp130 Interactions at Site
IIl. During the initial 15 ns of each of the three MD simulations
of the hIL-6/IL-6R-D2D3 complex, both the D2 and D3
domains of the IL-6Rpivot around site | of hlL-6 leading to
interactions between the N-terminal region of the AB-loop
(residues 55 to 70) of hiL-6 and the D2 domain of IL-6R
(Figure 8). These interactions have not been observed irigure 6.Proposed assembly mechanism of one heterotrimer of the
structural studies and explain a requirement for the formatibih.-6 receptor complex. (A) lllustration of the pivotitidByof IL-
of the IL-6/IL-6R heterodimer prior to interaction with 6R (orange) around hiL-6 (gray) with respect to the position at the
gp130. The average angles of this rotation are @8)5for beginning of the simulation (green, transparent), which corresponds to
the D2 domain and (14.04.9) for the D3 domain. As this the IL-6R position in the hIL-6/IL-8Rgp130 complex. The
rotation is observed immediately in all three trajectories, it'fiation angles of the D2 and D3 domains of ILa6&Rdéned as

the angles between vectors extending from the hiL-6 center of mass

not an artifact of the simulation, but rather a key featur(%OM) to the domain COM at the initial (red) dl time frames

necessary for the assembly of the signaling receptor COmpi&Xe)  after superposition of the hiL-6 helix bundle. (B)! Ilis6R

Based on these MD simulations, we propose that IL-6Ryound at site | in the rotated conformation in the preformed IL-6/IL-

adopts the rotated state upon binding to IL-6 to facilitate a tighR heterodimer, with the D2 domain of the IL-Bferacting with

interaction with residues in the AB-Idégyre 8,C). residues that are located at site IllaA. Interactions with gp130-D1 at
Subsequent binding of gp130-D1 at site Ill causes rotationsgie llla and interactions between the D3 domains of Iaf@R

the IL-6R to the position found in the structure of the 9p130 cause IL-BRo rotate into the conformation ob_served in the

signaling complex as a requirement for this interaction (j.e.Nb-6/IL-6R /gp130 structure. (C) Thénal hexameric receptor

avoid steric clashes between IL@&Rl gp130-D1 if the D2 assembly corresponding-igure B.

domain of IL-6R did not release the AB-loop interactions),

and this may be facilitated by binding of domains D2 and D3tbfrough site Ilb Higure L Alternatively, binding of gp130-

the second gp130 receptor at site || because the D3 domairD@D3 at site 11 might occur before gp130-D1 binding at site I,

IL-6R interacts with the D3 domain of the second gpl3@s suggested by results using soluble receptor constructs and
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isothermal titration calorimetry analysisboth gp130-D2D3 Glu56, which is conserved between viral and human IL-6,
binding at site Il and gpl130-D1 binding at site Il of aforms only sporadic contact with interface | (50%2 (
preformed membrane-tethered gp130 anight bind 11.9) kJ/mol), but its conformations are heavileited by
simultaneously. Nonetheless, the pivoting mechanism remdin6R binding, positioning the side chain toward the incoming
in the three possible gp130 receptor binding scenarios.  gp130-D1Kigures 3951). With an RMSF of 2.8 ! it is the
IL-6R -D2 possesses three binding interfaces for the ABrost"exible residue in the MD simulation of apo hlL-6 and
loop (Figure J. Interface | figure B) is a predominantly signicantly more rigid (RMSF of 1.2 !) in the vIL-6
simulation. Glu56 does not form salt bridges in the apo state
in either the viral or human IL-6 MD simulations. Moreover,
Glu56 does not form a salt bridge in the vIL-6 receptor bound
crystal structure; however, it does form a salt bridge with Lys46
of gpl30-D1 in the signaling complex structure. This
interaction stabilizes the bound state with gp130 in hIL-6.
Binding interface Il is entirely hydrophobic and constituted
by the side chains of Phel34, Phel68, and llel70 bf IL-6R
(Figure T). These residues interact with Ala57 (42%)]
2.3 kJ/mol) of IL-6 by hydrophobic packing, but most
importantly with hydrophobic contacts to the side chains of
Leu58 (88%,!(12.9! 9.6) kJ/mol) and Ala59 (98%,1(5.1
I 7.4) kd/mol), which dock to Phel168 and Ile170. In addition,
Phe134 positions the side chain of Glu60 (88% of the time in
contact, (12.6! 8.3) kJ/mol) toward the gp130-D1 domain
binding interface, where it forms a salt bridge with Lys31 upon
Figure 7.IL-6R -D2 possesses three binding interfaces for the AEIP130-D1 domain bindingigure S9S1). Interestingly, in
loop of hIL-6. (A) An overview of the viewing angle ingiis. The ~ the receptor bound structure of the hIL-6/IL/GRL30
eye icon indicates the viewing angle of the right IL-6 molecule in taemplex, Phel34, Phel68, and lle170 of lin@&Ract with
hexameric assemblyigure A. (B D) Show the binding interfaces gp130 instead of hIL-6. The transition of interaction partners
IL 1l of IL-6R (surface representation) and IL-6 (yellow cartoonfrom hiL-6 to gp130-D1 happens during the rotation of IL-6R
_representation). IL-6Residues are _anr_10ta_ted in blue, IL-6 r_esiduesp_rom the position sampled predominantly in the MD
in black. Each panel shows one binding interface and the interfacifig, jations to the conformation found in the crystal structure
residues of IL-6 are presented in stick model representation égmplex Figure &
highlight the details of each interface. Binding interface IIF{gure D) is hydrophilic in nature and
consists of residues Glul35, Asn136, Serl37, Prol38, Alal39,
hydrophilic stretch created by Thr186, GIn187, Thri8gnd Serl66. Interface Ill functions to stabilize the AB-loop by
Phe189, and GIn190, where the side chains of GIn187 dnteracting with residues Asn61 (47%40.8! 17.2) kJ/mol),
Phe189 are buried, and only the backbone is exposed on 4062 (88%),! (44.1! 25.0) kJ/mol), the backbone of Leu63
surface. The most important contacts of this interface invol{82%, { 9.2! 8.1) kJ/mol), and Asn64 (81%2{¢.4' 25.8)
(i) Ser54 of hiL-6 (67% of the time during the threekJ/mol) of hiL-6. Moreover, Asn61 and Leu63 form part of site
independent MD simulations, mean interaction energy withaA, suggesting that interaction with IL-6Rluces their
interface 1 ofl (13.9! 14.5) kJ/mol), which docks against the positional'exibility to facilitate their interaction with gp130-
backbone of Phel189, and the backbone and the side chai®bf
Thr188; and (ii) Lys55 of hIL-6 (969%,27.9! 22.2) kJ/ In summary, the interactions with the three binding
mol), which interacts by undirected charge interactions withterfaces of IL-8Rrigidify residues 56 to 64 in the AB-loop
Thr186 and Thrl88. The large standard deviations associaagd reduce their RMSFs frb@5 to" 1.5 I. The stabilized
with the interaction energies are due to the interaction eneyyterminal region of the AB-loop adopts conformations that
not being normally distributed, but rather continuous, someequester Lys55 from the gpl130-D1 binding interface, and
times multimodal distributions. Hence, these standard dewieerient Glu56 and Glu60 toward the binding interface where
tions do not imply that the attractive interactions becomihey engage in salt bridges with gp130-D1. In the hIL-6 crystal
frequently repulsive; in fact they rarely do. In contrast, Lys55sfucture, Glu56 interacts with Lys29 and Lys31 of gp130, and
apo hIL-6 has an extremegxible side chairFigure SB GIlu60 with Lys46 of gp130, but it is also possible that Glu60
adopting conformations that are exclusively at the interfatrgeracts with His49 of gp130. Thus, the proper binding pose of
which is relevant for binding with gp130-D1. In the apo statee D1 domain is favored by the directional interactions of the
simulations, this residue either points toward Trp158 (hIL-6),salt bridges formed by Glu56 and Glu60.
hot spot residue crucial in gp130-D1 interatfitier, masks Viral IL-6 gp130-D1 Binding at Site llla Is Dominated
three hydrophobic residues Ala57, Leu58, and Ala59, whichkyreStronger Hydrophobic E' ects and Greater Rigidity
part of site lllaARigures AndS2. Lys55 does not have a salt of the Binding Interface in the Apo State When
bridge partner, neither in the apo state simulation, nor in tfgompared with that of hiL-6. Binding of gp130-D1 at site
receptor bound crystal structure, in which the Lys side chdila involves derent interactions in the humdig(re S1)2
points away from the site llla binding interface. The positiend viral variants of IL-6igure S13%** In both species,
charge of Lys55 likely repels Lys46 of gp130-D1 and hampeirding of IL-6 to gp130-D1 at site llla is dominated by a single
gpl130 binding in the apo stateéigires S8513. The conserved tryptophan (Trp158)! The hydrophobic surface
interactions with IL-8Rinterface | sequester Lys55 from the area of site Illa was determined to be not optimally packed in
gpl130-D1 binding interface to enable gp130 binding at site lithe crystal structures of the complexes and therefore short MD
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simulations of 1 ns were performed to relax side chaierminus of gp130-D1 (residues 2 to 5). The binding pocket is
orientations. These MD simulations revealed a burial of solvemich more hydrophobic in vIL-6 (8 hydrophobic residues:
accessible hydrophobic surface area because of gpl3®\@%8, Ala59, lle60, Phe6l, Leu63, Leul52, Leul55, and
binding of (284 14) !?2 for human and (339 16) !? for Val159) than in human (5 hydrophobic residues: Ala57, Leu58,
viral IL-6 (uncertainties denote one standard error of the meata59, Leu63, Leul52, Leul59). This hydrophobic patch is
over 51 simulation snapshots). Hence, hydrophobicity playsterrupted in hiL-6 by Glu60 and by His62 in vIL-6. Both
smaller role in hlL-6 binding, as it contains a smalleesidues can form salt bridges with gp130: Glu60 with Lys31,
hydrophobic surface area at site llla, as previously réporteavhich positions downward from the small helix of gp130-D1,
Binding site lllaA is large, extending from residue 45 to 63 whereas His62 directly interacts with Asp4 at the N-terminus of
IL-6, with contributions from residues at site IllaB, interactirgp130. Asp4 can also bind to Lys29 of gp130 and hence His62
with residues of the N-terminus of gp130. The conformation odmpetes with Lys29 for interaction with Asp4.
the initial segment of the AB-loop is stabilized by a conservedhe main dierence of site lllaB in hiL-6 is a potential
disulde bond between Cys45 and Cys51, and a chargbgdrogen bond between Asn156 and Glul2 of gp130, whereas
residue at position 52 (Glu in hIL-6, Lys in vIL-6), anchorinylL-6 can form a further reaching salt bridge with Lys156 at this
the loop to the helix bundle by a salt bridge to Arg41 in helix position Figures S12A and S).3A
in hiL-6 and to Glul72 in helix D in viL-6. Thé G Remote E ect of the BC-Loop (Site IllaC) on gp130-
distance of the residues forming the salt bridge is Q@8 D1 Binding. The previousnding using chimeric IL-6 proteins
l'in human and (12.5 0.4) ! in the vIL-6 simulation. Due to that site IllaC is required for IL!6Edependent receptor
the longer GC, distance and the shorter side chain of lysine iactivation of vIL-6 is surprisings this region of viral or
vIL-6 compared to arginine in hIL-6, Lys52 is forced tduman IL-6 does not make any direct contacts with gp130 in
maintain an extended side chain conformation (stablke IL-6 signaling complex structures. However, as shown in
throughout the complete MD simulation of vIL-6, i.e. closedigure S2Arg105 at site IllaC in human IL-6 forms a salt
>95% of the time), which reduce'dtsbility and rigites the bridge with Asp161 at site IllaB. When site IllaB from viral IL-6
AB-loop until Glu56Fjgure B). This rigidication #ect is is introduced into human IL-6 to create an ILi@Rependent
enhanced sidmiantly by the presence of the well packedchimera, the negative charge of Asp161, which is adjacent to the
hydrophobic region of the AB-loop, as aforementioned, agtie Illa binder Met162 in hIL-6 (Phel162 in vIL-6), is replaced
both contributions together account for the lbewebility of by two positively charged residues Argl60 and His161. The
the N-terminal part of the AB-loop of vIL-6 when comparetepulsion with Arg105 may disrupt site Illa locally and interfere
with that of apo hIL-6. In contrast, Glu52 in hIL-6 display®ith gp130-D1 binding. By introducing site IllaC from viral in
much greater conformational freedom in the intact salt bridgembination with IllaB, the positive charge of Argl05 is
because of the shorter distance to Arg41. Combined with ti&placed by a negatively charged glutamate, which can form a
smaller hydrophobic contact afégure B) this explains the  stabilizing salt bridge with the arginine and, to a lesser extent,
larger” exibility of this part of the AB-loop d®cted in the  with the histidine from the viral site IllaB. Therefore, we
RMSF data for residues 52 toS6{re 40.8 to 1.3 ! for vIL- hypothesize that the only crucial amino acid exchange required
6 versus 1.8 to 2.8 ! for hIL-6). in site IllaC is the replacement of Argl05 with a negatively
In vIL-6, the backbone carbonyl oxygens of the C-terminghiarged residue when creating the chimeric IL-6.
part of helix A (Cys45, Tyr46, and Arg47 in vIL-6; Cys45
Asn46, and Lys47 in hiL-6) act as hydrogen bond acceptorslo CONCLUSIONS
gp130. Hydrogen bond donors are His49 and GIn78 from this study, IL-@Rwas shown to interact with and rigidify
gp130-D1. These IL-6 residues are rigid in vIL-6 with RMSHse N-terminus of the AB-loop of hILF&y(res 4nd7). This
0f 0.6, 0.7, and 0.7 !, respectiveigiire ¥ whereas in hIL-6, rigidi cation, together with a repositioning of three key residues
the corresponding residues are tetible with RMSFs of 1.0 (Lys55, Glu56, and Glu60), promotes gp130-D1 binding at site
I (Cys45), 1.1! (Asn46), and 1.2 ! (Lys47). The following llla, which we postulate simultaneously pivots! llas®&nd
three residues (Ser48, Asn49, Met50) are not resolved in the helix bundle to the state found in the hiL-6/IL/gfR 30-
human IL-6 receptor bound crystal structure, indicating larpd complexKigure §. Although reducetexibility facilitates
"exibility or conformational polymorphism at this location. Thassembly of this signaling complex, this is not a general
RMSFs in the hIL-6 apo MD simulation are elevated (1.3 to Isdechanism observed in nature. For example, in contrast to
) when compared with the values derived from the MDrigidi cation of regions of IL-6 by IL!6fcilitating signaling
simulation of vIL-6 (<0.8 !), but not completely unordered.complex formation, MD studies of the dock-lock mechanism of
Hence a more rigid binding interface for gp130-D1 is providég-peptide oligomer formation have shown that partial
by the C-terminal part of helix A and the N-terminal part of thdisordering of the $4peptide oligomer kinetically favors
AB-loop of vIL-6 when compared with that of hIL-6, and thidocking of an $ monomer>® This apparent opposing
greater rigidity likely yields a smaller entropic cost upon gpl38guirement of greatéexibility to facilitate $Apeptide
D1 binding, thereby eliminating the requirement of!IL-6Rassemblies highlights that the extent of protein or peptide
binding to provide the necessary enthafgyopy compensa- motion is likely to bnely tuned to guide biological processes.
tion that arises for the hiL-6/IL{6kteraction. The MD simulations of the hIL-6/IL46®2D3 complex
Residues 57 to 63 dmxible in human and viral IL-6, with are initiated from the ternary complex state rather than starting
RMSF valueB2.5 !. The only exceptions are Pro57 in vIL-6 from a docked hIL-6/IL-8RD2D3 model. Thus, the
with an RMSF of 1.5 ! and Leu63 (conserved), which is stifimulated pivoting of the ILi6@Figure § while representing
"exible with an RMSF of 2 !. Together with three residues large conformational rearrangement of the binary complex in
from site lllaB from the CD-loop (hIL-6: Leul52, GIn155 detail, does not report on the formation of the binary complex
Leulb9; vIL-6: Leul52, Leul55, Vall59), residues 57 to B8tween IL-6 and IL-BRbut reports on thenal conforma-
create a hydrophobic binding pocket for interaction with the Nional changes that occur in the ternary complex assembly.

H DOI10.1021/acs.jpch.7h05732
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3.4 Integrated NMR, Fluorescence and MD
Benchmark Study of Protein Mechanics and
Hydrodynamics

3.4.1 Summary

A protein@ function depends critically on its dynamicsg9]. While protein struc-
tures have been solved for a long time with many methods, a colefe picture of
protein dynamics is much harder to obtain. In this researcithree methods that
are inherently suited for the study of macromolecular dynaios are combined in a
coherent theoretical framework: Fluorescence spectrosco@gction 2.1.4), NMR
spectroscopy (section 2.1.2) and MD simulations (section221). The theory be-
hind the nature of S? order parameters, obtained from NMR spectroscopy, and the
uorescence anisotropy measured in uorescence spectropyg is essentially con-
structed from the same mathematical tools and hence very siar. We compared
data about the dynamics of the protein GABARAP (section 2.3.2) btained by
both experimental methods to corresponding quantities cquated from extensive
MD simulations. We demonstrated that MD is a valuable tool, &ling the interpre-
tation of data from both methods and explaining their discrpancies. In particular,
MD can help to select optimal positions for the attachment ofhe uorescent dyes
to amino acids.

3.4.2 Contribution

| analysed the MD simulations and discovered the optimal mibd for the calcula-
tion of S? order parameters from MD trajectories, for both amino acidide chains
and backbone N{H bond vectors. Furthermore, | compared the der parameters
from the MD simulations to those derived from experimental ata and explained
discrepancies and interesting features.

| wrote the methods section on MD simulation for the manusgot, as well as
parts of the results section (together approximately 10 %)ral | created approxi-
mately 40 % of the gures.
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3.4.3 Publication

This section contains a complete reprint of the manuscript, wch is has been
submitted to the Journal of Physical Chemistry B. The suppoiing information to
this article is located in section 6.4.
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Abstract

Understanding the mechanisms of protein function usually requires knowledge of its tertiary
structure and conformational dynamics at preferentially atomic resolution. Nuclear magnetic
resonance (NMR), polarization resolved fluorescence spectroscopy and molecular dynamics
(MD) simulations are powerful methods to provide detailed insight into structural dynamics
on multiple timescales. Using these techniques, we present an integrated approach to study the
dynamics of the autophagy-related protein GABARAP on the pico- to nanosecond timescale
together with its rotational and translational diffusion. We determine order parameters and
corresponding relaxation times and examine the accuracy of our methods by benchmarking
them against each other. All data are analyzed and interpreted within a joint general
theoretical description of rotational and translational diffusion with a consistent nomenclature
demonstrating the conceptual similarities. We compare GABARAP’s fast dynamics
determined by!®N spin relaxation in the backbone, fluorescence anisotropy decays and
fluorescence correlation spectroscopy of side chains labeled with BODIPY FL, and MD
simulations providing movies of the protein motions. We consistently find a global rotational
correlation of GABARAP of 8.2 ns = 0.5 ns at 25°C in sub-uyM aqueous solution, which
corresponds to a hydrodynamic radius of 20.8 A + 0.1 A including a hydration shedl Af
Moreover, we identify dynamic motifs based on low order parameters of the N- and C-termini
and a loop at 141 and present a method to identify potential hinges, which can lead to large-
scale and functionally relevant motions, based on tHsm&kbone order parameters. Residues

27 and 28 of GABARAP are predicted to be such a hinge for its two sub-domains. These
findings are a rationale for GABARAP self-assembly and enzymatic processing for
membrane anchoring, which are necessary events for autophagy and possibly apoptosis. W
conclude that the presented integrated concept is fundamental for characterizing multi-scale

protein flexibilities.



1. Introduction

Conformational dynamics is a prerequisite for proteins to be able to fold and exert
their physiological functions. Understanding the physicochemical mechanisms underlying
folding and function of a protein therefore requires knowledge of both structure as well as
dynamics in atomic detail. Protein conformational dynamics is observed on a wide range of
time-scales J]. On the most fundamental level, polypeptide chains in agueous solution at
ambient temperature are highly mobile on the pico- to nanosecond time-scale unless these
motions are restricted by stable tertiary interactions. In globular proteins with a sthatg te
fold the residual internal dynamics on the time-scale such as side chain rotations, hydrogen
bond formation, and backbone motions in loops and at the termini can be separated
conceptually from the overall rotational diffusion of the molecule, which is governed by the
hydrodynamic properties of the protein. If the protein is approximately spherical in shape
rotational diffusion is isotropic and described by a single global rotational autocorrelation
time r gioba, Which is typically of the order of several nanoseconds for moderately sized
proteins and approximately proportional to the viscosity of the solvent and the molecular
weight of the solute according to the Stokes-Einstein BwHy contrast, processes such as
protein folding or allosteric regulation that involve significant rearrangement of larger
secondary structure elements, subdomains or even entire domains relative to each other are
often limited by the rate of intra-chain diffusion and by sizeable activation bamérthas
most commonly observed on the micro- to millisecond time-scale or slower.

For a variety of reasons a detailed knowledge of the ps to ns dynamics of a protein is a
key element in understanding its structural biology. First, identification of well-ordered and
disordered regions of the polypeptide chain is an important step in the high-resolution
structure determination by X-ray crystallography and/or NMR spectroscopy because the
degree of disorder has serious implications for the interpretation of the experimental data (e.
g., lack of crystal formation, electron density map, nuclear Overhauser effect (NOE)
restraints) as well as of the resulting structural model (e. g., crystal packing artifacts, precision
and accuracy, plasticity). Second, ps to ns dynamics is a major contribution to the
conformational entropy of a proteifi-p|], and hence to the thermodynamics of biochemical
processes such as protein folding, ligand binding, allosteric regulation, enzyme catalysis etc.
Moreover, the hydrodynamic properties governing the rotational diffusion are a sensitive
probe of the overall shape and oligomerization state of the pr@jeamd of environmental

effects such as subcellular localizatigh Most importantly, conformational dynamics on the
3



ps to ns time-scale is often required for function, e. g. to make sites of interest readily
accessible for ligand bindind][ posttranslational modifications such as phosphorylatén [
or lipidation [L{], or protease degradatiohl].

NMR and fluorescence spectroscopy are the most widely used methods providing
experimental insight into dynamics on virtually all relevant time-scales from picoseconds to
days [L, 12]. Molecular dynamics (MD) simulations, on the other hand, are the only method
describing protein dynamics directly at atomic resolutid®) &nd can nowadays reach micro-
and even millisecondslf]], thereby allowing interpretation of experimental data from NMR
and fluorescence on the structural levid, [L6].

