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RESUME

La thése décrit la complexité de la dynamique locale des protéines dépliées sur des
échelles de temps ps-ns sondées par relaxation RMN N dans des environnements macro-
moléculaires complexes dans une gamme de conditions. L’application de ’analyse sans
modéle dépendant de la température aux taux de relaxation du squelette >N réveéle ’exi-
stence de trois modes dynamiques dominants représentant les distributions des échelles
de temps des mouvements. La sensibilité expérimentale fixe la limite de la précision
de l'estimation des modes dynamiques a partir des taux de relaxation RMN suite a
I’application de ’analyse sans modéle dans les limites de I'approximation adiabatique.
Les profils dynamiques hétérogenes et distincts des distributions des échelles de temps
des mouvements présentés par les unités peptidiques des protéines dépliées a I’étude, des
régions de protéines présentant une dominance de la dynamique ps-ns rapide pour les
résidus situés dans la queue ultra-flexible de Map kinase kinase 4 & dynamique ps-ns lente
en vedette élément déplié impliqué dans I’échange rapide avec les intermédiaires repliés du
fragment C-terminal de la nucléoprotéine du virus Sendai, réaffirme ’affectation précé-
dente des modes dynamiques aux mouvements de libration dans un puits de potentiel plat,
échantillonnage diedre local de I’épine dorsale et corrélé mouvements de plusieurs unités
peptidiques (mouvements segmentaires). La modification systématique de la composi-
tion du milieu par addition de viscogéne permet d’évaluer 'influence de I’encombrement
sur la dynamique locale du squelette de trois protéines dépliées, révélant a son tour un
couplage étroit des mouvements locaux du squelette avec la dynamique du solvant sur
différentes durées et échelles de temps. Les constantes de proportionnalité associées a
la décélération relative des fluctuations du squelette corrélées a la perturbation rota-

tionnelle du solvant (coefficients de frottement) résultant de ’encombrement révélent
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une dépendance de séquence marquée, qui est influencée par I'architecture moléculaire
de la protéine dépliée. L’analyse est entiérement cohérente envers ’analyse sans mod-
éle dépendant de la température développée précédemment et valide dans les limites de
I’approximation adiabatique. L’orthogonalité relative des deux analyses permet de com-
biner I’expression reliant la décélération relative des unités peptidiques en fonction de la
température et de la viscosité a une seule équation d’Arrhenius-Einstein, permettant son
application facile & I’analyse sans modéle de N taux de relaxation dans une gamme de
conditions et de paramétres macromoléculaires. Relier les changements relatifs de vis-
cosité a la perturbation relative de la dynamique du solvant, plutét qu’a la concentration
du viscogéne permet de prédire la dynamique locale des protéines dépliées dans des envi-
ronnements macromoléculaires complexes de nature physico-chimique différente, au-dela
de la gamme des conditions étudiées, avec application dans la prédiction des fluctuations
du squelette NH dans les phases cellulaires et condensées. Le travail présenté met en lu-
miére la dynamique complexe présentée par les protéines intrinséequement désordonnées
dans des conditions environnementales complexes sur des échelles de temps de la pico a

la nanoseconde.
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ABSTRACT

The Thesis describes the intricacy of local dynamics of unfolded proteins on ps-ns
timescales probed by N NMR relaxation in complex macromolecular environments
across a range of conditions. Application of temperature-dependent Model-Free anal-
ysis to 1’ N backbone relaxation rates reveals existence of three dominant dynamic modes
representing distributions of timescales of motions. The experimental sensitivity sets the
limit on the accuracy of estimation of dynamic modes from NMR relaxation rates follow-
ing application of Model-Free analysis within the limits of adiabatic approximation. The
heterogenous and distinct dynamic profiles of the distributions of timescales of motions
featured by peptide units of unfolded proteins under investigation, from regions of pro-
tein featuring dominance of fast ps-ns dynamics for residues located in the ultra-flexible
tail of Map kinase kinase 4 to slow ps-ns dynamics featured unfolded element involved
in the fast exchange with folded intermediates of C-terminal fragment of Sendai Virus
Nucleoprotein, reaffirm previous assignment of the dynamic modes to librational motions
in a flat potential well, local dihedral sampling of the backbone and correlated motions
of several peptide units (segmental motions). Systematic modification of the composi-
tion of the medium by addition of viscogen allows to assess the influence of crowding
on local backbone dynamics of three unfolded proteins, in turn revealing tight coupling
of local backbone motions to the solvent dynamics on different length and timescales.
The proportionality constants associated with relative deceleration of correlated back-
bone fluctuations to the rotational perturbation of the solvent (friction coefficients) aris-
ing due to crowding reveal marked sequence-dependence, which are influenced by the
molecular architecture of the unfolded protein. The analysis is fully consistent with the

previously developed temperature-dependent Model-Free analysis and valid within the
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bounds of adiabatic approximation. The relative orthogonality of the two analyses allows
to combine the expression relating relative deceleration of peptide units as a function of
temperature and viscosity to a single Arrhenius-Einstein equation, allowing its facile ap-
plication to the Model-Free analysis of 1°N relaxation rates across a range of conditions
and macromolecular settings. Relating the relative changes in viscosity to the relative
perturbation of the solvent dynamics, rather than to the concentration of the viscogen
allows to predict the local dynamics of unfolded proteins in complex macromolecular
environments of different physicochcemical nature, beyond the range of conditions stud-
ied, with application in prediction of NH-backbone fluctuations in cell and in condensed
phases. The presented work sheds light on the complex dynamics exhibited by intrin-
sically disordered proteins in complex environmental conditions on pico to nanosecond

timescales.
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THESIS OUTLINE

The intricacy of the intrinisically disordered (unfolded) proteins featuring highly het-
erogenous dynamics involved in functional binding equilibria requires understanding of
the complexity of motions exhibited by unfolded protein fragments and underlying dis-
tributions of timescales of motions representing reoerientation rates of peptide units and
their modifications associated with intra and intermolecular interactions. Nuclear Mag-
netic Resonance relaxation and Molecular Dynamics simulations allow to access their
conformational equilibria on multiple length and timescales with atomic resolution. The
reorientation of peptide planes may be represented by the dominant dynamic modes
(timescales and amplitudes of the modes of distributions of timescales of motions with
respect to experimental sensitivity) estimated from Model-Free analysis (featuring no
assumptions on the complexity of underlying motions) of NMR relaxation rates originat-
ing from spin transtions arising due to the stochastically modulated motions. Further
modifications of NH-backbone dynamics associated with changes in the macromolecular
environement featuring crowding induced modification of viscosity rendering modulation
to size and shape of the unfolded proteins and associated with it potential for phase
separation, set the context for studying unfolded protein dynamics in highly complex,

increasingly physiologically relevant environments.

Chapter 1 introduces the reader to the general context associated with complex dy-
namics featured by unfolded proteins in increasingly relevant complex macromolecular

environments and methods used for their estimation.

Chapter 2 presents the theoretical basis of NMR relaxation used to access the infor-
mation on ps-ns dynamics exhibited by reorienting peptide units - from spin and spin
density operator and associated with it evolution, through second-order perturbation
description of stochastically modulated motions-induced spin relaxation via one of the

mechanisms accessible for the spin half-integer nuclei.
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Chapter 3 presents fundamental aspects of Model-Free