In this work, we focus on the pico- to nanosecond dynamics of the multifunctional
autophagy-related protein GABARAP. The 117-residue GAB#eptor-associated protein
(GABARAP) from H. sapiensis a versatile key regulator in autophagy. GABARAP was
initially identified as an interaction partner of GABfeceptors 17]. Further studies revealed
that GABARAP interacts with the cytoskeleton through tubulin bindiag],[and is
implicated in receptor trafficking to the plasma membréit$. [GABARAP belongs to the
ubiquitin-like modifiers and its tertiary structure comprises the C-terminal ubiquitin-like
subdomain (ULD) preceded by an N-terminal helical subdomain (NHD) consisting ofshelice
a1 and a;, an arrangement that exposes two hydrophobic ligand binding pockets on the
molecular surfacelfd]. It is a cytosolic protein ubiquitously expressed in most tissues and
primarily localized to the Golgi apparatus, the endoplasmatic reticulum, and transport vesicles
[20]. In addition to its soluble cytosolic forms, GABARAP can also be membrane-anchored
via covalent coupling of a phospholipid moiety to G116 by a ubiquitin-like gatipn
system LQ]. In order for this to occur, the C-terminal L117 of GABARAP must first be
cleaved off by the ATG4 family of cysteine proteases to yield the 116-residue form
GABARAP-I, which can subsequently be conjugated to yield the lipidated form GABARAP-
Il. Lipidation can also be reversed by the ATG4 family of proteases. In the lastedeca
plethora of interaction partners have been identified that reveal the essential role of
GABARAP especially in vesicle transport and fusion events in autophagy and apopipsis [
21, 22]. In order to accomplish this multi-functionality as a well-ordered protein with well-
defined secondary and tertiary structure elements, it obviously needs to possess high inherent
flexibility and cannot be described by a static tertiary structure. In fact, coational
heterogeneity appears to be a hallmark of the GABARAP/MAP1LC3/Atg8 family and is

conserved from yeast to mammal$),[23, 24]. In this work, we have characterized the pico-
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to nanosecond dynamics of soluble GABARAP and GABARAP-I by an integrated approach
using NMRN spin relaxation and fluorescent techniques based on time-resolved anisotropy

and fluorescence correlation spectroscopy (FCS) in concert with MD simulations.

2. Theory

2.1. Time-resolved fluorescence anisotropy

It has long been recognized that the physical mechanisms underlying fluorescence
depolarization on the one hand and NMR relaxation on the other hand are closely related to
each otherd5. An understanding of how these different experimental methods complement
each other is obtained by revisiting the relevant theory with a particular emphasis on the
conceptual similarities. In a nutshell, the anisotropy J(tef the fluorescence intensity
emitted at time t+tafter excitation at time t is showBd] to depend on the orientation of the

(electric) transition dipole moment for emission, indicated by the unit vég:tcaccording to

rlt+t,)= com (et ) - 1)i2)= (ple, - mltet))), (D)

[

F (t+tc)- Fs(t+tc)

: = <(3(e
Fo(t+t)+2F (t+t.)
where |5 and k are the emission intensities with polarization parafilapnd perpendicular

(s), respectively, to the polarization of the excitation beam indicated by the utot épec

P2(x)=(3x?- 1)/2 is the second Legendre polynomial, and the angular brackets denote
ensemble averaging. Taking into account that the excitation of each molecule depends on the
orientation of the (electric) transition dipole moment for absorption, indicated by the unit

vector rrna, at time t with respect to the polarization of the incident beam, and making use of

the addition theorem for second-order spherical harmonics, eq 1 can beZ€dash [

r r

(1) = =(p,(m, (1) m (t+t)), 2)

5
which now depends only on the relative orientation of the transition dipole moments for
absorption and emission at two different time points. Again making use of the addition
theorem for second-order spherical harmonics, this relative orientation can be further
separated into the relative orientation of the transition dipole moments of the chromophore
itself and the reorientation of the chromophore between absorption and emission,

r

ftet,)= gmcos (P, (m () m(t+t))=r(P(m () mE+t))=rcl),  (3)



whered denotes the angle between the transition dipole moments for absorption and emission
of the chromophoreZp, 26]. In this expression, t0) = i = 0.4 B(cosd) is a constant for a

given chromophore and the decay of the fluorescence anisotropy is therefore determined by
the loss of autocorrelation of the second Legendre polynomial of the orientation of the

chromophore,
c(t) = (r,(m () m(t+t,))= <(30032q(t+tc)- 1)/2>, (4)

whereq is the angle of the chromophore at time tith respect to its orientation at time t.
2.2. NMR spin relaxation

NMR relaxation of a particular spin of interest is usually dominated by the (magnetic)
dipole-dipole coupling to a spin that is close in space, e. g. to the directly bonidiedtd in
the case of backbone amitfN spin relaxation. The (magnetic) dipole moment associated

with the neighboring spis generates a magnetic dipole field with a secular (i. e., first-order

perturbation theory) component of

Bop (1+1,) = —0—95—2p (e - m (t+1,))S, = —>——>—(3cos” bt +1,)- 1)s,, (5)

4p rift+t) ap rift+t)
wherem is the permeability of the vacuumg is the gyromagnetic ratio of spin Ss is the

distance an(i[nIS the direction of the internuclear vector connecting | an&j $ the direction
! r
of the static external magnetic fiek] = B,e,, b is the angle of the internuclear vect{qg

with respect toB,, and $ is the component o in the direction of8, [27]. Although the

distance & (e. g. the'H-1"N bond length) usually varies little, any reorientation of the spin
pair gives rise to a fluctuating magnetic field, whose dependence on the orientation relative to
the laboratory frame follows a similar mathematical form as the fluorescence anisotropy (1),
as expected from the close analogy between (electric) transition dipole moments and
(magnetic) nuclear dipole moments. Accordingly, it can be sh@wr2B] that the fluctuation

of the magnetic dipole-dipole interaction (or other axially symmetric second-rank tensorial
interaction including chemical shift anisotropy (CSA)) is described by the same

autocorrelation function as above:
c) = (P, (my (1) mg(t+1.)={(3c0s gt +1,)- 1)12), (6)

whereq is the angle Of/rnls at time t+¢ with respect to its orientation at time t.



2.3 Autocorrelation function for rotational diffusion

This orientation” is modulated by both overall rotational diffusion as well as internal
motions, which are assumed to be independent of each other so that the autocorrelation
function can be separated into the autocorrelation function for the overall rotational diffusion,
Cyiobay and the autocorrelation function for the internal motionsg, C

C(t) =C, (t.) C o (t.)- (7)
Thus, in order to evaluate the ensemble average in autocorrelation functions (4) and (6) we
have to solve the rotational diffusion equation first. Autocorrelation functions of diffusive
(more generally, Markovian stochastic) motions can be expressed as a sum of exponentials. In
the case of isotropic rotational diffusion, the conditional probability density

p(/rno )] Irn(t +t.)) of finding the molecule in orientatio:[m(t +1_) at time t+¢ after finding it

in orientationrrno(t) at time t follows the diffusion equation

q r r , T r
—p(m, () mt+1t)) =D L p(m @) mt+t)), 8)

Cc

I
where Drot is the rotational diffusion coefficient and the angular momentum operator

divided by the Planck constattth/(2p) [29-3]]. Because the spherical harmoni@;‘s(rrn) are

a complete set of orthonormal eigenfunctions of the angular momentum operator with

L2y, (m)=1(1 +1)y, (m), (9)

Im

wherel=0,1,2,... is the angular momentum quantum number and,m=1,...,0,...|- 1| the

magnetic quantum numbei]], the solution of (8) can be expresséé-B1] as

¥ |

r r r SI(+1)D t
p(m@)Imt+t) =8 & 9,V (mt+t))e 0", (10)

1=0 m=-1
The coefficients g have to satisfy the initial condition thé.];(t) is the only orientation with
non-zero probability density in the limg=0:
. r r r

(MO M) =8 & 9, Y (M) = a(mlt)- m, (1)) (11)

Recalling the closure relation of the spherical harmordigs [

& & V(MY (7= dln- ) (12

0

it is straightforward to see that the relevant solution of (8) is:



¥ |

p(m ) mt+t) =8 & Y. (m ()Y, (mt+t,))eout (13)

1=0 m=-1

Note that the Legendre polynomiaiﬁ(/%- éz) = \J4p I(21 +1) Ylo(frn) are essentially the subset

of the spherical harmonics with m=0. Making use of the addition theorem for spherical

harmonics 32]

P (m ) m(tre )= 2 g v (m )V (m () (14)

the ensemble average in the autocorrelation function of the second Legendre polynomial (4) is
now readily evaluated by integrating over all orientations (solid angles):
r r
c:global (tc) = <P2(me(t) : me(t + tc ))>

(15)
= 58, (M (1) mt+1.)) p(my () p(m, )| mt+1) d*m d*m

In an isotropic sample the probability density of finding the molecule in orient&gi@m at

time t is p(/;70(t)):1/(4p) for all orientations on the unit sphere. It is obvious from the

addition theorem (14) that rotations preserve the order | of the spherical harmonics and it is
therefore clear from the orthonormality of the spherical harmonics that only the term with [=2
in the sum of exponentials in (13) contributes to the autocorrelation function of the second

(I=2) Legendre polynomial. Thus, we finally obtain the mono-exponential autocorrelation

function
ap 2 Fyos Ty, Lo o ool N o 2 ol
Caoar (1) =00 a Yoo (m) Y, (m) —& & Y,..(m)Y, . (m)e d-m, d-m
5 m= -2 4,0 1=0 m=-1 (16)
: 1 02 °¥ °| S(142)D gt _ 1 02 6D o te _ -6Dte _ ~to! 7 gopa
=—aaa d2| dmm d2| dmm =—-a € =€ -
5m:-2I:0m‘:-I 5m:-2

with the global rotational autocorrelation timgona=1/(6Drot).

If there are internal motions on the same time-scale as the global rotational diffusion
I gobal OF faster, the second Legendre polynomial autocorrelation function will decay more
rapidly than in rigid areas of the molecule, which can be described by multi-exponential

autocorrelation functions such as

“te T gopal

C (tc) = Cint (tc)CglobaI (tc) = Cin'( (tc) e

2 2

(17)
- s )e-tclrslow . Sz]e

2 St lr

= [(Sinit - S

2
fast

)e-lc/,fast + (S global

fast

where the autocorrelation timess I siow are the time-scales of two internal motions of a
given chromophore or spin pair orientation vector and the order paramgierS 8escribe
the motional restriction of these two internal motions on a scale of 028 2J]. The initial

8



order parameteris can be used to account for any loss in autocorrelation by motions that are
too fast to be resolved experimentally or captured in the MD trajectories, othepwise B

the overall rotational diffusion is not sufficiently isotropic the rotational diffusion coefficient
Drot is described by a symmetric tensor and in this case the global autocorrelation function
Cyiobalte) must itself be described by a weighted sum of 3 (axially symmetric tensor) or 5
(fully asymmetric tensor) different exponentials with weighting factors that depend on the
orientation of the chromophore or spin pair relative to the rotational diffusion t&ts&4],

which can be determined if the high-resolution structure of the protein is available.

2.4. NMR observables probing pico- to nanosecond dynamics

As a result, internal motions as well as overall rotational diffusion are directly reflected in a
multi-exponential decay of the fluorescence anisotropy according to eqs 3 and 17. In NMR
spectroscopy, they cause stochastic fluctuations of local electromagnetic fields. This does not
affect the positions (frequencies) of the resonances in the NMR spectrum because the secular
(first-order perturbation theory) component of the dipole-dipole interaction in eq 5 émel of

CSA averages to zero in isotropic solutidY][ However, in second order the fluctuating
magnetic fields stimulate transitions between the spin states, which in turn leads to a
redistribution of longitudinal magnetization (longitudinal relaxation), loss of phase coherence
(transverse relaxation), and longitudinal cross-relaxation effects such as the Nuclear
Overhauser Effect (NOE), which are all reflected in the intensities and linewidths of the NMR
resonances. The spectral density of the stochastic fluctuations is obtained by Fourier analysis
of the autocorrelation functior2}, 28]:

3(w)= 2 &C ¢, Jeos (et , (18)
5

0
which is a sum of Lorentzians in the case of the multi-exponential extended Lipari-Szabo-type

autocorrelation functio(tc) given by eq 17:

2 - & SZ (1- szast )(f fast + fi)f fast (S fzast - SZ)(r slow + fi)f slow 0
=—a ¢’ St 3 P 2 2 _(19)
1+(Wri) (rfast+ri) +@V,fast,i) (rslow+ri) +(W,’slowri) ;

DO O

i= -k
wherer i are the five autocorrelation times that describe the rotational diffusion process in the
fully asymmetric case3p, 35]. In second order, it is clear that only the spectral density
components ¥) at the frequencies=0 (secular dephasingy=w: (I spin flip), w=ws (S spin

flip), w=wi-ws (flip-flop transition), anadw=wi+ws (flip-flip transition) fulfill the necessary

9



resonance conditions to stimulate transitions between different spin states,wwhedws

are the Larmor frequencies of spin | and spin S, respectively. Detailed calcut&lioeveals
that the longitudinal relaxation rate;,Rransverse relaxation ratez, Rnd heteronuclear NOE
of a protein backbone amideéN nucleus are given by the following linear combinations of
these spectral density components:

R :i:d[J(WH - w ) +33(w, )+ 63 (w, +w,)]+cd(w,) (20)
T

1
1

R :i:i[4J(0)+J(WH -w ) +33(w,)+63(w, +w,)+63(w,)]
T, 2
’ (21)
Cc
+—[43(0)+33(w )]+ R,
6

é 6J(w, +w,)- J(w, - w, )U
NOE :1+ég” g 22 v) - I, ”)ﬂ (22)
89w R, a

Here, the dipolar constant is defineddas iéem" N

4400 (r,°)

, wheremyis the permeability

of the vacuumgy andgy are the gyromagnetic ratios of the and°N spins,# is Planck’s
constant divided byf2and kn is the bond length. The constant (v, bs )? /3 depends on

the chemical shift anisotroppsn measured in ppm. &Ris the contribution to transverse
relation from chemical exchange on the micro- to millisecond time-scale.

Thus, the motional parameters such as autocorrelation times and generalized order
parameters are indirectly encoded in the spin relaxation rates via the spectral atetigty
distinct frequencies QyH, W, WH+Wn, andwh-w n (Figure S1). The motional parameters can
be extracted as adjustable parameters in an iterative optimization procedoragaring the
spin relaxation rates back-calculated from thealted “modelfree” spectral densityeq 19)
inserted into eqs 20 to 22 with the experimentally determined spin relaxation rates. This is

usually accomplished using software packages such as 8&l&[4(.

2.5. Fluorescence correlation spectroscopy

The decay of the anisotropy is not the only fluorescence polarization dependent technique that
is sensitive to the global rotational diffusion of the molecule. Polarization-resolved

fluorescence correlation spectroscopy (pFCS), in which fluorescence intensity fluctuations

aF (1) = F o (t) - <Fp,s(tc)> under constant excitation are measured, is also able to

10



resolve molecular rotational motior2g, 31, 41]). It is obvious that two consecutive
fluorescence events (absorption followed by emission) of the same chromophore are not
independent from each other but correlated. Most importantly, the second absorption process
cannot occur immediately after the first absorption process before the molecule has returned
to the ground state again, so there is an initial lag phase with an exponential build-up of the
photon correlation determined by the excitation rate and the fluorescence litetiarg] this
build-up is referred to as photon anti-bunching. Accordingly, FCS is primarily sensitive to
dynamic processes on the time-scale slower thawhereas the decay of the fluorescence
intensity on the time-scale bf limits the sensitivity of anisotropy measurements to processes
on this time-scale or faster. After the initial build-up, photon correlation is slowly lost to a
variety of physical processes as the chromophore begins to populate long-lived non-
fluorescent states such as triplet states, reorients due to rotational diffusion, and diffuses
translationally out of the active volume of the excitation beam. Under certain condiipns [

31] the normalized photon correlation function can be factorized into:
G(t) =1+ —G,(1)" G,(t)" G, ()" Gy (1) (23)
N

where Gy(tc) describes the photon anti-bunchir@(tc) the population of non-fluorescent
states Grot(tc) the effect of rotational diffusion ar@i(tc) of translational diffusion, and I/
is a scaling factor to account for the effect of the total nunbef fluorophore emitters
independently diffusing in the confocal detection volume.

As noted above, the probability density of absorption depends on the orientaﬁgn of

relative to the polarization of the incident beaa'sp,, and is proportional 29, 31] to

r | r r r r
3(e, - m) =2p,(e, - m)+ P e, - m), wherePo=1 and Px(x)=(3x%- 1)/2 are the Legendre
polynomials of ordet=0 andl=2, respectively. Similarly, the probability of emitting a photon
with polarizationée is proportional toe(ée : /rne)2 = 2P, (ée : /r77e)+ F>0(£e : /rne). The orientation-
dependent rotational factor of the correlation function of two photons with polarizar;ions

and craz emitted at times andt+tc, respectively, is hence given by

Colt) = ot gt (3le, - m(c+ ) 3le,- m() " 3le, - mltee) (e, m+r))) (24)

¥

where the integration over the time points of the fitst’) and secondtft”) absorption
process accounts for the constant excitation by the incident beam in a typicalgetiSient

[29, 31]. Although conceptually similar, this expression is clearly more complex than the
11



second Legendre polynomial autocorrelation function (15) above because it depends on four
chromophore orientations at four different time points (absorption, emission, absorption,
emission) rather than two (absorption, emission). To make the problem more tractable, it is
usually assumed thate << rgoba and the rotational diffusion between absorption and
emission is thereby neglected; note thadba is typically of the order of several nanoseconds

for a small monomeric protein up to hundreds of nanoseconds for a large protein complex, so
this assumption is often an approximation for commonly used chromophores with lifétimes

of the order of a few nanoseconds. In this limit (24) simplifies to

r

Co ()= (306, - M) " 3(e, - m @) 8le, - m+t)f 3l m+r))),  (25)
where the additional assumption has been made that the transition dipole moments for

absorption,/;va, and emission;rne, are approximately paralled£0).
Using the conditional probability for diffusional reorientation (13) this expression can

now be calculated for any particular combination of polarizataﬂ.qnsae[l and{e2 in much the

same way as (16) above. As we have seen above, the orthonormality of the spherical
harmonics guarantees that only the exponential lihcontributes to the loss in correlation

of two second-order spherical harmonics at times ttatdas a consequence of rotational
diffusion. By contrast, the rotational factor (25) describes a correlation between a product of
two mixed zero-/second-order spherical harmonics of the form

(2p,(e, - m)+ Ry (e, - m)) (2P,(e,- m)+ Py(e, - m,)) at timet with another such product at

time t+tc. In the language of quantum mechanics, we are therefore no longer dealing with a
single angular momentum wavefunctionle® at each time point but with products of two
angular momentum wave functions, and products of two angular momentum wave functions
describe the sum of two angular momen®&].[ In the present case these two angular
momenta can add up to a totalleD, 1=2, orl=4, and the rotational factor is therefore bi-

exponential:

o

ror.r S1(1+2)D g t,
Crm (tc): a Bl(ep’el’eZ)e

1=0,2,4

Bo((r:"‘p‘(r:"l'(r:"z)+ Bz(ép,élyéz)e’GDro‘tc + B4(£“p‘(r:"l'(r:"z)(:'\QODrOIlC (26)
r rr rrr
’el’e2)+ BZ(ep‘el’eZ

with coefficientss, (e, .¢,) that are related to the Clebsch-Gordan coefficients and have

-t/ r rr -t /(O.3r )
_ c global c global
_Bo(ep )e +B4(ep’e1’e2)e

been calculated and tabulated for the most common experimental geoni&iyidg],[ or,

r

after normalization to the equilibrium value, (¥ ) = B,(e,. ¢, ¢,),
12



[ [
C . (1) Bz(ep’e1’ez) eI T o B4(ep’el'e2) t, (037 gopar )
G (t)= T -1+ T T1,© — T T T1,¢
B, ep’evez) BO(ep’el‘eZ) BO(ep‘el’ez) ’ (27)
1 . c ] . .
= l + brOl g e te! global + e tc /(03 global )9
el+C 1+C a

whereb, = (8,(¢,.5.¢,)+ B,(¢,.e.¢,)/B,(¢,..¢,) is the amplitude of the correlation due
to rotational diffusion anet = g, (e,..¢,)/ B,(e,. ¢.¢,). In the case of excitation with a laser

beam alonéz with polarizationép = éx and cross-correlation of two emitted photons with
polarization ¢, = e, = ¢, (parallel) ande, =e =e¢, (perpendicular), e. g., which is the
experimental geometry used in the present work, the relevant coefficients are

r r r r

B,(e,.e.e,)=1323 , B,(e,e,.e)=50 , B,(e,e.e)=-200 [31, and hence

brot=(540 280)/1323=0.197 andC=-280/540=0.519. In summary, auto- and cross-
correlation functions from pFCS measurements are also sensitive to rotational diffusion, albeit
in a somewhat more complex mathematical form than the autocorrelation functions probed by

fluorescence anisotropy and NMR relaxation spectroscopy, respectively.

2.6 Hydrodynamic radius

If the molecule is approximately spherical in shape the single rotational diffusion cdhstant
and, hence, the global rotational autocorrelation timgva are determined by the
hydrodynamic radius of the moleculBy o, according to the Stokes-Einstein relation for
rotational diffusion:

k,T 1

D _ = = , 28
" TR or (28)

h,rot global

Comparison with the Stokes-Einstein relation for translational diffusion (29) reveals that
rotational diffusion is obviously an even more sensitive probe of molecular size than
translational diffusion.

k T

-8 29
6ph R ( )

trans
h,trans

For a spherical moleculg ot andRh trans are identical. If the particle deviates from spherical

geometry the hydrodynamic friction increases compared to the equivalent sphere of equal

volume, Req, by factors ofRn ot = FrotXReq® @anNd R trans = Firans*Req, WhereFror andFians are

the Perrin shape factors for rotational and translational diffusion, respectively. After addition

of hydrogen atoms, the crystal structure of GABARAP (PDB 1GNU) has approximately the
13



same tensor of inertia as a prolate ellipsoid of revolution with semi-axes of 23.0 A and 15.2 A

and an equivalent sphere Bf, = 3\/(15 2A)*" 23.0A =17.5A . Assuming a hydration layer

of 2.8 A, we obtain an estimate for the equivalent sphere of hydrated GABARAP of

R,, = 3\/(18 0A)*" 258A =203A and for the axial ratio oP = 25.8 A/18.0 A = 1.433.

Although this deviation from spherical geometry appears significant, the effect of the
corresponding shape factors for such an ellipsoid of revolutiéinof 1.05 and=tans = 1.01

on Drot andDrrans, respectively, is actually smaller than typical experimental uncertainties, and
Rhrot is less than 1% larger thd wans In other words, the spherical approximation Bos:

and Dwans is generally justified for proteins with a moderate deviation from spherical
geometry such as GABARAP.

2.7 Practical considerations

Although the theories describing overall and internal dynamics in NMR and fluorescence
spectroscopy are closely related to each other, the sample conditions and the procedures to
extract quantitative motional parameters differ significantly. NMR spectroscopy provides
high-resolution three-dimensional structures and insight into global macromolecular diffusion
and local intramolecular motions from spin probes abundantly distributed over the entire
protein (typically, on a per-residue basis), but requires highly pure and sufficgtaltie
samples with sample concentrations close to the millimolar range. In contrast, fluorescence
spectroscopy is sensitive enough to be performed at low sample concentrations in the pico- to
micromolar range but necessitates the protein to be modified by attachment of individual
fluorescent probes. In practice, attachment of a small dye with a short linker and no charge
such as BodipyFL to the side chain of a cysteine occurring naturally or introduced via site-
directed mutagenesis allows quantification of overall and internal dynamics by analyzing the
fluorescence anisotropy decay from time-correlated single photon counting (TCSPC)
experiments or the correlation curves from pFCS. As explained above, TCSPC is limited by
the lifetime of the dye and hence particularly useful for the investigation of fast dynamics
ranging from sub-ns to several nanoseconds, whereas pFCS is sensitive to slower motions
beyond the upper limit of time-resolved anisotrogy, [43]. Since the fluorescent dye is
attached to the cysteine side-chain, it reports on side chain flexibility instead of thermackb
amide bond vector reorientation most commonly probed by NMR relaxation experiments.

Backbone and side chain dynamics can differ significady nd are thus complementary

14



to each other. An atomistic visualization and interpretation of the motional parameters
measured by NMR and fluorescence spectroscopy can be obtained from MD simulations,
thereby revealing the nature and functional relevance of the experimentally deiedesad

motions.

3. Methods

3.1 Mutagenesis of the plasmid encoding GABARAP

Cysteine variants of GABARAP were obtained using the QuikChange site directed
mutagenesis kit according to the protocol provided by Agilent. Primers for the mutagenesis
were designed with PrimerX (www.bioinformatics.org/primerx) in order to obtain the
following mutations: GABARAP V4C, GABARAP E7C, GABARAP K13C, GABARAP
141C, GABARAP F62C, GABARAP-1 G116C.

3.2 Expression, purification and labeling

GABARAP wild type and cysteine variants were expressed from a pET11la ve&ocath
BL21(DE3)-TR. Expression and purification was performed according to the protocol
reported by Coyle et al4§] with minor modifications. Briefly, cells wergrown at 37°C in

LB (Lysogeny-Broth) medium, or in M9 minimal medium containfiyH4Cl as the sole
nitrogen source for the production of uniformi8N-enriched (JU¥N]) samples for NMR
spectroscopy. Protein expression was induced by 1mM IPTG (isoprbppt
thiogalactopyranoside) at @k = 0.8 - 1.0. The expression was carried out at 20°C for 15 h.
Cells were harvested and resuspended in lysis buffer containing 1 mM EDTA, 10 mg/ml
DNAse, complete protease inhibitor cocktail (Roche), 50 mM KCI and 25 mM sodium
phosphate at pH 6.5. The cells were sonicated for protein solubilization and insoluble cell
debris was removed by centrifugation. For purification the lysate was loaded onto a 20 ml
HiLoad 16/10 SP Sepharose column (GE Healthcare) and proteins were eluted with a linear
gradient ranging from 0.05 M to 0.60 M KCI. Fractions containing GABARAP were pooled
and further purified by gel filtration using a HiLoad 16/600 Superdex 75 pg column (GE
Healthcare). Prior to fluorescent dye labeling, proteins were incubated in labeling buffer
(25 mM Tris, 300 mM NaCl, 0.5 mM phenylmethane sulfonyl fluoride (PMSF), 0.5 mM
ethylene glycol-bis(2-aminoethylether)-N,N,N’-tetraacetate (EGTA), 0.5 mM ascorbic

acid, pH 7.5) containing 10 mM dithiothreitol (DTT) at room temperature for 20 min. DTT
15



was removed by desalting on Sephadex G-25 (NAP-5 prepacked columns, GE Healthcare).
Proteins were labeled in labeling buffer with an excess of BODIPY FL (BFL) lothraicke
(ThermoFisher Scientific) for 2 hours at room temperature. Unreacted dye was removed by
desalting on NAP-5 prepacked columns.

3.3 NMR data acquisition and analysis

NMR samples contained 0-51.0 mM [U4°N] GABARAP or 0.7 mM [U3°N] GABARAP-I

G116C in the NMR buffer consisting of 25 mM sodium phosphate, 100 mM KCI, 100 mM
NaCl, 0.1 mM EDTA, 0.02% NaiNin H:O/D20 (9:1). NMR experiments were performed
spectrometers equipped with cryogenically cooled triple or quadruple resonance probes
with z axis pulsed field gradient capabilities operating at proton Larmor frequencies of
600 MHz and 900 MHzThe sample temperature was calibrated using methar{®BB%)

[46]. At least 615 (96) complex data points were acquired with a spectral width of 16 ppm (29
ppm) in the'H (**N) dimension. NMR data were processed using NMRRIgE [

3.4 NMR relaxation experiments

15N spin relaxation data at temperatures of 5°C, 15°C, 25°C, and 35°C were collected on a
sample of 1.0 mM [U°N] GABARAP at 600 MHz and in the case of 25°C also at 900 MHz.

In addition, we collected™®N spin relaxation data on a sample of 0.7 mM N}
GABARAP-I G116C at 25°C and 600 MHz. Longitudinal relaxation rates were
determined fron¥>N inversion recovery experimentd with 10 different recovery delays (3

in duplicate for error estimation) between 10 ms and 1200 ms using recycle delays of 2.0 s to
2.5 s. Transverse relaxation ratesvrere calculated from Rand rotating-frame relaxation

rates Rr determined fromt°N spin-lock experiments4p] with 11 different spin-lock periods

(3 in duplicate for error estimation) between 2 ms and 100 ms at a field strength of 2.0 kHz
using a recycle delay of 3.0 s. All data sets were acquired in an interleaved manner to reduce
the effects of any sample or instrument instabilities over the duration of the experiment. R
and Rr were determined by three-way composition of the pseudo three-dimensional NMR
spectra using MUNIN 0, 51]. {*H}**N heteronuclear NOE values were calculated as the
ratio of the peak intensities, extracted with NMRViewJ 8.6}, [in two interleaved spectra

recorded with and without proton saturation for the final 6 s of the recycle delay ofldl5 s [
16



with uncertainties estimated from the background noise of the spectra. Residues with large
internal motions on the sub-nanosecond time-scale as indicatédH)dyN values below 0.65

or involved in chemical exchange processes as indicated/By Ritios that deviate by more

than 10% from the mean were considered to possess significantly increased internal mobility
[53]. These mobile residues were excluded from the calculation of the rotational diffusion
tensor based on the crystal structure of GABARAR]([PDB 1GNU; hydrogen atoms added

with the NIH version 1.2.195] of X-PLOR 3.851 §6]) using Tensor 2.0597] with the default
parameters. Full “moddtee” analysis of thé®N relaxation data at 600 MHz and 900 MHz
recorded at 25°C was performed using the protocol Atiekrgne et al. as implemented in
relax version 4.0.035, 37-4(. Because of the large number of experimental data points the
statistical uncertainties on the extracted model parameters suchio@s are minute;
systematic uncertainties were estimated by repeating the fits'ittransverse relaxation

rates R that are systematically lower or higher than the experimentally determined values by

2%, a typical systematic error described ¥ relaxation experiments in the literatur]

5.

3.5 NMR translational diffusion experiments

The diffusion coefficient of 0.5 mM [U2N] GABARAP in the NMR buffer supplemented

with 0.1% to 0.5% (v/v) dioxane as a reference was measured usiflg pDise gradient
stimulated echo longitudinal encode-decode (PG-SLED) translational diffusion experiments
[59 with individual rectangular-shaped or bipol&0d] sine-shaped encode/decode gradients
and suppression of the>® resonance by WATERGATEG]] or weak presaturation at

600 MHz, 25°C. The methyl group region in the 1B spectra was integrated and the
resulting intensities as a function of gradient strength fit by a Gaussian é€tayhe decay
constants from these fits were converted into diffusion coefficié2ispsed on the absolute
strength of the pulsed field gradients, which had been calibrated from a diffusion experiment
on D;O using the known diffusion coefficient of 1.9x16n7/s at 25.0°C$9. The resulting
diffusion coefficientsDiyans Were in turn converted into hydrodynamic ra@iirans based on

the Stokes-Einstein equation for translational diffusion (eq 29) assuming a viscoBity of
0.911 mPa s interpolated for 10%@at 25.0°C §3]. Alternatively, the hydrodynamic radii

were calculated relative to 0.1% or 0.5% (v/v) internal dioxane assuming a hydrodynamic
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radius of 2.12 A §4]. The diffusion coefficient and hydrodynamic radii are reported as mean

+ standard deviation over two independent measurements.

3.6 Samples for fluorescence spectroscopy

Fluorescence measurements were performed with approrMOGABARAP (total protein
concentrations including both labeled and unlabeled molecules) and up to 1.3 mM
GABARAP for crowding experiment, in 25 mM sodium phosphate, 100 mM KCI, 100 mM
NaCl, pH 6.9. Due to the different sensitivity of the methods, the fluorescent portion of the
molecules was adjusted to approximately 50 nM for the TCSPC measurements, whereas the
confocal experiments (pFCS) were performed at concentrations that were at least 10 times

lower.

3.7 TCSPC

Note that in fluorescence spectroscopy the time recorded in time correlated single photon
counting is usually referred to gdut as outlined in this work it is actually a correlation time

tc, so that we keep this nomenclature for consistency. As the fluorescence decay starts usually
at timet = 0 (defined by the excitation pulse), this value is omitted for convenience and the
time-resolved fluorescence decay is writterfr@st tc) = F(tc).

Polarization-resolved ensemble fluorescence decays were recorded using a
FluoTime300 fluorescence lifetime spectrometer (PicoQuant, Berlin, Germany) equipped
with a pulsed super continuum laser SuperK Extreme (NKT Photonics, Denmark) as a light
source running at 19.51 MHz and a wavelength of 485 nm in a temperature-stabilized cell at
20.0°C * 0.1°C. Typically a total amount of 1.5% Hhotons in 8 ps bins were collected per
sample for both p- and s-polarizatidfytc) andFs(tc), respectively, wherg is the time that
has elapsed since the excitation pulse=a. The fluorescence and anisotropy decays were
recovered by global fitting of the sum and difference curves according to:

Fam (1) = F (t)) + 2GF (t) = F (t_) (30a)
F i (tc) = Fp(tc) - GFS(tC) =F ('[C)I’(tc) (30b)

whereG is the detection efficiency ratio between the parallel and perpendicular channel. The

procedure is described 5. Due to distinct local environments sensed by the flexibly
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coupled dye, the fluorescence dec&yt) had to be fitted by a tri-exponential decay with

species fractions and fluorescence lifetimes(Tab. S2C):

3
o -t It

&, 0]
F(t)=F,cq xe ° '+;
ei=1 ]

x =1 (31)

i
1

Fluorescence anisotropy decaifs) were fitted by a weighted sum of exponentials (see Tab.
S2 for results) and the parameters obtained were converted into the product of triple-
exponential decays with rotational correlation timgs, 7siow and rgoba, and the related

amplitudeSass rsiow@andrr with $ri =ro:

3 N
. eer St T g r . r, O
()= 8 e g e B gt [ Bt (32)
i=1 el o o

where ro = 0.37 is the fundamental anisotropy of BodipyFL (BFIEG|[ For reliable
calculation of order parametersgiobar Was fitted globally for all six GABARAP variants
(Tab. S2B) and the fluorescence order parameter was calcula®d as/ro. UsingC(to) =

r(te)/ro (see eq 3), eq 32 becomes equivalent to eq 17.

3.8 pFCS

Polarization-resolved full fluorescence correlation spectroscopy was performed for
GABARAP F62C-BFL and 141C-BFL variants with a confocal laser scanning microscope
(FV1000, Olympus, Germany) equipped with a single photon counting device with
picosecond time-resolution (HydraHarp400, PicoQuant, Berlin, Germany) at 26°C + 1°C. The
sample was excited using the parked beam at 485 nm and the fluordseesEeollected in

s- and p- polarized channelBg(t) and Fy(t), respectively. Full cross-correlation curves,
Gs,(tc) andGp {tc), were obtained according to reb.7]

<dFS(t)><de(t+tc)> <de(t)><dFs(t+tc)>
(F.0)(F,m) (F.0)x(F, )

with the fluorescence fluctuationsF(t) = F(t) - &(t)ii The registered photon events were

G,,(t)=1+ and G (t)=1+ (33)

analyzed employing a custom designed software package for multiparameter fluorescence
spectroscopy, full correlation and multiparameter fluorescence imagifjg The applied
factorized fitting function (23) models translational diffusion in a 3D-Gaussian volume
elementGqir(tc), up to three temporary dark statégtc), rotational diffusion of a spherical
rotatorGrot(tc) and photon anti-bunchin@a(tc):
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N
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§  ty o § z. o ot 7
e difft @ e e “0 g diff a
Gb(tc) = (1_ b1 + ble-tc/t.,l _ bz + bze-tcllbz _ b3 + b3e-tc/1b3)
& e 1 - 7 giobal c - 7 obal 60
Grot (tc) = gl+ brot Q—e o1 o + e lCI(S gee )++
e el+C 1+C o0
G (t)=[-ae" ") (34)

Here, the observation volume is approximated by a 3D Gaussian volume Witadlién the

lateral (1) and axial directionzp), tqirr is the diffusion timebs 23 andts1 b2 pzare amplitudes

and times of the bunching termes,andta are the amplitude and time of the anti-bunching
term, SandC characterize the rotation modbl: andrgiobar are the amplitude and correlation
time associated with rotational motion. As described above, factorization of the model
function (23) is based on the assumption of well-separated time-scales for anti-bunching (t
te) and rotational correlation dopa). With ta! 5 ns and” giobai ! 7-10 ns this condition is not
sufficiently met in our case. Thus, parameters for an ideal spherical rogto®.J,

C =-0.519) B1] were not used. Instead, to compensate for distortions by coupling between
anti-bunching and rotational terms due to overlapping time-scales, the two parameters
S=0.65,C =-0.97 were determined in a series of simulations. In addition to the shape of the
correlation function its apparent relaxation time is also affected by this coupling. By
comparing simulated rotational correlation times with results obtained by fitting the model
function to the simulations we generated calibration data to derive correct rotational

correlation times from the fit to the measured data (see Figure S2B).

3.9 Prediction of the global rotational diffusion from the molecular shape

Using the HYDROPRO softwaré§] the global rotational correlation time was calculated as
r'gobai= 8.91 ns + 0.11 ns at 20.0°C (7.78 ns = 0.10 ns at 25.0°C). To this end, several PDB
structures were used (PDB IDs: 1GN&], 1KOT [69], 1KLV, 1KM7 [70] and 3D32 1)),

the temperature set to 20.0°C (25.0°C), the viscosity t01.002 mPa sA = 0.890 mPa s),

and harmonic means of relaxation times were averaged (Table S4).
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3.10 Molecular dynamics simulations

To gain a more detailed structural understanding of the nature of GABARAP dynamics we
performed multiple MD simulations on the ns and %tdbtimescale using Gromacs version
4.6.5 [72). The initial coordinates were taken from the PDB structure with ID 1GNU as this
structure seems to have well-defined salt bridges and hydrogen bonds. However, the C-
terminal region folds back towards the N-terminus in crystal structure 1GNU, thereby forming
a conspicuous salt bridge between the terminal carboxyl group and the terminal amino group
A stable salt bridge between the terminal groups is at variance with the NMR structure (PDB
ID 1KOT) and dynamics (see below) of GABARAP, suggesting that the salt bridge between
the termini featured in the 1GNU crystal structure is not stable in solution. To alleviate any
conformational sampling issues that might arise from starting from a potentially artifactual
local energy minimum we decided to remove this salt bridge by simulating GABARAP-I
instead, which lacks the C-terminal residue L117. The Amber99SB-ILBNdrce field and

the TIP3P T4] water model were used. The protein was centered in a cubic box with a
minimum solute-to-wall distance of 1 nm. Water was added to the system as well as sodium
and chloride ions to neutralize the system and to achieve a salt concentration of approximately
150 mM. The mass of all protons was increased to 4 u in order to remove the fastest degrees
of freedom. After energy minimization and equilibration at a temperature of 27°C and
pressure of 1 bar, multiple MD simulations were started in the NVT ensemble with the
temperature kept at 27°C via a Nosé-Hoover thermo&thtach simulation started from the
same conformation with initial velocities randomly generated from a Maxwell distribution at
27°C. The equations of motions were integrated with a time step of 2 fs and snapshots saved
every 5 ps. Electrostatic interactions were calculated with the particle mesh Ewald algorithm
[76] using a Fourier grid spacing of 0.12 nm and a cut-off of 0.9 nm for the short-range
interactions. The same cut-off was used for the calculation of the van-der-Waals interactions.
All bond lengths were constrained with the LINCS algorith#i].[ In total, 40 short MD
simulations of 75-79 ns in length and 15 long simulations of 565-580 ns in length were run,

amounting to a total of 11%s of collected fast GABARAP dynamics.

3.11 Calculation of S order parameters from MD simulations
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To compute Sorder parameters, the MD trajectories were divided into 1100 subtrajectories
of 10 ns length each. This is more than three times longer than the rotational correlation time
that GABARAP experiences in the MD simulations. Nevertheless, we tested that the usage of
longer subtrajectories of 20 ns length did not affect the resulsd Hond vector

autocorrelation functions were computed according to eq 6, Whg(ﬁ): /rnNH (t) is the

normalized bond vector at timeWe calculated th& order parameters using both total and
internal correlation functions. Internal correlation functioBis(tc), which only capture
internal N-H bond vector motions, were computed from trajectories that had been
superimposed on the starting structure of each sub-trajectory by minimizing tbet @ean
square deviation (RMSD), thereby removing overall rotational motion of the pr&teirder

parameters were then computed for each sub-trajectoRBas]

s’=1im c,(t,)»cC,, (5ns) (35)

t® ¥ nt nt
and were subsequently averaged over all sub-trajectories. Total correlation fu@tipns
were evaluated from the raw trajectories including protein rotations (see eq 7). They were first
averaged over all sub-trajectories and then fitted to multi-exponential decays as given in eq
17. HoweverC(tc) was not fitted for all bond vectors using three decays. Instead, the number
of exponential decays, ranging from one to three, was chosen for each bond vector
individually in order to avoid over-fitting of the data. The best-fit model was selected based
on the Aikaike information criterion (AIC)/B] (see the Supporting Information (SI) for more
information).
For the calculation of the order parameters for side chains from the MD trajectories, the
correlation functions of the side-chain bond vectors between heavy atoms were fitted to multi-
exponential decays following the same approach as for the N-H bond vectors above. Except
for alanine, the &C bond was omitted from the computation as it is directly correlated to the
backbone dihedral angle rotations. Fast-rotating groups like the carboxyl groupsittas
and glutamate were excluded. Moreover, bonds in aromatic rings, which can change their
orientation as a result of overall ring rotation but are not representative of the overall side-
chain conformation, were also not considered. Th€.(bonds in phenylalanine and tyrosine
are a good example for such bonds. The resultingalies were averaged over all the bonds
considered per side chain to obtain the corresponding side-chain order parameter. For the
calculation of 8 order parameters from the MD trajectories we developed the Python
software MOR¥ (Molecular Order Paramete8), which is available free of charge under the

following URL: https://github.com/schilli/MOPS. MC® allows to calculate internal and
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global correlation functions and to determine tRe®ler parameters either from the internal
correlation functions according to eq 35, by fitting the global correlation functions using the
Lipari-Szabo model presented in eq 17 with the possibility to invoke this method together
with the AIC, or by using the method presentedli@.[ The latter method was not applied in

the current work. More information on MGPFis given in the Sl (Sl section 6).

4. Results

Using an integrated NMR, fluorescence and MD approach we obtained results reporting on
the protein mechanics and hydrodynamics of GABARAP. The global diffusion of a protein is
mainly described by the overall rotational correlation tingeval in the approximation of a
spherical molecule, whereas the internal motion is described by the order pargraatktt®
internal correlation timessiow and /st °N NMR spin relaxation, time-resolved fluorescence
anisotropy or fluorescence correlation spectroscopy (FCS), and MD simulations all report on
these fast-motional parameters. The order paramétac®unts for the restriction of the
motion of one NH vector in the case 0N NMR spin relaxation data and of the dye
attached to a side chain via a linker in case of the fluorescence-based methodspwmhile f
MD simulations 8 values are obtained for both-N bonds and side chains.

4.1 NMR Spectroscopy

15N relaxation analysis Backbonel®N spin relaxation rates iR R. and the {H}-°N
heteronuclear NOE values of GABARAP at 600 MHz and 900 MHz measured at 25.0°C are
shown in Figure 1. ThéN spin relaxation rates are consistent at both field strengths. The
overall average of thelfd}-°N heteronuclear NOE values of 0.800.06 at 900 MHz and
0.70x 0.06 at 600 MHz reveals a stable tertiary fold. However, the C-terminal region from
S113 onwards shows continuously decreasing values reachingt0O04033 at 900 MHz and
0.19+ 0.01 at 600 MHz, suggesting that the backbone of the C-terminal region is largely
disordered. Similarly low{H}- >N NOE values are observed for only one additional residue,
141 in a loop region in spatial proximity to the C-terminal region (Figure 2Bij}-£>N NOE
values below 0.65 indicative of increased backbone mobiliflydre further observed for the
N-terminal region and the loop between helixand strands (Figure 1). In addition to low

{*H}- >N NOE values, the disordered C-terminal region also displays significantly elevated
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longitudinal N relaxation rates, R(Figure 1). The C-terminal residue, L117, and 141 in the
loop nearby also show the slowest transvéprsk relaxation rates, R(Figure 1). Several
residues in the N- and C-terminal regions as well as N82 in the loop betweenbstemdl

helix a4 exhibit conspicuously elevatéeN R; rates at 25.0°C due to large contributions from
chemical exchange on the millisecond time-scale to'iNeline width. Unfortunately, the
extensive chemical exchange line broadening has a negative influence on the signal to noise
ratio of the affected NMR resonances and hence on the experimental uncertainties of the spin
relaxation data in the N-terminal region. Importantly, tHe}{1°N heteronuclear NOE values

of GABARAP and GABARAP-I G116Gre virtually identical within error (Figure 1),
indicating that the dynamics of the backbone on the pico- to nanosecond time-scale is fully

conserved upon cleavage of L117 by the ATG4 family of proteases.

Figure 1: Backbone amidé®N relaxation data of GABARAP as a function of residue
number. (A) £H}-®™N NOE values of GABARAP and GABARAP-I G116C (red), (B)
longitudinal relaxation ratesiRand (C) transverse relaxation rates & 600 MHz (black)

and 900 MHz (blue). Regular secondary structure elements are depicted on top of panel (A).
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Model-free analysis Detailed analysis of th®N relaxation data by the Lipari-Szabo-type
"model-free" approach (eq 19) reveals that the rotational diffusion tensor is not completely
isotropic but is best described by an ellipsoid model with principal componerms of
1.60x10 rad/s,Dyy = 1.68x10 rad/s,Dz; = 1.93x10 rad/s at 25.0°C (Tab. S1), corresponding

to five rotational autocorrelation times ok = 10.19 nsy .1 = 10.00 nsyo = 9.76 NS/ +1 =

9.08 ns, and+2 = 9.07 ns. The orientation (principal axes) of the rotational diffusion tensor
agrees closely with the overall shape of the protein as represented by the tensor of inertia of
the crystal structure of GABARAP (PDB 1GNU) (data not shown). In the spherical
approximation this rotational diffusion tensor reduces to an isotropic rotational diffusion
constantDrot = (Dx+Dyy+D2)/3 = 1.74x10rad/s, corresponding to a global rotational
correlation timergoba = 1/(Drot) = 9.60 ns. Assuming a viscosity ¢f = 0.911 mPa s

interpolated for 10% BD at 25.0°C §3] this corresponds to a hydrodynamic radius (eq 28) of

(NMR ) —
h,rot

R 21.8 A, indicating predominantly monomeric GABARAP molecules. Besides the

global diffusion properties, model-free analysis provides generalized order paramgters, S
which report on théocal backbone mobility (Figure 2A, blue squares). The average order
parameter oS = 0.84+ 0.01 indicates high motional restriction of the orientation of most
amide bond vectors, particularly in the regular secondary structure elements (Figure 2A). In
contrast, residues at the N-terminus, at the C-terminus, and in the two loops between strands
b1 andb. and between heligas and strands exhibit enhanced flexibility as revealed by low
order parameters (Figure 2A). Most notably, 141 in the loop close to the C-terngiaal re
shows a very low Svalue of 0.37, which is in the same range as the order parameters of the
C-terminal residues G116 and L117.

NMR translational diffusion. The hydrodynamic radius of GABARAP was additionally
determined by translational diffusion experiments analyzed by two different methods. When

referenced to dioxane as a standard molecule with known hydrodynamic radius of 842 A [
the hydrodynamic radius is determined tord&"™’ = 19.2 A+ 0.3 A, corresponding togiobal
= 6.6 nst 0.4 s under these experimental conditions. The second approach based on the

Stokes-Einstein relation (eq 29) requires knowledge of the solvent viscosity, which is
estimated to bé = 0.911 mPa s for a mixture of 90%®and 10% RO [63]. In this case the

hydrodynamic radius is calculated g§,".’ = 20.7 A+ 0.2 A, corresponding t@giobal =

rans

8.2 ns*+ 0.3 ns under these conditions.
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Figure 2: Picosecond-nanosecond dynamics of GABARAP. (A) Comparison of backbone
amide bond vector generalized order parametede®rmined fron®N NMR spin relaxation

(blue squares), order parametefsoSthe backbone amide bond vector (red squares) as well

as of the average side-chain (magenta hexagons) from MD simulations, and order parameters
S? for BFL attached to cysteine side-chains from fluorescence spectroscopy (green diamonds).
The regular secondary structure elements are indicated above the panel. Error bars denote
standard error. (B) Structural representation of GABARAP with the coloring changing from
blue for the N-terminus via green to red for the C-terminus. The side chains of residues
discussed in detail in this work are shown as sticks. In the right figure, several snapshots (in
grey) from the MD trajectories are presented, revealing flexible regions. (C) GABARAP is

colored based on the backborfeuSing four discrete categories as indicated by the legend.

4.2 Fluorescence spectroscopy: TCSPC and FCS

We apply two complementary fluorescence technigu&® $1] to map depolarization
dynamics of proteins from picoseconds to milliseconds to unravel their global correlation time
and internal dynamics. Here we attached the dye BODIPY FL as extrinsic fluordphore

individual cysteine side-chains for four GABARAP variants with mutations at the residues
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VAC, E7C, K13C, 141C, or F62C of full-length GABARAP and G116C of GABARAP-I.
While time-resolved fluorescence anisotropy experiments by time-correlated single-photon
counting (TCSPC) on the ensemble-level are well suited to resolve rotational relation times
faster than the excited state lifetime of the fluorophtyepolarization-resolved fluorescence
correlation spectroscopy (pFCS) on the single-molecule level are especially useful to map
depolarization motions on time-scales longer than To gain sufficient contrast in
polarization-resolved correlation curves for long correlation times, pFCS requires that the
fluorophore be attached rather rigidly to the protein so that the fast local motions are restricted
and the global motion can be sensed. Figure 3A displays the sterically accessible[@8lume

of the dye attached to the variants 141C and F62C using a free diffusion dye model to describe
the spatial population density of the d@?][ The accessible volume is limited by the short
linker of BODIPY FL (six spacer atoms including;@n the AV simulations the total linker
length L(G - chromophore center) was set to/1)) which is a compromise between minimal

disturbance of the protein by the dye and sufficient rigidity of the attachment.

Figure 3: TCSPC and polarization resolved FCS studies of cysteine variants of GABARAP
labeled with BODIPY-FL. (A) GABARAP with the volume accessible to BODIPY-FL
(structure shown on top) attached to either F62C or 141C (green mesh). (B) Time-resolved
anisotropyr(tc) of the variants 141C-BFL and F62C-BFL from TCSPC. The variant F62C is
characterized by a slower anisotropy decay and a larger amplhudéthe global rotational
diffusion term than 141C (Tab. S2B). (C) Cross-correlation cuégg from pFCS were fit

by a rotation modelrgiobal is marked by the dashed blue line). Note the difference in contrast
between Gsytc) and Gpgte) of variants F62C-BFL and 141C-BFL (see insets for
magnification) caused by the significantly higher internal mobility of the dye in the case of

141C-BFL. Top panels in (B) and (C) show the weighted residuals of the fit.
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TCSPC. Fluorescence lifetime and anisotropy measurements indicated that our labeling
strategy was successful and the dye properties are only weakly perturbed by thegcoupli
Although we observed multi-exponential fluorescence decays of the tethered BODIPY FL for
all positions (see Tables 1A and S2C), which were fitted with three exponential components
(eq 31), in most GABARAP variants the fluorescence decay of BODIPY FL has only small
fractions of shorter fluorescence lifetimes resulting from quenching. This leads to large
species-averaged fluorescence lifetindg% ranging between 5.2 and 5.7 ns and by a high
fraction of unquenched dye specied 87%, while the lifetime of the free dye4d 5.9 ns.

The variant GABARAP-1 G116C with BODIPY FL at the flexible C-terminus has exceptional
properties with only 65% of unquenched specieséd 3.8 ns (see Table S2C).

The time-resolved anisotropy decay curves are more distinct between the variants (Table 1A).
The most significant differences are observed between the anisotropy decay (tt)roéshe

dye attached to positions 141C and F62C (Figure 3B), showing a much faster decay for 141C
The order parameters of the six variants determined from the analygig oking eqs 30-32

and transformation according to eqs 3 and 17 are compiled in Tab. 1A (decays see Figure
S3B, fit parameters see Tab. S2) and plotted in Figure 2 (green diamonds). The anisotropy
decays exhibit two local relaxation processes Wihranging from 0.21 ns to 0.32 ns for the
different variants anflsiow ranging from 1.4 ns to 4.1 ns, with a global rotational correlation
time "gobal = 9.0 ns. The Svalues at residues V4C, E7C, K13C, 141C, F62C of GABARAP
and G116C of GABARAP-I show various extents of rigidity, with F62C-BFL being the most
rigid residue (3 = 0.66) and 141C-BFL being the most flexible? (S 0.16). Note that
determination of slow global correlation times by fluorescence anisotropy decay analysis is
extremely sensitive to instrumental factors such as the G-factor in eq 30. Therefore, special
care was taken to calibrate them precisely. In repeat measurements of the variant F62C with
the largest Svalue, the global correlation time was determined todaga = 9.2 ns + 0.4 ns

at 20°C; i.e., 8.0 ns = 0.4 ns recalculated for 25°C, which was converted to a hydrodynamic

radius for rotationR\""” = 20.7 A + 1.0 A by eq 28.

hrot
pFCS. Moreover, we studied the most distinct GABARAP variants labelled at the positions
141C and F62C by analyzing the two polarization resolved full cross correlation Gyl

and Gpgtc) (eqs 33 and 34, Figure 3C). The flexibility of the 141C side-chain results in
virtually complete loss of polarization contrast, so that the difference between the cross-
correlation curve$sytc) andGps(tc) and the corresponding correlation amplitubgs(eq 34)

becomes very small in Figure 3C, whereas the two curves for F62C are clearly distinct in the
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time range of 10 ns which is a hallmark for fast rotation motions (Table S3). These findings
agree fully the time-resolved anisotropy measurements. A detailed curve analysis including

simulations for calibration of the cross-correlation effects between the antibunching and

+2.3
-13

rotational diffusion terms (see section 3.8 and Figure S2A, B)) revegiegd= 6.7, ns at

26°C for the F26C variant §oba = 6.97;; ns recalculated for 25°C).

9 1s
FCS translational diffusion. In addition, we measured also fluorescence correlation curves
for determining the translational diffusion coefficient of labeled GABARAP from the FCS
diffusion term (see SlI, section 4). We measured correlation curves at a range of low
irradiances (Figure S4) to exclude saturation effects for determining an average translational

diffusion time &qivfi = 0.720 £ 0.013 ms, which corresponds to a translational diffusion

Ccs) _
trans

coefficient Dyans = 1.18+ 0.09 10°°m? st at 25°C and a hydrodynamic radius Rif
20.9 A+ 1.9 A (eq 29).

Sensing molecular flexibility by order parameters The S values of the various labeling

sites covered a wide range between 0.66 and 0.16. To explore the origin of this spread, the
dye motion and its connection to the transition dipole moment has to be analyzed. Taking into
account that the transition dipole direction of the BODIPY FL chromophore is parallel to the
molecular long axisg3] and that the attachment of the linker to the fluorophore is asymmetric
(Figure 3A), the wobbling-in-cone modekd, 65, 84] appears to be most appropriate to
describe the fluorophore motion, i.e., the depolarization is primarily caused by the motions of
the dye weak fluorescence quenching, this reveals that there are only few interactions (10-
20% see Tab. S2C) of the dye with the protein surface at position 62. Thus, the spatial
population density of the dye is well approximated by the simple free diffusion model in our
accessible volume simulations (Figure 3A). Using this model, the trends of the average side
chain $ order parameters from MD and fluorescence (Figure 2) agree well except 141.

Further details will discussed in section Bifernal Dynamics

4.3 MD simulations

Backbone $ order parameters. The N-H bond vector order parameters, Somputed from
multi-exponential fits to the total correlation functi@ftc) derived from the MD simulations
are generally in very good agreement with those derived from NMR spectroscopy (Figure

2A). Larger deviations are mainly present at the termini and in other flexible regions? The S
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values obtained from the internal correlation function<Cag5 ns) (eq 35) are not shown
because they are virtually indistinguishable from theabues from the multi-exponential fits

to C(tc), with a root mean square deviation of 0.014 and a Pearson correlation coefficient of
0.99. Rigid N-H bonds are often but not always overfitted when more than the global
exponential decay is used, while more complex models with one or two additional internal
decay times fit the flexible NH bonds best (Figure 4A, Figure S5A-C). The most rigid part of
GABARAP can be found in the core ofetlprotein, formed by the-Sheet and parts ofs&
where most of the NH bonds can be fitted by a global exponential decay only (Figure S5D).
Many of the residues located in the various loops, on the other hand, require three decay times
due to their inherent flexibility. In three of the four helices there are also residues that had to
be fit by three decay times even though the corresponding backbeaki&s are larger than

0.8, such as residues E17 and K24 in hatixPanels B to D in Figure 4 show histograms of
the predicted correlation times. The fastest (i.e., initial) decay times for-#Hebbihd vector
reorientation are shorter than the interval at which the structures sampled during the MD
simulations were saved (5 ps). They are a result of fast internal motions like bond angle
bending, which lead to fast changes of thédNbond vector orientation represented in our fits

by the order parametei,$. The average value of the predicted global rotational correlation
times, " giobal, IS 2.84 ns with a standard deviation of 0.20 ns and a standard error of 0.02 ns.
The values forrgiobal Cluster narrowly around this average value for the residues fitted with
only a global decay, while the range"ginal for the residues fitted with internal decay times

is larger, ranging from about 2 ns up to 3.4 ns (Figure 4B). The simulated global rotational
correlation times have to be scaled by a factor of 2.80 £ 0.04 because the visictsity
TIP3P water model used in our MD simulations is lower than that of real wa&fipr |

Therefore, the predicted global rotational correlation timgidsa = 7.95 ns £ 0.56 ns at 27°C

(8.32ns + 0.59 ns at 25°C), corresponding to a hydrodynamic radiRS.of= 20.9 A +

10t
0.1 A. In Figure S6A the calculatégiosavalues are color mapped onto the protein structure.
Because the rotational diffusion tensor of GABARAP as determined by model-free analysis
of the®™N NMR relaxation data is not completely isotropic (see aboygpal is expected to

be longer (slower) or shorter (faster) than the isotropic value depending on whether the
corresponding N-H bond vector is aligned parallel or perpendicular, respectivetiie
fastest principal axisDzy) of the rotational diffusion tensor. The strong correlation with the
rotational autocorrelation times predicted from the experimentally determined rotational

diffusion tensor (Figure 5C) demonstrates that the variantgoba extracted from the MD
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trajectories primarily reflects the anisotropy of rotational diffusion. The single conspicuous
outlier in the distribution of giobal from MD simulations (Figure 4B) is G116 with 1.96 ns, for
which the internal motions appear to be sufficiently slow to be entangled with the global
rotational motion (i.e., the factorization of eq 7 is not valid in this case) and hence complicate
the interpretation of the multi-exponential fit of its N-H bond vector correlation fundtmm.

the internal correlation times, we observe the same trend dsider "sow has a larger
variance for the residues fitted with two internal decays compared to those fitted with a single
internal decay (Figure 4C). For the latter, thewvaluesare almost all below 120 ps, while

for the former thé'sowVvalues are quite evenly distributed between 120 ps and 1.5 ns. The

correlation timesastare rather small with values between 7 ps and 110 ps (Figure 4D).

Figure 4: Order parameter °S(A) and correlation times (B) to (D) extracted from MD
trajectories by fitting the global correlation functions to one (green), two (blue), or three
(magenta) exponential decays. The most complex model that did not overfit the bond vector
correlation function was selected for each amino acid. This accounts for one global rotational
correlation timergobar @and maximum two internal correlation timesow and rfs, the

distributions of which are shown in panels (B) to (D).

Side-chain S order parameters. The order parameters for the side chains were calculated

from MD simulations in the same way as for theH\bond vectors. In Figure 2A the results
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are shown for those residues for whichv@lues were also determined using fluorescence,
while in Figure S7 the MD results for all side chains can be seen. The MD defivati&s

were averaged over the individual side-chain bonds. The numbers in Table 1B indicate that
the $ values for the individual bonds per side chain are generally close to each other so that
their average is representative for that side chain. Exceptions are the long side chains of
solvent-exposed and charged residues like K13 and R40. Here, some bonds are rather flexible
while others do not reorient much. Table 1B further shows that, unlike for-thebind
vectors, in most cases three exponential decays are required for fitting the total correlation
function C(t¢) given in eq 17, which reflects the generally higher flexibility of the side chains
compared to that of the protein backbone. The average and standard deviatior? obthesS

for the side chains is 0.69 0.21while the same values for the backbone amide groups are
0.86 = 0.07. However, while for most residues the side chains are more flexible than the
backbone (see Figure S7), there are cases like 141 for which it is the otharomag. In
general, the flexibilities of the-MH bond vectors and the side chains are not correlated as the
low Pearson correlation coefficient of 0.206 between theafiies for the backbone and side

chains reveals.

Figure 5: The global rotational correlation timegioba @s function of temperature. (Aiobal

obtained by NMR, fluorescence spectroscopy and MD shows good agreement with structure-
32



based prediction tools (HYDROPRO) across various temperatures. (B) Molecular interactions

like crowding (BSA, Dextrans) or oligomerization (GABARAP) showing the relation
between relative rotational diffusiorD(/Dor = r,/r ) and concentration (volume fraction,
/) and type of cosolvent as obtained from fluorescence anisotropy decays. Theatiffaren

interaction strength is visualized as slope of the solid lines:{rar 41.2:1.6, hesa 13.91.0,
Npextran10 7.5£0.5, hpextran40 9.4:0.6). A large deviation from the theoretical relation for hard
spheres (black lind) = 0.41 to 0.7) is clearly visible. (C) The strong correlation between the
distribution of residue-specificgioba calculated from MD trajectories (abscissa) and back-
calculated from the fully anisotropic rotational diffusion tensor from NMR relaxation
(ordinate) with a Pearson correlation coefficient (PCC) of 0.82 reveals that NMR
spectroscopy and MD simulations are both sensitive to the anisotropy of the rotational
diffusion of GABARAP. Tyrl1l5 and Gly116 have been omitted from this analysis because
their conformation in the PDB structure 1GNU used as a basis for the NMR analysis appea
to be a crystallization artifact, as indicated by MD simulations. (D) HydrodynamicRiadii
(dotted black line) andRnwans (dashed black line) calculated for the prolate ellipsoid of
revolution with semi-axes of 23.0 A and 15.2 A (equivalent spliges 17.5 A), which has
approximately the same tensor of inertia as the crystal structure of GABARAP (PDB 1GNU)
after addition of hydrogens, as a function of the thickness of the hydration shell. Diamonds
represent the hydrodynamic radii predicted by HYDROPRO, horizontal lines the
experimentally determined hydrodynamic radii. (E) Solvated GABARAP is shown (water
molecules in grey). The green circle indicates the radius of gyr&ignwhile the red circle

represents the radil®q of the equivalent sphere of equal volume. The hydrodynamic radius

as obtained from fluorescence anisotropy deca;‘/f . is shown as a blue circle.

The MD side-chain order parameters match the fluorescence defveadu8s remarkably

well, with the exception of 141 (Figure 2A), whose side-chain is almost completely rigid in
the MD simulation (3=0.90), while the fluorescence chromophore attached to this residue is
almost completely flexible ¢50.16). The MD trajectories show that the side chain of 141 is
deeply buried inside a hydrophobic pocket pointing towards the protein core, whiceseduc
the solvent accessible surface area (SASA) of 141 by 89% compared to an isolated isoleucine.
The stable hydrophobic packing in this position prevents any motions of larger amplitude.

The backbone NH bond of 141, on the other hand, shows very low order parameters in MD
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($°=0.60) and NMR (%-0.38) because it fluctuates between two stable conformations by
rotations about the R49 and I41F backbone dihedral angles (Figure 6A), facilitated by the
fact that this NH group is not involved in hydrogen bonding. All other backbone dihedral
angles of residues 39 to 42 are restricted to a single stable conformation (Figure. 5B). These
restrictions are due to interactions of the side-chain of K35 with the backbone oxygen of 141
as well as hydrogen bonds between the side-chain of D111 and both the NH group of R40 and
its side-chain. The most obvious explanation for the discrepancy between MD and
fluorescence order parameters for the 141 side-chain is that the mutation of 141 to cysteine
with the bulky chromophore BODIPY FL attached to it disrupts the hydrophobic packing as
present in the wild-type protein, thereby causing the chromophore to become exposed to the
solvent and highly mobile. For comparison, the nearest neighbor R40 is more solvent-exposed
with a relative SASA of 52% and therefore more mobile, leading to a simulated side-thain S
value of 0.51 (Figure 2A). Figure S8 confirms that tifev8lues of the side-chains are
inversely correlated to their SASA. Large side-chaif \@lues exceeding 0.8 are
preferentially found in the core of the protein, whereas values below 0.4 occur mostly for
solvent-exposed side-chains on the protein surface. In Figure S8D the sideZolwire$ are

plotted versus @SASA), where SASA is given for the side-chains relative to their solvent
accessibility in the isolated amino acids. The correlation betwéean& (ESASA) is
confirmed by a Pearson correlation coefficient of 0.71. Another noteworthy residue is F62 in
helix as, for which we find a medium solvent accessibility of 51% but with the side-chain
being oriented towards the solvent (Figure 2B) and an intermediate side-chain mobifity of S
= 0.62. Together with the highly rigid backbone in this helix, this was our motivation to probe
the side-chain flexibility in this position experimentally with a fluorescence chromophore.
The almost perfect agreement between simulation and experiment confirmed that our
fluorescence approach is able to measure variations in side-chain flexibility assltmgra
hydrophobic packing is not disrupted by the introduction of the chromophore.

Interpretation of the internal decay times. In principle, the MD data allows to extract the
origin of the motions leading thastand" siowfor all N-H bond vectors and side-chains. Here,

we limit this analysis to a few representative examples. One of them is the aforementioned
fluctuation of the backbone of R40/141 between two stable states of the peptide plane (Figure
6). An analysis of the lifetimes of these two states reveals that the fast correlatidndime

13 psresults from the fast interconversion between these two (R4013%) states. The slow

correlation time, which is an order of magnitude larger than("sow = 173 ps)arises from
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the motion of the loop to which 141 belongs. A similar situation is evident for Hiehdnd

vector motion of A75, which was fitted with the two internal decay tifggs = 651 ps and

"fast = 36 ps.Again, the slow and fast correlation times results from the flexibility of this loop
region and internal backbone motions, respectively. Here, it is mainly the torsion angle A75
6, which fluctuates betweenl40° and -80°. However, since the carbonyl oxygen of D74
forms one or more H-bonds to the side-chain of R65 80Rihe time, this motion is

somewhat slower than the backbone motion in 141.

Figure 6: (A) The Ramachandran plot (logarithmic scdt#)6 of 141 and 3 of R40 reveals

that the peptide bond plane between residues 40 and 41 fluctuates between two discrete
conformations (with different stabilities, i.e., populations), which are shown in (B). The
protein is shown as grey band and the backbone atoms of R40 and 141 and the side chain
atoms of K35 and D111 are shown in Licorice and colored by element (carbon, cyan;
hydrogen, white; oxygen, red; nitrogen, blue) while the other stable state of the R40-141

backbone is shown in CPK representation.

5. Discussion

In this work we unraveled the pico- to nanosecond dynamics of GABARAP by an integrated
approach using NMR and fluorescence spectroscopy in concert with MD simulations. We

provided a common theoretical framework and analysis for the rotational diffusion and local
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protein dynamics as determined by NMR, fluorescence and MD simulations. A key objective
of the present study was to benchmark our integrated approach via extensive comparisons
between the different methods to reveal synergies, differences, and limitations of each
method. Here, the atomistic picture obtained from MD simulations turned out to be extremely
valuable for the interpretation of the experimental results from NMR and fluorescence

spectroscopy and the explanation of differences between these techniques.

5.1 Common theoretical framework and benchmarking of hydrodynamics

Remarkably, our benchmark study produced very similar results for the overall rotational
correlation times'gobal (Table 2, Figure 5A) and the? ®rder parameters describing the
amplitude of internal motions (Figure 2A) obtained with the three approaches under study,
demonstrating the reliability of each of these methods. Nonetheless, we also observed several
instructive differences for one of the three approaches, which could readily be explained using
the other two methods tested here, thus providing us with valuable insight and guidelines for
future studies. More specifically°N NMR relaxation spectroscopy offers high spatial
resolution resulting from an abundance of probes that sample both rotational diffusion
(including its anisotropy) as well as internal backbone motions in all parts of the protein, but
requires relatively high sample concentrations and long measurement times. Fluorescence
spectroscopy can be employed at a wide range of protein concentrations,singléo
molecule detection, and primarily samples internal motions of the side-chain to which the
chromophore is attached (Figure 2A).

Hydrodynamics: Viscosity, crowding and self-associationThe backbone dynamics on the

pico- to nanosecond time-scale is dominated by rigid-body overall rotational diffusion of
GABARAP. We found a remarkable agreement between rotational correlation rtigas
derived from fluorescence experiments, MD simulations and the theoretical values predicted
by HYDROPRO (Table 2, Figure 5A). Moreover, the two hydrodynamic Rdifom both

fluorescence methods are very similar: translational diffugigf, = 20.9 A + 1.9 A using

FCS and rotational diffusior,”"” = 20.7 A + 1.0 A using fluorescence anisotropy decays.

h,rot

Notably, the global rotational correlation time Qfoba = 9.4 ns + 0.2 nsR™™*’ = 21.8 A)

,rot

determined from®N NMR relaxation spectroscopy is 18% larger than the valugyefs =

36



8.0ns + 0.4 nsR""" = 20.7 A + 1.0 A) calculated from TCSPC for an aqueous solution of

hrot
100% HO at 25.0°C (Tab. 2). In fact, this appears to be a very typical casude a
literature survey of 17 proteins studied by both fluorescence and NMR spectroscopy showed
that NMR relaxation resulted in approximately 18% larger rotational autocorrelation times
than fluorescence anisotropy decay on aver&@gThis observation was attributed to the
higher sample concentrations typically used in NMR spectroscopy to obtaireadigtial to

noise ratio. The authors of this study pointed out that there are three different mechanisms
contributing to any concentration dependence of rotational diffusion in a non-ideal (i.e., not
infinitely dilute) sample, namely (i) general viscosity effects (also referred to as crowding or
microviscosity), (ii) heterogeneous self-association mediated by non-specific interactions, and
(i) specific self-association (dimerization, trimerization, etc.) mediated by specific
interactions.

The fact that the hydrodynamic radius Rf""’ = 20.7 A+ 0.2 A obtained from NMR

translational diffusion experiments on 0.5 mM GABARAP agrees much better with the
results from fluorescence spectroscopy and MD simulations supports the notion that the
elevated rotational correlation time determined frbi relaxation experiments is indeed
caused by the twofold higher sample concentration of 1.0 mM GABARAP. An even smaller

hydrodynamic radius ok’ = 19.2 A+ 0.3 A is obtained if any increase in viscosity

caused by the protein concentration is eliminated from the data analysis by using dgoxane a
an internal standard for translational diffusion, although this result should be interpreted with
caution because we cannot completely rule out the possibility that GABARAP with its
hydrophobic binding pockets for aromatic side-chains might interact with the heterocyclic
compound dioxane, which in turn would result in the hydrodynamic radius of GABARAP
being artificially underestimated. These observations prompted us to use fluorescence
spectroscopy to investigate the effect of sample concentration on the global rotational
diffusion of GABARAP in more detail by bridging the gap in the concentration range from
the micromolar concentrations typically used in fluorescence experiments to the millimolar
concentrations typically employed in NMR spectroscopy. To test for the presence of crowding
effects we measured the global rotational autocorrelation time of GABARAP-F62C-BFL by
TCSPC in the presence of three crowding agents of different molecular size (10 kD dextran
(Dextran10), 40 kD dextran (Dextran40), and bovine serum albumin (BSA, 66 kD)).

Following the procedures of Roosen-Runge et&l] (see Sl, section 2) we pltte relative
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rotational diffusion coefficientDrot(#)/Drot(0) = giobal(0)/ giobal(#) versus the volume fraction

# of the total sample volume that is occupied by the proféia interaction strength is
visualized as the negative slopef the solid lines (eq S6) in Figure SBsextran10= 7.5% 0.5,
hpextrana0= 9.4+ 0.6, hssa = 13.9% 1.0. The theoretical relation for hard spheres (Figure 5B,
black line) results in a considerably smaller interaction strength ith 0.41 to 0.70
depending on the size rati®d], which indicates that BSA and dextrans act as strong
crowding agents and their effect depends on their molecular size. However, the detrease
the rotational diffusion coefficient of GABARAP with increasing volume fraction
corresponding to a concentration range of 0.5 uM to 1.3 mM is even strongdwwgtRar =

41.2+ 1.6, andrgional increases significantly at GABARAP concentrations above 0.1 mM (see
Sl, section 3 and Figure S9). The fact that this effect is stronger than observed fantpmm
used molecular crowding agents suggests that the elevated rotational autocorrelation times
observed in NMR relaxation and TCSPC fluorescence experiments at high concentrations
probe not only molecular crowding but also self-association of GABARAP molecules. Our
experimental data does not readily discriminate between heterogeneous self-association
mediated by non-specific interactions and specific self-association (dimerization,
trimerization, etc.) mediated by specific interactions. Applying a simple dimerization model
that assumes a prolate shape for the dimer with an axial ration of 2:1 we estimate the
dissociation constant to be in the low millimolar range (Figure S9). Self-association of
GABARAP has been reported in the literature before and implicated in binding to tubulin and
promoting its oligomerization into microtubules as well as GABAceptor clustering4p,

89, 90]. More recent studies have shown that upon lipid-conjugation the proteins from the
GABARAP/MAP1LC3/Atg8 family oligomerize together with associated phospholipids and
other autophagy-related proteins, thereby mediating membrane tethering and hemifusion
during the formation of the autophagosomal membrane compartments required for protein
degradation by (macro-)autopha@i 92]. Note that while the millimolar bulk dissociation
constant governing the self-association of free soluble GABARAP is clearly too weak to be
physiologically relevant, anchoring of lipidated GABARAP-II molecules to developing
autophagosomal membranes can easily result in GABARAP clusters with a local
concentration sufficient for effective tethering to other GABARAP-decorated membranes or
to the microtubule cytoskeleton for vesicular trafficking. The insight gained from the
integrated NMR, fluorescence and MD study presented here constitutes an important stepping

stone for a detailed investigation of the structural mechanism and functional role of the self-
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association of GABARAP-II anchored to suitable membrane mimetics such as nan@giscs |

or in cells.

The obvious solution to avoid elevated rotational diffusion correlation times caused by
concentration-dependent effects in NMR relaxation spectroscopy is to carry out the
experiments at very low concentrations -otbetter yet - at a series of different protein
concentrations. This strategy may well be desirable and feasible for some projects.
Unfortunately, the typical measurement time required to record a complete!3t KR
relaxation data at two different static magnetic fields is about two weeks, and it scales
approximately inversely proportional to the square of the sample concentration if crowding
and aggregation are neglected. As a consequence, this strategy is not only extreeely ti
consuming and costly, it is also very vulnerable to even slow changes in sample composition
such as sample degradation over time that may no longer allow a combined quantitative
analysis of the experimental data. Fortunately, the faster transverse relaxation rates of any
stable oligomers are associated with a substantially lower signal in the NMR spectra
compared to the monomer, and the experimentally determined relaxation rates are thus
expected to predominantly reflect the monomeric form even in the presence of a moderate
fraction of oligomers. Indeed, the rotational correlation timeg@fa = 9.4 ns obtained from

15N NMR relaxation experiments on 1.0 mM GABARAP is only 18% larger than the
corresponding value dfgiobal = 8.0 ns from TCSPC experiments on a dilute sample, which is
much smaller than expected on the basis of the concentration-dependent TCSPC experiments
(Figure 5B), and such an overestimation by 18% appears to be a very typeah ¢dhe
literature B6]. Unless an accurate value fogioba from NMR relaxation spectroscopy is an
absolute requirement, our work suggests that in practice it will often be more efficient to
record the NMR experiments on samples with high signal/noise ratio to obtain experimental
values for the anisotropy of the rotational diffusion and internal motions and to complement
the NMR experiments with fluorescence experiments and MD simulations to investigate
concentration-dependent effects Qbal.

Hydrodynamics: Impact of shape anisotropy.Whereas the determination of rotational
diffusion parameters by fluorescence spectroscopy with a single chromophore is limited by
the assumption of isotropic rotational diffusion, NMR relaxation spectroscopy and MD
simulations probe a large number of bond vectors in the molecule simultaneously and
depending on its orientation relative to the rotational diffusion tensor each bond vector will

experience a slightly different rotational autocorrelation time if the rotational diffusion tensor
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is anisotropic (Figure 5C). The molecular shape of GABARAP deviates significantly from
spherical geometry (Figure 5E). Accordingly, model-free analysis ofth&IMR relaxation

rates revealed a fully anisotropic rotational diffusion tensor, and this anisotropy is also
observed in the MD trajectories (Figure 5C). In terms of magnitude, MD simulations appear
to be even more sensitive to the anisotropy tHBINNMR relaxation because the variance in
I'qiobal iS larger (Figure 5C), which appears to be a property of the TIP3P water raddel [
Although the deviation from a spherical shape causes the rotational diffusion to be
anisotropic, it is not large enough to have any significant effect on the isotropic rotational
diffusion coefficient,Drot = 1/(6rgiova), @and the translational diffusion coefficierDrans,
because the Perrin shape factets andFeans deviate from unity by only a few percent. This
allows us to compare rotational diffusion and translational diffusion coefficients obtained
from different methods by convertiigo: andDyans into hydrodynamic radii using eqs (28)
and (29), respectively. The experimentally determined hydrodynamic radii cluster ietwee
20.7 A and 20.9 A and are compiled in Figure 5D, together with the predictions from
HYDROPRO. Because the fluctuation of the molecular shape of GABARAP-I along the MD
trajectory is negligible (radius of gyratioRgyr = 14.3 A + 0.1 A), we compared the
experimental hydrodynamic radii to those calculated for the prolate ellipsoid of revolution
with semi-axes of 23.0 A and 15.2 A and an equivalent spheReq6f 17.5 A, which has
approximately the same tensor of inertia as the crystal structure of GABARAP (PDB 1GNU)
after addition of hydrogen atoms (see section 2.6), plus a hydration layer of variable
thickness. The experimentally determined hydrodynamic radii correspond to a hydration shell
of about 3 A (Figure 5D), which is similar to the van-der-Waals radius of a single oxygen
atom (2.8 A). They are slightly larger th&@ ot and Rn,rans predicted from HYDROPRO,
which uses an implicit hydration shell of about 1.16€][ It has been suggested in the
literature that the effect of the hydration layer may be at least partly due to dieledioa fric
which depends on the charge distribution of the protéif. [In fact, such complex
electrostatic effects might also play a role in the concentration dependence of GABARAP

hydrodynamics discussed above.

5.2 Internal dynamics

Correlation of backbones and side-chains order parametersRegarding the internal

motion, the three methods under study revealed similar trends of flexible regions as indicated
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by the order parametef.SThe fluorescence determined order parameters are generally lower
compared to those obtained by NMR spectroscopy caused by the fact that fluoréscence
sensitive to side chain dynamics, whereas NMR spin relaxation probes amide backbone
motion. In particular residues in the N-terminal sub-domain possess lower backbone
flexibility compared to side chains. This hypothesis is confirmed by MD simulated backbone
as well as side-chain order parametetsT®e backbone order parametefsr&/eal internal
motions in loop regions and at the termini, whereas regular secondary structure elements
show high rigidity. Interestingly, correlated backbone and side chain are noysalwa
correlated. While we observe correlated backbone and side chain dynamics for the C-
terminus, the N-terminal region shows a low backbone flexibility but a high side chain
flexibility.

Although the order parameters reveal similar regions to be flexible, with only few justified
exceptions, the fitted internal correlation timeggst andr sow, are inaccurate and thus not
comparable for all these methods. In case of NMR spectroscopy these inaccuracies @re cause
by too many parameters when a model with maximum two internal motions is assumed. The
global correlation time can be determined by NMR relaxation rates under consideration of all
protein residues, while the internal correlation times are resolved from only one residue. MD
simulations, on the other hand, suffer from inaccuracies of the protein force fields, which are
known to have difficulties to correctly reproduce the timescales of molecular processes as

they were not parameterized for this purpdx. [

Selection of labeling sitesThese study shows that MD simulations proved to be essential to
critically evaluate the experimental results. The trends of the average side chain S2 order
parameters from MD and fluorescence (Figure 2) agree well except for 141 and G116. For
these cases MD simulations rationalized the disagreement.

For 141 the remarkably low order parameter of 141 located in a loop region of GABARAP
suggests high flexibility. However, MD trajectories revealed that the lbwafie mainly
results from a flip of the R40-141 peptide plane between two distinct states (Figure 4). While
fluorescence spectroscopy further suggests high flexibility of the 141Cdifd_chain, the

MD trajectories revealed that the sidechain is stably trapped into a hydrophobic giocket
GABARAP and is therefore almost not mobile. In this particular case, the dye attached to
cysteine at position 41 might sterically hinder this interaction with the hydrophobic pocket.

Furthermore, the cysteine lacks the affinity for hydrophobic interaction, such that the side

41



chain dynamics probed by fluorescence at position 41 is dominated by the protein backbone.
For G116 the order parameter determined by fluorescence spectroscopy reveals a higher
rigidity than it is expected for a residue in an unstructured C-terminus and with a low NMR
order parameter. This is likely to be caused by interactions of the dye moleculewBifL)

the protein surface, indicated also by a significant reduction of the average fluorescence
lifetime (see Table S2C).

In section 4.2 we concluded the dye motion is approximated by the wobbling-in-cone model,
which has several practical implications for fluorescence spectroscopic applic&ians.
integrated order analysis allowed us to interpret fluorescence anisotropy measurements with
respect to protein backbone and side-chain flexibility for monitoring its function. Moreover,
MD simulations are very helpful for selecting informative and conflict free amino acid
residues for labeling by analyzing backbone and side chain motions and sidechain packing.
Finally, this methodology has the potential for being also very useful for accurate Forster
resonance energy transfer (FRET) measurements, because the presented charaaiérization
the dye labeling sites via order parameters represents an independent validation tool for the
choice of an appropriate dye model. Note that the dye description is an esseigtifdrihe
accurate analysis of high-precision FRET measuremgat§T1-99.

Biological relevance. Most notably, the C-terminus is highly mobile on the pico- to
nanosecond time-scale, indicated by low backbone and side-chain order parameters, which is
contrary to the presence of a salt bridge between M1 and L117 connecting thethie @ad
terminus in the GABARAP structure 1GNU. Therefore, this salt bridge is most likely
transiently formed allowing an open and closed state of the N- and C-terminus, which was
also observed in the GABARAP homologue GATE-28]] This assumption is supported by

our MD simulations of GABARAP-I, which revealed that the salt bridge between the terminal
charges NH" and COOat M1 and G116, respectively, can form and break.

The C-terminal flexibility is conserved among GABARAP homologues and likely to be a
prerequisite for enzyme processing required for lipidation and subsequent membrane
anchoring 10]. GABARAP and its homologues are C-terminally processed by proteases of
the Atg4 family cleaving L117 in order to expose the C-terminal G116. The heteronuclear
NOE values of GABARAP-I G116C reveal similar results compared to the wild-type
GABARAP concluding that the mobility of the C-terminus on the pico- to nanosecond time-
scale remains unaffected by Atg4B cleavage of L117. This is contrary to Atg8, the yeast

homologue of GABARAP, which reveals higher rigidity upon exposure of the C-terminal
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glycine [23]. GABARAP and Atg8 share a strong structural similarity except of the N-
terminus, which is unstructured in Atg8. Thus, the C-terminal dynamics might be affected by
the N-terminus as they tend to interact with each other via a salt bridge. However, the
propensity for this salt bridge may be reduced in Atg8 due to the positive charge of the C-
terminal arginine residue and increases after cleavage of this residue, rigidifying the C-
terminus.

Contrary to the correlated backbone (NMR) and side chain (fluorescence) dynamics observed
for the C-terminus, anti-correlated behavior is revealed in the N-terminal region showing low
backbone flexibility but high side chain flexibility. The N-terminal sidechain motion ifylike

to be relevant for ligand binding, since GABARAP is known to interact with tubulin and
microtubules via its N-terminud.§]. Moreover, the N-terminal dynamics may also play a role
for self-association of GABARAP, because crystallization under high salt conditions resulted
in an alternate conformation in which the N-terminal region is associated with the

hydrophobic binding pockets of a neighboring molecat#. [

5.3 Protein mechanics: detection of potential sites for hinge motions

Structural plasticity and conformational transitions are essential for a multi-functional protein
like GABARAP to interact with a multitude of different binding partners. Hinge motions of
relatively rigid subdomains about flexible joinfi[] can result in large relative rotations, for
example by 154° in calmoduliri(1]. Such hinges often involve only a small number of
flexible residues because even a single backbone torsion angle can potentially provide the
required rotational freedom. Therefore we inspected our set b&bone and sidechain
order parameters from MD simulations whether they can be used to characterize protein
mechanics and identify potential hinges. For that we computed the average and standard
deviation for the backbone amide gro@s+?i= 0.87+ 0.05, excluding the highly mobile
residues K2, 141, and G116. For the identification of mobile segments, we found the
backbone order parameter minus one standard deviation&fe?fi < 0.82) as a suitable
threshold criterion, revealing four mobile segments in GABARAP around residues K24, D27,
R28, V51, E97, and F104 (Figure S7), all of which contribute to the interface between helix
& in the NHD and the centraksheet in the ULD (Figure 2C). The backbone dihedral angle
mobility of the short loop before residues D27 and R28, which connectsahedind strand
b: and acts as a hinge for the hydrophobic ligand binding pocket between the NHD and the
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ULD, is also detected in dihedral angle principal component analysis applied to the MD
trajectories (Figure S10). Although the NHD is connected to the ULD via several loregg-rang
interactions, most of the side-chains surrounding the hinge itself show only intermediate
rigidity (Figure S8B). Plasticity of the hinge between the NHD and ULD is functionally
important for GABARAP to be able to accommodate a variety of different ligands in this
hydrophobic binding pockeBl]. [45]P26 in this hinge was also found to be an important
determinant of the conformational mobility of the NHD in yeast At487. Moreover,
additional NHD motions (heli®s) were suggested by to occur for tubulin bindiag] [

Unfortunately, the NMR-derived backbone order parameters in the hinge region of the
residues 27 and 28 are inconclusive because no relaxation data is available for R28 due to
resonance overlap. However, preliminary single-molecule FRET measurements between
NHD and ULD suggest that this hinge acts indeed as a pivot for a large-scale conformational
change on the microsecond time-scale (to be published). We therefore propose saitdda de
MD-based order parameter analysis as a more general tool to identify short, up to three
residue-long loops that might be primed to act as hinges for functionally relevant
conformational changes, even if these changes are too slow to be sampled during the length of

the MD trajectory.

6. Conclusion and Outlook

In this work we presented an integrated approach using NMR, fluorescence, and MD to study
protein dynamics on the pico- to nanosecond timescale. The combination of these three
methodologies proved to be tremendously beneficial, because each methodology entails
unique strengths and shortcomings: NMR spectroscopy provides insight at atomic resolution
on a per residue basis yet requiring highly concentrated and pure protein sampless wherea
fluorescence spectroscopy involves residual mutations and dye attachments, but will be the
method of choice to study protein dynamics and interactions in complex systems, crowded
environments or in the cell. While NMR and fluorescence spectroscopy provide information
on the amplitude of dynamics provide movies of protein motions at atomic resolution,
enabling insight into protein mechanics and a critical evaluation of experimental data.
However, current MD simulations of proteins in explicit solvent are generally limited to a few
microseconds, restricting the processes that can be studied by MD to this timescale. Yet the
complementarity and synergy of these three techniques allow a remarkably detailed analysis
of the mechanics and hydrodynamics of proteins as demonstrated in this work for
44



GABARAP. To this end, we developed a strategy to compare the different methods by means
of the global correlation time and fast local protein dynamics. In particular, our work revealed
that MD is a relevant tool to determine which solvent accessible amino acids serve best as
probes for fluorescence anisotropy experiments. Thereby, the number of cysteine variants can
be minimized and possible errors due to mutation are reduced. Additionally, we showed that
pFCS is a well-suited technique in order to complement the results obtained by time-resolved
anisotropy due to its sensitivity for slower processes. In future, we want to apply the here
established approach integrating NMR, fluorescence spectroscopy, and MD simulations to
study protein dynamics on multiple timescales ranging from nano- to milliseconds. Using
enhanced simulation techniques in combination with high performance computing, the
exploration of protein dynamics on the sub-millisecond timescale is in principle possible.
Moreover, we aim to extend our studies of protein dynamics ifnoritro to live cells. For all

three methods pioneering work has demonstrated that they are also applicable itD8ells [
104, extending molecular biology to cell biology or mimicking cellular conditions in case of
MD simulations L07].
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Tables

Table 1A: Species-averaged fluorescence lifetitn& and fluorescence anisotropy decay
parameters according to eqs (17) and (29-31).

; 4 & 2 - fast 2 - slow 2 * global
Residue &fk[ns] Sy, Ins] S sow [ns] S ns]
V4C 5.20 1 0.21 0.63 258 0.35 9.0
E7C 5.53 1 032 060 331 0.21 9.0
K1,C 5.34 1 0.23 066 1.95 0.34 9.0
141C 5.17 1 0.22 047 1.37 0.16 9.0
F<2C 5.69 1 0.25 0.86 4.05 0.66 9.0

G11<C 3.77 1 031 069 412 0.33 9.0
All fit parameters of the detailed time-resolved fluorescence decay analysis are compiled in

Table S2. The decays are plotted in Figure S3B.
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Table 1B: MD decay parameters for side-chain bonds of residues shown in Figure 2
according to eq 17. Decay times need to be scaled by 2.8 for comparison with experimental

data to correct for viscosity effects of the TIP3P water model.

; a # 2 ‘ fast 2 * slow 2 - global
Residue Bond? decays S fast ] S sow [ns] S [gns]
V4 CB-CG1 ; 089 0.0;2 087 059 0.60 2.4
CB-CG2 ; 089 0.095 084 090 0.50 2.8

average 0.55 2.<

E7 CB-CG ; 0.88 0.0<7 0<9 057 0.34 2.0
CG-CD ; 0.88 0.024 0.7< 0.7 0.36 2.4

average 0.35 2.2

K1; CB-CG 2 - - 0.89 0.29 0.49 2.2
CG-CD ; 0.8< 0.211 054 27 0.12 <.2

CD-CE ; 0.82 0.057 0.<2 0. 0.35 2.4

CE-Nz ; 0.77 0.0;7 040 029 0.22 2.<

average 0.30 ;4

R40 CB-CG ; 09; 0.025 088 0.5 0.75 2.5
CG-CD ; 090 0.0,8 082 047 0.61 2.1

CD-NE ; 0.87 0.124 0<5 1<7 0.26 2.8

NE-CZ ; 085 0.028 059 0.7 0.42 1.8

average 0.51 2.

141 CB-CG1 2 - - 0.9; 0.12 0.90 2.9

CB-CG2 ; 0.9; 0.01< 092 019 0.89 o A

average 0.90 ;.0

F62 CB-CG ; 090 0.047 081 052 0.63 2.7
CD1-CE1 ; 0.89 0.022 081 0.8 0.61 2.<
CD2-CE2 0.89 0.014 081 0.4 0.62 2.<

average 0.62 2.<

V114 CB-CG1 2 - - 08< 051 051 1.9
CB-CG2 2 - - 084 054 048 2.0

average 0.50 2.0

Y115 CB-CG ; 095 0.028 0.89 0.< 0.77 2.5
CD1-CE1 ; 0.9; 0.027 0.87 0.< 0.76 2.5

CZ-OH ; 092 0.027 085 0.< 0.74 2.5

CB-CG1 ; 089 0.0;2 087 059 0.60 2.4

average 0.72 2.5

[ The atom name notion corresponds to that used in PDB files.
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Table 1C: NMR decay parameters for selected residues.

2 2

Residue S, ‘Sl Sy, CswlS] §  >.[ns]
E7 - 3 - - 091 0.03
K1: 0.91 ; 0.90 0.85 0.82
R40 0.88 ; 0.87 0.62 0.76
141 0.52 0.04 0.72 2.22 0.37
F<2 0.91 ] 0.94 1.18 0.86
V114 0.78 0.03 0.75 2.50 0.59
Y115 0.74 0.03 0.62 3.14 0.46
G11< 0.75 0.05 0.58 1.90 0.43

Table 2: Summary of global rotational correlation timegepa [ns] &

Method Temperature [°C]

5 15 20 25 26 27 30 35
r(te) [ns] ! 9.2£0.4 g+04
FCS [ns] 697, 67,
NMR [ns][@  16.940.2 12.340.2 9.6+0.1 7.540.1
NMR [ns][® 16.440.2 12.040.2 9.440.2 7.310.1
NMR [ns] [ 14.5 10.6 8.3 6.4
MD [ns] @ 8.3240.59 7.9540.5<
HYDROPRO 14.43 10.03 8.95 7.82 7.61 7.42 6.88 6.11
[ns] M +0.41 +0.29 +0.25 +0.22 +0.22 +0.21 +0.20 =+0.17

[@ Gray filling indicates values extrapolated with the Stokes-Einstein law. The viscosity of the
buffer was approximated by using data for water at different temperailii§s gcaled for
the effect of dissolved salh(= 0.9000 mPa-s for 248 mM NaCl:KCI (ratio 1:1) aqueous
solutions at 25 °C109. ® GABARAP F62C-BFL approx. 50 nM and 0.5 pM unlabeled
GABARAP. The error was determined by repeated measureni@niEhe correction is
outlined in Figure S2AY Fit to an ellipsoid diffusion model (the parameters are compiled in
Tab. S1).[®1 Values extrapolated assuming NMR buffer with 100 %OH Values
extrapolated to low concentration (scaling factor 7.5/8.5 as measured by TESREaN
and standard error from data in Figure 4B, scaled by a factor of 2.80 = 0.04 to account for too
low TIP3P-water viscosity (from8p], interpolated to 300 K)' Average value obtained by
HydroPRO for the PDB IDs 1GNU, 3D32, 1KLV, 1KOT (for individual values see Tab. S4,
here scaled for viscosity of the buffer by a factor 0.90/0.89).
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Chapter 4
Essential Achievements

The research presented in this dissertation exempli es the bet of MD simula-
tions for the interpretation of experimental data obtainedwith diverse methods. It
is demonstrated, how computational and experimental methis can be combined
to build models of macromolecules, complement each other inet description of
their local and global dynamics, and enable the generatiorf tunctional models
and assembly mechanisms of proteins.

In particular, several key achievements provide new insigin the application
potential of molecular dynamics and other computational bichemistry methods.
With the aid of computational biochemistry, in particular MD simulations and
SAXS curve reconstruction, we were able to generate an asseynbbdel for a large
fusion protein dimer from sub-domains of known structure it is in agreement
with available low resolution experimental data. MD simultions and SAXS data
have been proven to valuably complement each other in othergects as well
[10Q.

In the GATE-16 project, multiple X-ray and solution NMR structures could
only indicate a general exibility of the C-terminus. Howevey due to crystal
packing artifacts it was not possible to asses the conformabal polymorphism
of GATE-16@ C-terminus by these methods alone. Substantial sampling the
MD simulations was needed to identify all possible C-termal states. Finally, the
MD data was crucial for the generation of a functional modelfahe C-terminal
dynamics.
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With the aid of MD simulations it was possible to nd evidence fo a theory
of hitherto unexplained biochemical assembly mechanisms dfet IL-6 receptor
complex and provide detailed structural and dynamical evidee.

Finally, the potential of the combination of multiple expermental and com-
putational models to assess protein dynamics was demonsgéa through the de-
scription of the dynamics of GABARAP. The combined theoreticalramework and
approach can be used by many other researchers in the futureoidover, my anal-
ysis tools for the calculation ofS? order parameters for both side chains and N{H
bond vectors have been made available to the public in the sefire MOP S?2 [43.

While MD simulations have become a standard tool to study prein dynam-
ics, | demonstrated how important modern sampling methods arfor the correct
assessment of all conformational states of a protein. The cral step in the ap-
plication of MD simulations is not only the simulation itsef but also the data
analysis, which is often complicated and not straight forwd. Knowledge of the
protein under study, in particular of its functional mechamsms, is very helpful to
extract the relevant information from MD trajectories, which nally enables the
explanation of functional mechanisms from protein structies and their dynamical
behaviour, a demonstrated in this work.
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Chapter 5

Outlook

At present, all-atom MD simulations are ubiquitously emplged to study various
types of molecular systems: from mixtures of small molecslesimulating their
properties under di erent conditions, to biological macrmolecules like proteins,
DNA and RNA in solution and at membrane interfaces. The two majdimitations
MD simulations face are the upper bound on sampling due to thegh computa-
tional demand of simulations with up to several million atora and the de ciencies
of modern force elds.

The size of simulated systems has grown over the past 40 yeamnira few
100 atoms simulated for less than 10 p4(Q1], nally enabling the study of sys-
tems comprising more than 2 million atoms for multiple micrasconds, such as the
translocation of RNA in the ribosome 104 or even 100 million atoms for short
periods of approximately 100 ns to study molecular crowdingeets in the cytosol
[103. Apart from the ability to study larger systems, it is also cucial to simulate
systems for ever longer periods, as many important biologicphenomena happen
on a timescale of microseconds and beyond. Furthermore, stient sampling is
also important for the collection of su cient statistical data to obtain converged
results that do not change with extended simulation time. Tdhis end, enhanced
sampling methods are under development for which it was statically proven that
convergence is achievabld (4. The metadynamics approach speeds up sampling
through a biasing potential applied to carefully selectedatlective variables or reac-
tion coordinates, penalizing the system when visiting alegly su ciently sampled
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states [L0F. Methods are developed to guide the dicult and potentially risky
de nition of collective variables [L0F. Replica exchange methods, as discussed at
length in this thesis (section 2.2.3), increase sampling eiencies through repli-
cated systems, which are heated or whose Hamiltonians are kgad in order to
overcome energy barriers more easily. Markov State ModelgI$Ms) [107] are a
method to characterize all conformational states of a molele and the transition
rates between them. Their main advantage is that MSMs can bemwrstructed from
many short simulations, thereby using the power of distritied computing. The
independent simulations can be preferably started from rams of the conforma-
tional space that have not been su ciently sampled. Statistal methods can be
used to decide which states still lack sampling for reliableesults and to judge
convergence of the simulationsLD4.

The second major problem of MD simulations is the quality of th employed
force elds for biomolecules. The AMBER and CHARMM force eld fanilies
have seen continuously updated parameter sets. While theselg increasingly
better results for folded proteins, yet they often bias sendary structure elements
[108 109. Intrinsically disordered proteins are di cult to study w ith these force
elds, as they overstabilize compact statesl[l(. Especially for protein folding
simulations it is highly desirable to use well balanced foec elds, that predict
the properties of the unfolded and folded states equally agate, in order to re-
liably predict intermediate states of the folding process.Additional limitations
are inherent to the classical force elds used. Electrostiatinteractions are only
accounted for by xed partial charges on each atom. Howeverhé electron dis-
tributions of real atoms are polarizable and in uenced by thdocal electrostatic
environment. This e ect is accounted for in special polarable force elds, like
AMOEBA [111]. However, the improved physical description comes at the ¢ax
higher computational complexity and cost and hence polaable force elds are
not used much at the moment. Finally, di erent protonation states, especially of
histidine residues, are only accounted for implicitly thragh multiple simulations
of di erent xed protonation states, or often not at all. Force elds with variable
protonation states to enable simulations at constant pH ha/been suggested 17,
but are not in widespread use at present.

The investigation and prediction of protein function from heir structure and
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dynamics is an active eld or research. While individual casdsave been studied
in great detail, as exempli ed in this thesis, a general retonship between protein

structure, dynamics and function is yet to be discovered. taresting work on the

dynasome, the collective space of dynamic behaviour of peats, shows correlations
between dynamical properties of proteins and their functio[113 114. However,

no simple interpretations of this relationship have been pposed.

The holy grail of molecular simulation remains in far reachthe computational
descriptions of a whole cell at atomistic level. While unquéshably a goal only
achievable in a distant future, a virtual cell would enable thb investigation of
cellular processes in their entirety.
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Supplementary Methods

Chemicals.If not mentioned otherwise, all chemicals were purchased from Carl Roth GmbH

(Karlsruhe Germany) or Sigma-Aldrich (St. Louis, MO, USA) in highest purity available.

General Molecular Biological techniqueslsolation of recombinant plasmids, gel extraction
of DNA fragments, DNA ligation, and transformation irfio coli strains were carried out

according to standard laboratory protocols

Whole-protein site-saturation scanning mutagenesisA full library containing every
possible single-point amino-acid substitution of BSLA was generated using a statistically
optimized two-stage procedufeThe results of this mutagenesis and a detailed description of

the experimental set up have been described previtusly

Construction of gene fusionsAll plasmids used in this study are shown in Supplementary
Table 1. The CitAP-BsLA gene fusion was constructed by subcloning a synthetic gene
fragment coding for the isolated CitAP domain into a BSLA containing expression vector. The
periplasmic CitA PAS domain (CitAP) DNA fragment was obtained as a synthetic gene
fragment (Eurofins Genomics, Ebersberg, Germany) (pCR2.1-CitAP). The pCR2.1-CitAP
vector was hydrolyzed usifgdd andHindlIl restriction endonucleases. The resulting CitAP
gene fragment was subsequently cloned into a similarly hydrolyzed pET28asis&d
expression vector (pET28a-nLOV-BsLA) which already contained a gene fusion consisting of
the YtvA-LOV gene region and the full-length BsLA encoding génelease note that, by
hydrolyzing pET28a-YLOV-BsLA withNdd and Hindlll, the YtvA-LOV domain encoding
segment is released enabling substitution of the LOV domain encoding gene fragment with

CitAP PAS. Using this strategy a tripartite gene fusion consisting of the CitAP PAS domain
2



(residues 45 to 177 of full-lengthitA), an YtvA J"-linker segment (residues 132 to 147 of
full-length YtvA) and the BsLA encoding gene (residues 1 to 181 of full-length BSLA) was
constructed. Additionally, a cleavage site for the Factor Xa protease was introduced between
the YtvA J" linker and the first amino acid of the BsLA domain (amino acid sequence:
IEGRE). Before heterologous expression, all constructs were verified by sequencing (SeqgLab
GmbH, Goéttingen, Germany). Additionally, all gene fusions contained an expression vector
derived N-terminal His6-Tag (amino acid sequence: MGSSHHHHHHSSGLVPRGSH) to
enable the easy purification of the recombinant protein fiEorsoli by immobilized metal

affinity chromatography (IMAC).

Bacterial strains and plasmids.All strains and plasmids used in this study are listed in
Supplementary Table 1. All strains were grown either in Luria-Bertani (LB) broth (Carl
Roth®, Arlesheim, Switzerland) or in autoinduction (Al) media (adapted from Studier et al.
2005 for heterologous production of recombinant proteins. In brief, Al medium contained 15
g/L casein hydrolysate, 0.5 g/L glucose, 30 g/L yeast extract and 6,25 g/togipcd00 mM
potassium phosphate buffer pH 7 and 2 g/L lactose added for induction. Glucose and lactose
solutions were autoclaved separately as stock solutions (50 g/L glucose, 20 g/L lactose) and
mixed with the rest of the medium immediately before use. For maintenance of plasmids 50
pug/ml kanamycin was added to all media. CitAP-BsLA and wild-type BsSLA were ssgule

in E. coli BL21(DE3) by using an overnight seed culture grown in LB medium (37 °C, 120
rpm) to inoculate 1 L of Al medium in 5 L Erlenmeyer flasks to ansdaa of 0.05. The
cultures were grown at 37 °C for 2 hours at constant agitation (120 rpm) and then shifted to

15 °C and grown for another 72 hours.

Protein purification. CitAP-BsLA and wild-type BsLA were produced i coli BL21(DE3)

as described above. The cell pellet (5 g cells, wet weight) was dissolved in 25 ml lysis buff
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(50 mM sodium phosphate buffer pH 8, supplemented with 300 mM NaCl and 10 mM
imidazole). Cells were lysed by passing the cell-suspension 3-times through a chilled French
Pressure Cell (ThermoScientific, Waltham, USA) at a constant pressure of 1100 bar. The
soluble fraction was separated from cell debris by centrifugation for 20 minutes at 38465 x g
at 4 °C. The lysate was purified by immobilized metal affinity chromatography @sing
Superflow Ni-NTA resin (QIAGEN, Hilden, Germany). All purification steps were carried
out at room-temperature employing an AKTApurifier FPLC system (GE Healthcare,
Buckinghamshire, UK) fitted with a XK16/20 column. The column was equilibrated with
lysis buffer. The crude cell-free extracts were loaded using a 50 ml Sup&l¢GE
Healthcare, Buckinghamshire, UK) and unspecifically bound proteins were removed by
washing the column with 50 mM sodium phosphate buffer pH 8, supplemented with 300 mM
NaCl and 20 mM imidazole. Elution of the His6-tagged target proteins was performed in 50
mM sodium phosphate buffer pH 8, supplemented with 300 mM NaCl and 250 mM
imidazole. The purity of the eluted fractions was evaluated densitometrically by SDS-PAGE.
Pure fractions were pooled and the buffer was exchanged to 10 mM Glycin pH 10
supplemented with 10 mM NacCl using a Sephdde®25 (GE Healthcare, Buckinghamshire,

UK) column. Desalted protein samples were concentrated using either Vivaspin20 (Sartorius,
Gottingen, Germany) centrifugal concentrators or Vivacell (Sartorius, Géttingen, Germany)
pressure cells employing a molecular weight cutoff of 10.000 Da. Concentrated samples were
frozen in liquid nitrogen and stored at -20 °C until further use. For analytical
ultracentrifugation (AUC) and small angle X-ray scattering (SAXS) analyses, CitAP-BsLA
was further purified by preparative size-exclusion chromatography (SEC) by émgpky
SuperdeX” HR 10/30 column (GE Healthcare, Buckimhamshire, UK) and an AKTApurifier
FPLC system at a constant flow-rate of 0.75 ml/min in 10 mM glycine buffer pH 10

supplemented with 10 mM NacCl.



Molecular dynamics (MD) simulations. All starting models (generated as described in the
main manuscript) were energy minimized, equilibrated and subjected to 100 ns molecular
dynamic (MD) simulations using Gromacs 5.0Simulations were performed in the NTP
ensemble at a temperature of 298 K and a pressure of 1 bar. The amber99sb-ildn-NMR forc
field * was used with the TIP3P water moflelnd sodium and chloride ions were added to
neutralize the system and mimic a salt concentration of 10 mM. Force field parameters for
citrate were taken from the general amber force field (GARE)ng the program acpypé
Long-range electrostatics were treated with the PME algorithi8hort range electrostatic

and van der Waals interactions were computed up to a cut-off of 1.2 nm. Teétlredime

step length to 5 fs, virtual sites were introduced for all hydrodfenss this cannot be done
automatically for citrate, the simulations containing citrate did not use virtual sites and a time

step of 2 fs was used instead. ! values were computed every 200 ps.



Supplementary Table 1.Bacterial strains and plasmids used in this study.

Bacterial strain Relevant genotype Reference
i ; F— #80lacZ$M15 $(lacZYA-argF) U169
ESC}‘]'erIChIa coll recAl endAl hscR17 (-, mk*) gal phoA Invitrogen
DHS5 SUEE44 %thi 1 gyrA96 relAl
A ; F— ompT gal decm lonhsd Sg(rg™, ng")
gigg?gggl)a coll ‘r’{ci)r(:ZS)]l)Eahcl lacUV5-T7 gene lindl sanv Invitrogen
Plasmid name Relevant features Reference
pET28a Km®, P17, N-terminal His-taglacl Novagen
pET28a-CitAP-BSLA pET28a derivativeP,>CitAP-BSLA this work
pET28a-BsLA pET28a derivativePr>BsLA this work

PET22-BsLA

pPET22b derivativeP;>BsLA
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Evolutionary coupling analysis of BSLA

To further validate the evolutionary-coupling analyses presented in the main manuscript, a
more restricted search was conducted, restricting the number of aligned sequences to 20.000,
which marginally increased the alignment coverage from 168 (unrestrained run) to 176 out of
181 residues of BsLA. While the magnitude of the observed EC values differs between the
two computations, the overall distribution of coupled residues remained largely the same

(Supplementary Figure 1).

A B

D133 D133

H156
S77 S71

H156

N

Supplementary Figure 1: Comparison of evolutionary-coupling analyses for a more
restricted run (A) and site-saturation scanning mutagenesis data (B) mapped onto the X-ray
structure of BsSLA. Evolutionary coupled residues were inferred from a multiple sequence
alignment containing 20.000 sequences (E-value cut-off 10E-3) using the EVcoupling
webserver \ww.evfold.org. The obtained EC scores were mapped onto the X-ray structure
of BSLA (PDB Entry: 116W)**. The magnitude of the obtained EC scores is color coded (low
values in yellow; high values in red). Additionally EC scores are encoded by sausage
thickness representing the magnitude of the EC score. The number of inactive BSLA variants
per residue was obtained from comprehensive whole protein site-saturation mutagenesis data
(B) and mapped onto the BsSLA X-ray structure. The fraction of inactive variants is encoded
by color (blue: low values; red high values) and sausage thickness. The N- and C-terminus of
BsLA are marked accordingly. The residues of the catalytic triad, Ser77, Asp133 and His156
are shown as sticks with oxygen in red, carbon in grey and nitrogen atoms in blue.




Supplementary Figure 2:Heatmap of inactive BSLA variants (red = inactive, green =active),
Positions are indicated numerically and the substitutions by their amino acid abbreviation.
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Supplementary Figure 3: Tryptophan fluorescence of CitAP-BsLA (A) and wild-tyBsLA

(B). Protein samples, diluted to 3 uM in 10 mM glycine buffer pH 10 supplemented with 10
mM NaCl, were excited at 295 nm. All fluorescence emission spectra were regorithed
presence (red line) and absence (blue line) of 1 mM sodium citrate.



Supplementary Figure 4:Exemplary sedimentation velocity analysis of 0.5 mg/mL CitAP-
BsLA solutions with (A and C) and without citrate (B and D), respectively, using absorbance
detection. (A and B) The top panels show raw data (circles) and best fits (lines). For clarity,
only every second scan of the data set is shown. The bottom panels display best fit residuals
of the plotted scans. (C and D) The conventional sedimentation coefficient distributions c(s)
are shown as black solid lines. In a secondary analysis "fe)ddistributions based on the

prior expectation that each protein sample exclusively features monodisperse species are
shown as red (with citrate) and blue lines (without citrate), respectively. The relative
abundances of monomers and dimers are derived fron{ff{s)istributions.
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Supplementary Figure 5:SAXS data obtained for CitAP-BsLA. A) Scattering curves at low
concentration (mainly monomer) and at B) high concentration (mainly dimer) with citrate (red
line) and without citrate (blue line). (C) Distance distribution function P(r) derived from
scattering data of CitAP-BsLA at 0.5 mg/ml and at 5.0 mg/ml. The P(r) function was derived
from scattering data of samples of the indicated concentration with citrate (red line) and
without citrate (blue line) by using the program DATGNOM of the ATSAS package

11



Computational modelling and molecular dynamics simulations of the CitAP-BsSLA
complex

Initial monomer models were obtained from SAXS data at low concentration (0.5 mg/ml)
where CitAP-BsLA is predominately monomeric. Monomer models were built using the
program BUNCH of the ATSAS packagdgemploying chain A of the citrate-bound CitAP-
PAS structure (PDB-ID: 2J8Gf and the monomeric BsLA structure (PDB-ID: 116W)in

the g-range from 0.01 up to 0.15%or the citrate saturated and 0.017 up to 0.5k the

citrate free solution. The constructed BUNCH models gave a good fit to the SAXS data with
c=1.06 for the citrate saturated aod1.12 for the citrate free protein solution. TRgand

Dmax Of the citrate-saturated model are 2.80 nm and 9.49 nm, and for the citrate free model
3.03 nm and 10.5 nm, respectively, which is in agreement with the measured experimental
values. A dimeric assembly was subsequently generated by superimposing the BUNCH-
derived monomer model onto the dimeric citrate-bound CitAP-PAS structure (PDB-ID 2J80)
resulting in the model Ml.-.i.. To derive a model with a citrate-free CitAP-PAS conformation,

we had to employ a CitAP-PAS structure which shows an open citrate-binding site.
Unfortunately, the available citrate-free structure of CitAP-PAS (PDB-ID: 2V/§A)acks
electron density in the surface exposed major loop (residues 68 to 89 of CitAP-PAS) of the
citrate-binding site'®, which was previously interpreted as increased flexibility of the
respective loops, which are directly involved, and hence stabilized by binding ¢é titra
Therefore, to obtain an all-atom model of citrate-free CitAP-PAS we used the closed (citrate-
bound) CitAP-PAS structure (PDB-ID: 2J80), removed the citrate and performed a 100 ns
MD simulation. During the simulation, the major loop of the CitAP-PAS domain shows
increased mobility i.e. manifested as an increased RMSD over the trajectory (Supplementa
Figure 6a). Moreover, the CitAP-PAS domain opens up and reaches a stable conformation
with an open lid (minor loop movement) (see Figure 6a and Supplementary Figure 6), thus
corroborating previous NMR and X-ray crystallographic studies of CitAP-¥*AS contrast,

the citrate-bound structure did not undergo any major structural rearrangements
(Supplementary Figure 6). The lid of the corresponding open (citrate-free) Ea&SRnodel

was subsequently transferred to the.M: model resulting in My.fee IN addition, a set of

two dimer models was generated using the corresponding CitAP-BSLA monomer models,
assembling them using the program SASREFwhich models oligomer complexes by
optimizing the subunit orientation against experimental SAXS data, and then generating the
open form of the CitAP-PAS domain as outlined above. This resulted in the moggls:M

and Mgh-iree respectively.

12



Supplementary Table 2:Summary of the model-building strategy

Model Protein Dimer/Monomer Citrate Citrate binding Rigid body fit
name concentration ratio (SAXS) concentration pocket program

M high-cit high (5 mg/ml) 95:5 1 mM bound/closed SASREF + BUNCH
Mhigh-free high (5 mg/ml) 98:2 0 free/open SASREF + BUNCH
M ow-cit low (0.5 mg/ml) 14:86 1 mM bound/closed BUNCH

M ow-free low (0.5 mg/ml) 27:73 0 free/open BUNCH

13



Supplementary Figure 6:(a) C RMSD of the CitAP PAS major loop (residues 68 to 89)
and(b) minor loop (lid, residues 99-104) with respect to the mean positions during the citrate-
bound (i.e. closed conformation) MD simulation. The trajectories were fitted to the closed
crystal structure by minimizing the (RMSD of residues 12 to 94 and 109 to 128 (i.e.

omitting residues in the opening lid and at the termini).
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Supplementary Figure 7:Structural changes during the MD simulations of the models of the
fusion protein dimer. The proteins are shown as ribbons and the colors represent structures at

different times, changing from red at t = 0 ns to blue at t= 100 ns.
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Supplementary Figure 8Time evolution of ! during the MD simulations of the four fusion
protein models. Deviation between the models and experimental data measured at high citrate
concentration (blue) and without citrate (red) are showshduld be noted that ! and not !2
is presented as for the models in{d}) !2 can become large (> 100), making it difficult to

present the results for all four models on the same scale.
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Supplementary Figure 9: Models of the fusion protein dimer at the end of the MD
simulations. The proteins are represented in cartoon style with chain A being colored red
(BsLA) and orange (CitAP), chain B is shown in blue (BsLA) and cyan (CitAP), and the
linker and His-tag are colored gray in both chains. The BsLA residues forming the catalytic
triad residues are represented as yellow van der Waals (vdW) surface, while in the models
with citrate the ligand is shown as purple vdW surface.
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Triton-X100 dependency of the citrate-dependent activity response of CitAP-BsLA an
wild type BsSLA

Supplementary Figure 10: Triton-X100 dependency of the citrate-dependent activity
response of CitAP-BsLA (red line) and wild type BsLA (blue line). The data was npeaali

to the maximal acitivity response of CitAP-BsLA. Lipolytic activity was measured ysing
nitrophenylbutyrate as substrate. Error bars depict the standard deviation of the mean derived

from three independent measurements.
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Proteolytic stability of purified CitAP-BsLA during long-term storage and citrate-
dependent lipolytic activity of long-term stored CitAP-BSLA samples

Supplementary Figure 11:Sequence of the fusion protein (a) and SDS-PAGE analysis of the
proteolytic stability of purified CitAP-BsLA during long-term storage. In (a) the amimb ac
sequence of the CitAP-BsLA fusion protein is shown. The CitAP-PAS domain is marked in
blue and the BsLA domain is highlighted in orange. The first and last amino acids are
labelled, as is the position of the Factor Xa protease cleavage site (recognition sequence
IEGRE). The panels (b-e) illustrate the proteolytic stability of the purified fusion protein
under different storage conditions. Samples were either purified by immobilized metal ion
affinity chromatography (IMAC) or IMAC followed by preparative size exclusion
chromatography SEC) (b) IMAC purified CitAP-BsLA stored at 4 °C. (c) IMAC and SEC
purified CitAP-BsLA stored at 4 °C. (d) IMAC purified CitAP-BsLA stored at 20 °C. (e)
IMAC and SEC purified CitAP-BsLA stored at 20 °C.
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In order to address the storage stability of purified CitAP-BsLA, we stored purified samples
for 7 days under different conditions. Samples purified by immobilized metal ion affinity
chromatography (IMAC) or samples purified by IMAC and preparative size-exclusion
chromatography (SEC) were stored at either 20 °C or 4 °C. At defined time intervals a sample

was withdrawn and analysed by SDS-PAGE (Supplementary Figure 11, b-e).

When the purified protein is stored at 20 °C, an additional lower molecular weight band
(approx. 20 kDa) appears in SDS-PAGE analyses after about 4 days, which is acedmpani
by the reduction of the band corresponding to the fusion protein (approx. 38 kDa)
(Supplementary Figure 11d). The effect is largely absent when the protein is stored at 4 °C
(Supplementary Figure 11a and b) and is less pronounced when the IMAC purified protein
preparation is further purified by preparative size-exclusion chromatography (Supplementary
Figure 11c and e). This suggests that during prolonged storage the purified CitAP-BSLA is
most likely proteolytically cleavaged by a co-purified protease of the host used for
heterologous expression. The resulting 20 kDa band can be assigned to a mixture of the
CitAP-PAS domain and the BsLA domain, proteolytically cleaved in the linker region that
contains a Factor Xa protease recognition site (Supplementary Figure 11a, sequence position
approx. 174, sequence: IEGRE). A sample stored at 20 °C for up to 9 days still shows
lipolytic activity indicating that the BSLA domain is structurally intact.

Thus, in a preparation, e.g. stored for an extended period at 20 °C, the BsLA and CitAP-PAS
domain will to a large degree not be covalently linked anymore, which should abolish the
signal-relay between the CitAP-PAS domain and the BsLA domain thereby abolishing the
functional citrate-dependent response. To address this issue, the lipolytic activity in the
presence and absence of 1 mM citrate of a sample stored for 0, 4 and 9 days ate20 °C
determined (Supplementary Figure 12). While the initial sample shows a pronounced citrate
dependent response and only one band in the corresponding SDS-PAGE analysis (see upper
panel of Supplementary Figure 12), the sample stored for 4 days at 20 °C shows a defined
band at a lower molecular weight (20 kDa) and correspondingly attenuated citrate-
dependency. After 9 days, the band corresponding to the fusion protein (38 kDa) has nearly
disappeared and a well pronounced band at around 20 kDa is visible in the corresponding
SDS-PAGE analysis. The corresponding sample does not show any detectable citrate

dependency.

20



Supplementary Figure 12:Citrate-dependent activity response of an IMAC purified CitAP-
BsLA sample stored for up to 9 days at 20 °C. The upper panel shows the SDS-PAGE
analysis carried out using CitAP-BSLA samples stored for 0, 4 and 9 days. For afdyity

the region showing the bands of the fusion protein (38 kDa) and of the proteolysis product (20
kDa) are shown. The lower panel shows the lipolytic activity of the same samples determined
in either the presence (orange bars) or absence (white bars) of citrate. Lipctyity was
measured using-nitrophenylbutyrate as substrate. Error bars depict the standard deviation of
the mean derived from three independent measurements.
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Deconvolution of Far-UV CD spectra of CitAP-BSLA

The results of the deconvolution of CD spectra using the Convex-Constraint-Analysis Tool
CCA+ " employing five pure secondary structural componentse{ix, random coil, parallel

' -sheet, antparallel '-sheet and ‘turn)'®*°

are presented in Supplementary Table 3. A direct
comparison to the secondary structure content derived from the X-ray structures of the
constituting parts (CitAP and BsLA) of the fusion protein is shown in Supplementary Table 4.
The addition of Triton X100 (TX100) does not have a significant impact on the folding and
secondary structure of CitAP-BsLA (Supplementary Table 3). Moreover, the secondary
structural composition derived from the CD spectrum of CitAP-BsSLA agrees very well with
the theoretical secondary structure content derived from the X-ray structures of the
components, which suggests that all structural domains of the fusion protein are well folded

and functional.

Supplementary Table 3.Convex Constraint Analysis (CCA) Deconvolution of CitAP-BSLA
far-UV CD data.

- -
CitA-BSLA -helix ' -sheet !_sheet Turn and random coll
parallel antiparallel other
% secondary structure (number of amino acids)
- citrate 36.3 (129) 11.3 (40) 16.1 (57) 23.8 (85) 12.5 (45)
+ citrate 35.5 (126) 11.3 (40) 17.4 (62) 23.2 (83) 12.6 (45)
+ citrate + TX100 35.9 (128) 13.4 (47) 15.7 (56) 24.6 (88) 10.4 (37)
associated error (%) 0.021 0.002 0.004 0.009 0.002

Supplementary Table 4.Comparison of the CD predicted secondary structure content and
the secondary structure content derived from DSSP analysis of CitAP-BSLA component

structures.
PDB ID N_umbef -helix | -sheet Turn, random$coil and
amino acids other
number of amino acids with given secondary structure

Hise-tag® 20 - - 20
DSSP CitA 2380 129 51 47 31
Linker® 2J80; 2PR5 21 21 - -
DSSP BSLA 1ISP 179 56 38 85
Sum: 349 128 85 136
CD CitA-BSLA 356 129 97 130

% includes all potential other secondary structure elements suchl@sh8lices, *hairpins etc theoretical secondary
structure of the N-terminal 20 amino acid His6-tigThe theoretical secondary structure composition was derived for the
corresponding structural segments of the CitAP X-ray structure (2J8@hendrresponding YtvA X-ray structure (2PR5).

22



Supplementary References

1

2

10

11

12

13

14

15

16

17

18

19

Green, M. R., Sambrook, J. & SambrookMalecular cloning : a laboratory manua#th

edn, (Cold Spring Harbor Laboratory Press, 2012).

Nov, Y., Fulton, A. & Jaeger, K. E. Optimal Scanning of All Single-Point Mutants of a
Protein.J Comput BioR0, 990-997, doi:10.1089/cmb.2013.0026 (2013).

Fulton, A.et al. Exploring the Protein Stability Landscape: Bacillus subtilis Lipasas a
Model for Detergent ToleranceChembiocheml6, 930-936, doi:10.1002/cbic.201402664
(2015).

Rahmen, Net al. Exchange of single amino acids at different positions of a recombinant
protein affects metabolic burden in Escherichia cMicrob Cell Fact 14, doi:ARTN
1010.1186/s12934-015-0191-y (2015).

Studier, F. W. Protein production by auto-induction in high-density shaking cuRuodsin
Expres Purif41, 207-234, doi:10.1016/j.pep.2005.01.016 (2005).

Abraham, M. Jet al. GROMACS: High performance molecular simulations through multi-
level parallelism from laptops to supercomput&aitwareX1-2, 19-25 (2015).

Li, D. W. & Bruschweiler, R. NMR-based protein potentiddiagewandte Chemié9, 6778-
6780, doi:10.1002/anie.201001898 (2010).

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison
of Simple Potential Functions for Simulating Liquid Wate€Chem Phyg9, 926-935, doi:Doi
10.1063/1.445869 (1983).

Wang, J., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A. Development and
testing of a general amber force fieltburnal of computational chemists, 1157-1174,
doi:10.1002/jcc.20035 (2004).

Sousa da Silva, A. W. & Vranken, W. F. ACPYPE - AnteChamber PYthon Parser interfacE.
BMC research notes, 367, doi:10.1186/1756-0500-5-367 (2012).

Darden, T., York, D. & Pedersen, L. Particle Mesh Ewald - an N.Log(N) Method fod Ewal
Sums in Large System$.Chem Phy88, 10089-10092, doi:Doi 10.1063/1.464397 (1993).
Feenstra, K. A., Hess, B. & Berendsen, H. J. C. Improving efficiency of langestale
molecular dynamics simulations of hydrogen-rich systedwsurnal of computational
chemistry20, 786-798 (1999).

Eggert, TDie lipolytischen Enzyme LipA und LipB von Bacillus subtilis: @ktarisierung

und Optimierung mit gerichteter EvolutionUniversitdt Bochum, (2001).

van Pouderoyen, G., Eggert, T., Jaeger, K. E. & Dijkstra, B. W. The crystal troftu
Bacillus subtilis lipase: a minimal alpha/beta hydrolase fold enzyrivol Biol 309, 215-226
(2001).

Petoukhov, M. Vet al. New developments in the ATSAS program package for small-angle
scattering data analysid. Appl Crystallogr45, 342-350, doi:10.1107/S0021889812007662
(2012).

Sewvana, Met al. A ligand-induced switch in the periplasmic domain of sensor histidine
kinase CitA.J Mol Biol 377, 512-523, do0i:10.1016/j.jmb.2008.01.024 (2008).

Perczel, A., Hollosi, M., Tusnady, G. & Fasman, G. D. Convex constraint analysis: a natural
deconvolution of circular dichroism curves of proteif®gotein engineeringd, 669-679
(1991).

Buttani, V.et al. Conformational analysis of the blue-light sensing protein Ytvieats a
competitive interface for LOV-LOV dimerization and interdomain interactidPsotoch
Photobio Scb, 41-49, doi:10.1039/b610375h (2007).

Rani, Ret al. Conservation of dark recovery kinetic parameters and structural featdhes in
pseudomonadaceae "short" light, oxygen, voltage (LOV) protein family: implhsator the
design of LOV-based optogenetic tools.Biochemistry-Us 52~ 4460-4473,
doi:10.1021/bi400311r (2013).

23



6.2 Appendix B: Supporting Information {
Conformational Polymorphism in Autophagy-
Related Protein GATE-16

194



Ma et al.,

Conformational polymorphism in the autophagy-related protein GATE-16

Supporting Information

Figure S1.Assigned'H-"N-TROSY HSQC spectrum of GATE-16. Assignment details

are available in the Biological Magnetic Resonance Data Banky (E8827).



Figure S2. 'H-'>"N-TROSY HSQC spectra of non-lipidatédN-labeled GABARAP

* &0l EOXH DQGPNOI$UIBBHHGE &0/ DWWDFKHG W
QDQRGLVFV SXUSOH ILSLGDWLRQ ZDr¥aciMe KantpduHdc E\ FR XS
DPPE-MBP (1,2-dipalmitoysnglycero-3-phosphoethanolamine-N-[4-(p-maleimido-

phenyl) butyramide]).



Figure S3. Histograms for the number of contacts of (A) the side chairhell 5 and

% WKH VLGH FKDLQ RI 3KH ZLWK WKH K\GQUFOSKRELF J
3KH DQG WKH DOLSKDWLF SROGWVLW Q LEIXW\WL R Qatd&H WLAHWH QW
RI 3KH DQG DQ\ RI WKH 7US DWRPV "WKNWDQWRPGRY W L
OHW DQG WKH FORVHVW RI WKH WZR FDDEWR[DWH R[\JHQ
ZHUH XVHG IRU WKH GHILQLWLRQ RR WRMNVAJHW MWKLHD VW WK

sampled in the target replica of the HREMD simulation. @ineoff values are indicated

by dashed green lines.



Figure S4.Representative structures for states 5 to 12 (panels A ¢btEined from the

HREMD simulation. Most residues of GATE- DUH VKRZQ LQ VXUIDFH UHSUHYV
hydrophobic residues being highlighted in orange. Residues Mp8L-dmnd Gly111-

Phell7 areshoQ L Q F &nd iveRCR&minus is coloredHOORZ 7KH VLGH FKDLQV
residues of particular interest (Metl, Phell5, Phell7Y&eRZQ H[SOLFLWO\



Figure S5. &. URBaWVTXDUH IOXFWXDWLRQV 506)V IRU 0' VL

Amber99SB-, /'1 D QCBARMM27. RMSF values for Amber99SB/'1 KDYH EHHQ
averaged over the 29 20-ns MD runs. For CHARMM27, the threeQ80-0' UXQV ZHUH

first divided into subtrajectories of 20 ns length, yielding 3Qrsjdctories. The RMSF

YDOXHV ZHUH GHWHUPLQHG IRU HD¥FKHWYXEWRDAMH V¥V WRW U DAK

ZHUH VXSHULPSRVHG cter® ofwheHsulhti@jediérty Droquestibb, Xand the
RMSFs then averaged over the 30 subtrajectories. Error bacateddne standard

For Amber99SB-/'1 W Kstdndard deviations are greater than for

deviation.
DV WKH VWDUWLQJ VWUXFWXUZHVYVHRNMDWKRBVIHUR POW'

&+$500
preceding HREMD simulation. Thus the structures are more dittemgan the three MD

VLPXODWLRQV ZLWK &+ $50 OtiatedZrdrn Fh sZriklemistBl StQctur®. L



FigureSG.ComparisonoféYDOXH HVWLPDWHYV FRPSXWHG IURP 0' VL
Amber99SB-,/'1 DQG &+$500 IRUFH ILHOGV )RU &+6B%500 WKH
0' UXQV ZHUH GLYLGHG LQWR V XahdtiDdwalresvcaltulatéy R | QV
from those and subsequently averaged. The calculatioff fufr mber99SB-/'1 LV
H[SODLQHG LQ WKH PDLQ WH[W 7K HQHEDUR3 GEHDYILVD WELRDF NR |
S values obtained for Amber99SpB-' 1



Figure S7. Conformational fluctuations obtained in the course of three 200-ns MD
simulations (corresponding to panels A, B and C) of GATEZLWK &+$500 7KH
GLDJUDPV RQ WKH OHIW VKRZ WKH PUBQPRP (GHW WDQG HVKH
FDUER[\ODWHPHI1J tbRe/leftyo[LY DV ZHOO DV WKH QXPEHU R
3KH UHG DQG 3KH J U H HéphoB godveZ (HightKD\WMWhe K\ G U
SLFWXUHV RQ WKH ULJKW VKRZ UHSURWHRQ@W DTH]WH FRRW B X
correspond to the colors in the plots to the left; in the surface represestaydrophobic

residues are highlighted in orange; the/CHUPLQXV LV VKRZQ LQ \HOORZ
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Table S1 Parameters Used in the MD Simulations.

property apo hlL-6 hIL-6R . apo vIL-6
# atoms 34 204 73 683 40 684

# water molecules 10 404 22 410 12 536

# Na ions 41 89 52

# Cl ions 41 89 50

mean volume [nﬁja 339.2+1.0 731.7+15 4049+1.1
min. protein distance ti 221 174 216

its periodic image [nm]

4 Mean values provided with one standard deviation.
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Table S2 Comparison of Root Mean Square Deviations (RMSD) of Chemicalt Shif

Predictors.

atom SHIFTX2 vs. SHFTX2 vs. SPARTA+ vs.
type SPARTA+? hiL-6 exp.” hiL-6 exp.°

0.37 1.12 1.12
C 0.32 1.37 1.39
0.95 2.22 2.10
HN 0.14 0.39 0.38

# RMSD of both predictions for hiL-6 MD simulations.
Y RMSD of SHIFTX2 predictions to hiL-6 experimental values.
“RMSD of SPARTA+ predictions to hIL-6 experimental values.

S3



Conserved (*): 41 residues, 24.7%
Strongly similar (:): 48 residues, 28.9%, cumulative: 53.6%

Weakly similar (.): 21 residues, 12.7%, cumulative: 66.3%

Figure S1.Sequence alignment of human and viral IL-6. The numbering is lmasédl-6
(PDB ID: 1IL6). Helices are indicated above the alignmessi@es of site Illa are marked
with cyan above (human) and below (viral) the alignment. Conservetlessare marked
with **', strongly similar residues with *’, and weakly simraesidues with *.". Hydrophobic
amino acids are colored black, hydrophilic green, positivelygetbblue, negatively charged
red and cysteines with a yellow background. Sequence alignmentewfasned by Clustal

Omega (1.2.1).
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Figure S2. The three IL-6 subsites (orange) of binding site Illa. Theciaf exchange at
sequence position 105 of hiL-6 (A) and vIL-6 (B) is shown asck stiodel, along with

residues that are strongly affected by the amino acid exchange.

S5



Figure S3. Structural alignment of hiL-6 (blue, PDB ID: 1IL6) and viL-6d, PDB ID:

111R). Superposition of the structures was performed by mimmihe backbone RMSD of
all common helix residues. The helix annotation corresponds to Fijufhe backbone
RMSD for helices is 1.76 A and 4.65 A for the loops. (A) Side viethefsuperposition and

(B) rotation of the molecule by 90° around the horizontal axis.
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Figure S4.(A) Backbone C' chemical shifts measured by NMR (red dratepand predicted
with SHIFTX2 using the MD simulations data (blue bars). Therebars represent one
standard deviation over all simulation time steps. RMSD denotesotitemean square
deviation of predicted and experimental shifts. (B) Deviation efligsted and experimental
shifts per residue. Twenty evenly spaced bins between thienom and maximum values

were chosen. The positions of tirdelices are indicated at the top.
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Figure S5.(A) Backbone N chemical shifts measured by NMR (red diamond$peedicted

with SHIFTX2 using the MD simulations data (blue bars). The ebams represent one
standard deviation over all simulation time steps. RMSD denotesotitemean square
deviation of predicted and experimental shifts. (B) Deviation efligsted and experimental
shifts per residue. Twenty evenly spaced bins between thenommiand maximum values

were chosen. The positions of tirdelices are indicated at the top.
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Figure S6. (A) Backbone K chemical shifts measured by NMR (red diamonds) and
predicted with SHIFTX2 using the MD simulations data (blue bansg error bars represent
one standard deviation over all simulation time steps. RMSD dera®dt mean square
deviation of predicted and experimental shifts. (B) Deviation efligsted and experimental
shifts per residue. Twenty evenly spaced bins between thienom and maximum values

were chosen. The positions of tirdelices are indicated at the top.
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Figure S7. S order parameters of backbone amide groups derived from MiDlations
(bars) and®N NMR relaxation data (symbols). The positions of tHeelices are indicated at

the top.
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Figure S8.Binding interface | of hiL-6 (yellow cartoon) and the IL-6RD Q D O RBigixeV W R

7. The predominant position of Lys55 during the IL-6RERXQG 0' VLPXODWLRQ LV
blue ball and stick representation, and 100 evenly distributed cortfonmaver the 1B

simulation of apo hIL-6 in cyan stick representation. 1b-. L Q W HIU &bdFIH \are

indicated, and shown in surface representation.
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Figure S9. Front view (in accordance with the upper rowHRigure 3) of IL-6 (yellow
cartoon) and the D1 domain of gpl30 (gray cartoon). (A) The black squdicates the
viewpoint of this figure. Superimposed on the receptor bound trgstacture are

distributions of conformations of Lys55 (cyan stick representatianels B and C), and

S12



Glu56 and Glu60 (red stick representation, panels D and E). Conformé&iwonshe apo

state MD simulation are on the left (panels B and D) and confansafrom the IL-6R

bound state on the right (panels C and E). The IL-6RLQGLQJ LQWHUIDFH LV VKF
surface representation. Positively charged sidechains of the ggpdéfior are shown in blue

ball and stick representation, and annotated in red in panel C only.
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Figure S10.Side view after a 90° rotation around the axis of the four-helix buwidte
respect taFigure S9 (A) The black square indicates the viewpoint of this figurdoeliag

and representations in (B) are the same as igure S9
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Figure S11.Top view on site llla from the perspective of gp130-D1 showingstime
residues agigure S9and analogous to the bottom rowhigure 3. (A) The black square
indicates the viewpoint of this figure. Labeling and represemstn (B E) are the same as

in Figure S9
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Figure S12.IL-6 binding interfaces with gp130-D1 for hIL-6. (A) Shows theegtor bound
crystal structure, (B) the structure of apo IL-6, and M@K H V W U Xrecaprot)bbumid]
Residues of hlL-6 that interact with receptors are showndk stpresentation and annotated
with black text, and residues of gp130-D1 are shown in (A) in ballstiokl representation
and annotated with blue text. Hydrophobic residues and residues ihalMgnding the
gp130 N-terminus are displayed as surface representation. Resldueoding: basic (blue),
acidic (red), hydrophilic uncharged (green), and hydrophajary]. The conserved cysteine
bridge between residues 45 and 51 is shown in yellow and the backlsaheeseof helix A
in IL-6 are color coded by element: carbon (cyan), oxygen (fHm. orientations in this
figure show site llla from the perspective of gp130-D1 Ylaftd site | from the perspective

of IL-6R . (right), corresponding to the bottom and top panekigdre 3, respectively.

S17



Figure S13.IL-6 binding interfaces with gp130-D1 for vIL-6. (A) Shows theeapior bound

crystal structure and (b) the apo state. Color coding correspofasite S12
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Supplementary Information

1. Fitting procedure of NMR translational diffusion data

The NMR translational diffusion data was fitted using MATLAB 2014a, The MathWorks,
Natick, 2014. First, the signal intensity’sf methyl resonances of GABARAP was integrated
from 0.27 to 1.05 ppm for every gradient strength and fitted by a nonlinear 2 parameter fit

according to

Lot (G ) = 1oy (0) € o (S1)

in order to determine the reference intensiyn}(0) and the relative translational diffusion
coefficient dabarap0f GABARAP. Afterwards, the integrated signal intensities of the reference
molecule dioxane were determined from 3.753 to 3.763 ppmuaRedD), lyabaraf0) as well

as the relative diffusion coefficientigkanewere determined by a nonlinear 3 parameter fit

using the following equation:

| = (0) @ o O 4 (0) g ‘o O (S2)

The diffusion coefficient D is related to the solvent viscosignd the hydrodynamic radius

ry of the molecule according to the Stokes-Einstein[[gw

where lg is the Boltzmann coefficient. Therefore the hydrodynamic radius of GABARAP is
described by

dioxane
h,gabarap h,dioxane

d gabarap (84)

where R dgioxandS assumed to be 2.22[2].

The diffusion coefficient D can furthermore be determined from the following equations

dioxane

-
gla’®d - 367, (S5a)

e 3g

gabarap

gabarap

g7a"(® - a)p G

gabarap 2

- (S5h)



for the PG-SLED experiment with individual rectangular (S5a) or bipolar (S5b) pulses, where
Gmaxis the maximum gradient strength in T/cohis the gradient time, anD is the time

separation between the leading edges of the two diffusion pulsed gradients.

2. Calculations of crowding parameters

In order to investigate inter-molecular interactions, e.g. crowding, we use convention used by

Roosen-Rungea et al (ref3]]. Concentration of GABARAP and BSA was determined by

measuring optical absorption at 280 niednm,casarap= 11920 Mlcm®;  280nm,sa= 49915

M-lcmh). Protein and dextran concentrations were recalculated into volume fractions using:
J*m

j =—— , where is volume fraction,Vso is volume of solventm is mass of
V. +J*m

cosolvent (GABARAP, BSA or dextran), andis specific volume of cosolvent molecules
(inverted molecular density, = 1/d); ! of BSA and GABARAP is 0.735 cify [4] and! of
dextran is 0.625 cify [5].

Rotational correlation time was recalculated into relative rotational diffusion coefficient
D, /DmI 0= o 'o/r s IN Order to make analysis consistent with |
Linear regressions were fitted to the individual data sets using
Dmt/Dmt,o =1-h*j,
(S6)
where h is parameter indicating strength of interaction (decrease of diffusiossakar

41.2+1.6, hgsa 13.9:1.0, hpextran10 7.5+0.5, hpextran409.4+0.6. The theoretical relation for hard
spheres i$ = 0.41 to 0.7, depending on size raff [

3. Model of oligomerization

Oligomerization was quantified using simplified dimerization model. We assume)tbaty(

dimers are formed and Y observed- depends linearly on dimer fractign

r

yf dim + (1_ y)f mon

S7
=r +(rdim - rmon)y ( )

With global rotation time of monomeric GABARARn= 9 ns and assume prolate shape of

dimer (2:1), global rotation time for dimer Agim= 27 ns.



With the formula:

2
Ko, & Ko, 0

b y=1+ - 81+ T -1 (S8)
4G, & 4G

we estimate dissociation constant for assumed dimer formationKe be3.0+0.3 mM;y(1
mM) = 0.3 (see Figure S9).

4. Translational diffusion measured with FCS

FCS measurements at 22230.5°C were performed using a confocal microscope (water-
immersion objective Olympus UPlanApo 60x, NA 1.20; pinholarif() with cw excitation

(diode laser Cobolt 06-MLD 488 nm), fluorescence signal was split using a polarizing bea
splitter and recorded by two detectors (Perkin ElImer SPCM-AQRH-14) through band-pass
filter (BP 525/39). In order to avoid saturation effects inside the illumination volume, a power
series with increasing excitation power density was performed. The excitation power density
was estimated by measuring power at the objective and assuming uniform power density

within the focal spot of diamet®&psr

-2

RPSF = ny = (4, tdiff ,Rh110 ’ DRhllO) (Sg)
Cross-correlation curves generated by a hardware correlator, devoid of polarization effects,

were fitted usingG(t) G.(t) of eq 23. Diffusion times of GABARAP F62C-BFL and

Rhodamine 110 (as diffusion standard) for power densities smaller 11@0VZ cni? were

averaged (see Figure S4) and taken for estimation of the translational diffusion cod¥ficient

D = — (S10)

The diffusion coefficient of Rhodamine 110 at 20%°C is Drni10= 4.3t0.3* 10 m?s?[7].
The hydrodynamic radiu®, was calculated assuming an ideal sphere using eq S3 (for

translational diffusion) and eq 37 withobai from Table 2 (for rotational diffusion).



5. Application of the Aikaike information criterion for the fitting of C(t ¢)
from MD data

The averaged total correlation functionscCéalculated from the MD trajectories were fitted

to multi-exponential decays given in eq 16. However) @(as not fitted for all bond vectors

using three decays. Instead, the number of decays, ranging between one and three, was
determined for each bond vector individually and the best-fit model was selected based on the
Aikaike information criterion (AIC) §]. The model with the minimum AIC value ensures a

good fit quality with a small weighted residual sum of squares (RSS), while favoring simple

models with a small number of parametérs,

AIC =2k +n” In(RSS) (S9)
wheren is the number of data points. For some residues, however, similar AICs for different
models, i.e., different numbers of exponential decays (, 2 or 3) were obtained, making a
selection of the best model difficult. Moreover, we realized that the averaging HfisC(t
affected by rounding errors due to the finite precision of floating point values, which depend
on the order the individual correlation functions during the calculation of the average. Even
though these errors are small, they propagate through the fitting procedure and give rise to
differences in the fitted model parameters, which also complicates the selection of the best
model. To circumvent this problem, averaged correlation functiafts) @ere calculated
hundred!times!(i'=!1,!2,!...,108r each NH-bond vector while i E!2,!...,120!'was!chosen!for!
the sidechain bond vectors to reduce the computational effort. The correlation functions from
individual subtrajectories were averaged in random order resulting in different rounding
errors. Each @c) was then fitted with each modet = 1, 2 and 3 and a normalized
probability pim of being the best model was computed:

exp[( AIC ™ - AIC 12
) 3 Z)[((p[( AICIZ e AIC‘;mjm)/]Z] (510)

m

i,m

where!"# ¢**¢is the minimum AIC value obtained for the three models for a givi).The

mean probability for each model was computed by averaging over the hundred correlation
functions Gltc), i.e., p, = p, /100 .

For most NH bond vectors, the standard deviation from this mean is negligibl€jasl
close to 1 for one of the three models and close to O for the other two, providing a clear choice

for the best model. Only for few cases the models ended up with mean probabilities

5



significantly different from 0 and 1. In all cases, the best modelas selected as the one
with the largest mean probability and @lues were then computed as averages )q:yogr
values from the fits of thei@) curves, i.e., fits were not considered when a model other than
m had the lowest AIC value. The chosen models always had a mean probabilityast @0le

% for all but four residues (Lys6: 69%, Glul2: 51%, Arg40: 54%, Asn82: 52%).

6. Information on the software MOPS?

The Python program MQ® (Molecular Order Paramete®) was developed in the context

of the research presented in this paper. Its purpose is to compute bond SFectder
parameters from MD trajectories. The software and detailed installation instructions are
available at https://github.com/schilli/MOPS As the computation of the bond vector

correlation functions and the computation of order parameters from the correlation functions
can both take time, their computations have been split into separate steps in the workflow.

If the MOPS? executable is used (instead of the Python application programming interface for
writing tailored Python scripts) the correlation functions can be used with a command similar
to:

MOPS corr --top <topology file> --trj <list of trajectory

files> --corrpath <directory> --length 10000 --fit backbone

The topology file is typically an RCSB PDB file and the trajectories can beyirffoamat
supported by the program MDTrdjt{p://mdtraj.org, such as pdb, xtc, trr, dcd and more. The

list of trajectories can be specified with automatic file name expansion, e.g.,
trajectory_*.xtc . The corrpath  directory will be used as a storage place for
compressed correlation functions and associated information. |dfiggth  parameter
specifies the length of sub-trajectories in picoseconds in which the input trajectories will be
split to compute separate correlation functions. This time should at least be twice as long as
the rotational correlation time of the protein. Longer times should not affect the result
significantly. Thefit parameter specifies a group of atoms on which a superposition of all
frames of the trajectory should be performed to remove the global rotational motion. If
omitted, no superposition is performed. The default is that MOPS2 calculates correlation
functions for the NH bond vectors. If one wants to calculate them for other bonds, such as
side-chain bonds, one can specify the desired bond by providing the corresponding atom

selections via-atomsell  --atomsel2 . All MDTraj selection strings (as described at



http://mdtraj.org/latest/atom selection.hfmére valid and must be entered enclosed in

guotation marks if the string contains spaces.

Order parameters can be computed from the correlation functions with several methods
implemented into MO&: with the direct method described in [Trbovic et al. Proteins
(2008) 71: 684-684]; with the method calledean corresponding to the convergence value

of the internal correlation functions, i.e., the mean of the last part of the internal correlation
functions; with LS method, which uses the Lipari-Szabo model to calculating multi-
exponential fits for the global correlation functions using a fixed number of exponentials for
all residues; and with theSsel method, which is similar to theS method but allows to

select the optimal number of exponentials during the fitting procedure based on the Akaike
information criterion. Th&.Ssel method was used in the reported research.

An example of a command line input for the order parameter computation witissed

method is given below. The other methods require mostly the same but fewer and easier to
understand parameters that are described in each of the methods help output, which can be
obtained with MOPS <method> -h

MOPS LSsel --corrpath <corrpath> --outfile <outfilename> --

internal --maxdecays <maxdecays> --nfits <nfits>

The path at which the correlation functions were stored witlcoine method needs to be
supplied as thecorrpath parameter. The output will be written to the specified
outfilename . Theinternal flag tells the program that the correlation functions were
computed after superposition of each frame on the first frame of the trajectory. In the current
work, the internal flag was not invoked as the correlation functions including global
rotation were fitted. Thenaxfits parameter specifies the maximum number of exponentials
to be use (usually less than 5, 3 was used in the current workjiend gives the number of

fits with randomly averaged correlation functions to account for different results in borderline
cases due to rounding errors, as described in detail in the previous section. The default value
is 10; larger values increase the computation time linearly.

The order of the parameters provided when calling any of the methods implemented in
MOPS? is not important. Detailed usage information can be accessed by callin§?M@P

the-h flag.



Supplementary Tables

TABLE S1

Parameters of the rotational diffusion tensor filSlhNMR spin relaxation analysis at 25 °C.

Symmetry Tensor parameters Autocorrelation times
D,~=(1.933+0.003)x10rad/s
Dyy=(1.680+0.003)x10rad/s
Dx=(1.598+0.002)x10rad/s
Da :Dzz'(Dyy' Dxx)/2 _ _ _
=(0.294+0.004)x10rad/s " Z-1/(6D0r2DaR) - =10.1%ns
D _ D / 2D r-1—1/(4D(x+Dyy+Dzz)—lo.oons
asymmetric ' :(()D])Xo-;o(()) (()06a) r o =1/(Dxx+4Dyy+Dz)= 9.76ns
e - r+1:1/(Dxx+Dyy+4Dzz): 9.08ns
R=4/1+3D7=1029 r +2=1/(6Dwot+2DaR) = 9.07ns
ald=(0.114+0.025) rad
blal=(1.048+0.007) rad
d?=(0.811+0.011) rad
prolate  Dpa=Dz =1.933x10rad/s r_,=1/(6Dpe) =10.17 ns
aX|a"y DpeF(Dyy'Dxx)/2:1.639x1® rad/s ro :1/(5Dper+Dpar) =9.87 ns
SYMMEMC D=DparDper  =0.294x10rad/s I +1=1/(2Dper+4Dpa)= 9.08 ns
isotropic o™ (Pt Dyy+Dz)/3 F globa=1/(6Dro))=(9.596+0.003) ne

=(1.737+0.001)x10rad/s

[ Euler angles#,!$,!%are reported relative to the coordinate frame of PDB 1GNU.



TABLE S2

TCSPC fit parameters.
A. Fit! parameters! of! fluorescence! anisotropy! de&)! at! 20C! modelled! as! a! sum! of! 3!
exponents!with!freel!according'toleq!27

. 2
| [ |
Residue ri  !i[ns] r2 !z2[ns] rs  !3ns] g sum Cr it

V4C 014 020 0.10 199 0.13 9.45 1.0517 1.0297
E7C 013 023 0.12 148 0.12 6.86 0.9949 1.0414
Ki3C 0.13 0.26 0.13 200 0.11 10.88 0.9928 1.0590
141C 020 021 011 123 0.06 9.76 1.0549 1.0670
F62C 005 023 007 260 025 8.87 1.0277 1.0471
Gl1i6C 0.10 0.20 0.09 150 0.18 7.36 1.0491 1.0141

B.! Fit! parameters! of! fluorescence! anisotropy! dagay! at! 20C! modelled! with! sum! of! 3!
exponentst lfitted!globally!according'toleq!27.

2

Residue r1 I'1[ns] ro I'2[ns] rs s[ns] g, sum Cr i
V4C 0.13 0.212 0.09 263 0.12 9.00 1.0517 1.0297
E7C 0.13 0.290 0.12 270 0.08 9.00 0.9943 1.0789
K13C 0.12 0.254 0.11 224 0.11 9.00 0.9931 1.0760
141C 0.18 0.222 0.10 144 0.05 9.00 1.0549 1.0674

F62C 0.05 0.270 0.08 460 0.24 9.00 1.0279 1.0471
G116C 009 0.229 0.10 295 0.13 9.00 1.0525 1.0551

C.IFit'parameters!of!fluorescenceldecay)Et 20 C!fitlwith!sum!of!3!lexponents!(eq!28).

Residue x1  ti[ns] X2 t2[ns] X3  tz[ns] &#f[ns]

V4C 084 584 011 282 006 031 5.20
E7C 089 593 008 308 003 053 553
K13C 084 589 012 325 004 058 534
141C 084 565 012 329 0.04 057 5.17

F62C 091 6.02 006 323 003 049 5.69
G116C 065 559 018 230 0.17 039 3.77




TABLE S3

FCS fit parameters from model function given by eq 3iyozwas optimized in a free fit to
the F62C-BFL data and kept fixed (f) for all other fits (Figure S24Jvafor F62C-BFL was

optimized by manually minimizing? (Figure S2A).

F62C-BFL 141C-BFL
Parameters Gsp(tc) Gps(tc) Gsp(tc) Gps(tc)
c2 265 345 274 298
N 2.75 3.40
taitr [ 7S] 158 110
(z/w,) 11!(fixed)
b1 0.087 0.100
tha![ 7S] 41 30
b2 0.225 0.233
th2![1rs] 2.6 2.2
bs 0.026 0.013
toa![rs] 0.12 0.12(f)
a 0.929 0.929
tal[nS] 6.1 5.0
Brot 10.0017 0.0238 0.0049 0.0072
&ovallns]  9.0(fixed) 9.0(f)
¢ 0.975(f) 0.975(f) 0.975(f) 0.975(f)
s 0.663(f) 0.663(f) 0.663(f) 0.663(f)
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TABLE S4

Rotational correlation times at 20.0°C and 25.0°C predicted by HYDROPRO based on the
GABARAP structures available in the PDB with the following IDs: 1GNU, 3D32, 1KM7,
1KLV*, 1KOT*. Solvent viscosities were assumed to be 1.002 mPas at 20.0°C and
0.8903 mPa s at 25.0°Q]|

[xI All conformers of NMR structural ensembles were analyzed individually and pogee

as mean * standard deviation.

PDB IDs: gblobal.[ns] &global![ns]
20.0°C 25.0°C
1GNU 8.86 7.76
1KLV* 9.07+0.34 7.92+0.30
1KOT* 8.49+0.24 7.41+0.21
3D32 8.85 7.74
1KM7 9.19 8.00
average 8.85+0.25 7.73+0.22
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Supplementary Figures

Figure S1A

Figure S1B
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Figure S1C

Figure 1: (A) Spectral density functionswl of 141 (black), F62 (blue), and G116 (red) back
calculated from the motion parameters obtained by the model-free analysis using eq 8
assuming isotropic diffusion. Grey vertical bars indicate the observable frequencies, where the
spectral density was reported. Indices refer to the proton Lamor frequencies of 600 MHz (1)
and 900 MHz (2). (B) Back-calculated spin relaxation ratgsRR and heteronuclear NOE
values using from the motion parameters using egs 9-11 assuming isotropic diffusion. (C)
Difference of experimental and back-calculated relaxation data (red bars). Thegrgrdyars

indicate the experimental error for each residue number.
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Figure S2A

Figure S2B

Figure S2: FCS fitting (A) 68% confidence level &t for FCS fits for GABARAP F62C-

BFL and 141C-BFL. Due to the very small asymmetry of ps and sp correlation no rotational
correlation term could be found with sufficient significance for 141C. Rotational correlation
times from the FCS fit (see eq 32 and Table S3) was recalculated using an empirical relation
between simulated and fitted correlation times. (B) FCS calibration: The differenceebetwe
trot and the fitted value arises from the proximity of the anti-bunching term given by
fluorescence rate and dye excitation rate. The relation between these valuetimas dly a

series of simulations with givet: (5, 6, 7, 8 and 9 ns) and excitation rates (1, 5 and 10

14



MHz). Parameters of the Monte-Carlo simulatigp= 5.9 ns,r, = 0.38,1, = 0.0308,l, =
0.0368.1, andl, take into account mixing of the polarization in the high NA objective and

were obtained experimentally. The excitation rate was varied in the experimentally relevant

range between 1 and 10 MHz to check for possible saturation effects (not observed). The

simulation was stopped after detection of fpBotons. The stored photon train was correlated
and fitted usings_(t)) G, (t) of eq 23.

rot
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Figure S3A
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Figure S3B

Figure S3: Anisotropy fitting. (A) Individual fits of the polarization-resolved fluorescence
decay (sum and difference fit, see eqs 27A and 27B) with 3 exponentials describing the
fluorescence decay (eq 28) and 3 exponentials for the anisotropy decay (eqs Z30béB)

rotation was fitted jointly for all 6 variants in order to obtain comparable amplitud@ggf,

and minimize noise in %estimation.cr® surface scans far with marked 68% confidence

levels are shown next to the fits. Results of the fits are collected in Tab S2.
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Figure S4

Figure S4: Power series FCS. The diffusion titag of GABARAP F62C-BFL at increasing
excitation power density was measured to correct for possible saturation effects (decreasing
diffusion time). Measurements at excitation powers smaller thann®@0were used to
calculate the average diffusion times (horizontal lines). Rhodamine 11f0raht in buffer

(with 0.6mM GABARAP) was used as reference (diffusion coefficiepnBof Rh110 in HO

at 295.7K is 4.30.3 10%m?s*[7)).
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Figure S5

Figure S5: Order parameter histograms of the values shown in Figure 4®alGes were
extracted from MD trajectories by fitting the global correlation functions to one (green), two
(blue), or three (magenta) exponential decays. The most complex model that did not overfit
the bond vector correlation function was selected for each amino acid. This accounts for one
global rotational correlation timegiobas and maximum two internal correlation times and

r.. The $ order parameters represent the amplitudes distributions of the underlying decay

processes.
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Figure S6

Figure S6: " giobal (A), "siow (B) and"ast (C) mapped onto the protein structure. The minimum
and maximum values of the color scale are set to the minimum and maximum values in each

figure respectively.
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Figure S7

Figure S7:Detection of molecular hinges based doi®er parameters obtained from MD for

the! N"H! bond! vectors! (grey! squares)! and! side! chains! (tiaonds). Hinges require a
flexible backbone wiFFigth an’Salue below the average backbone S2 (black dashed line)
minus one standard deviation (black solid line) but can only occur in regions outside flexible
loops. The shaded areas (pink) indicate the residues (8, 17, (27,28) and 97) that fulfill these
requirements. The average S2 value for the side chains is also indicated (blue dashed line).

The regular secondary structure elements are indicated above the plot.
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Figure S8

Figure S8: Side chain S2 values mapped on the structure of GABARAP. Panels A to C
highlight rigid, intermediate and flexible residues in terms of side chain S2 values
respectively. Panel D shows the correspondence of sidechain S2 values with the degree of
burial in the protein. The latter is quantified as 1 minus the fraction of free side chain solvent

accessible surface area (SASA).
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Figure S9

Figure S9: The global rotational correlation time( goba, depends on GABARAP
concentration. Assuming a simple dimerization model, prolate shape of the dimer (2:1

resulting in ( ¢m = 27 ns) and linear dependency of on dimer fraction
r=yr, +(-y)r_. ,we estimate the dissociation constant to be in the low mM range (K

3.0 £0.3 mM).
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Figure S10

Figure S10: Residues with flexible backborfd+ angles (red) as determined from dihedral
angle principle component analysis (PCA). A weighted sum was computed of the
eigenvectors with eigenvalues > 0.2. All residues with a maximum dihedral angle vector

component larger than 0.05 were assigned as flexible (red), the others as rigid (green).
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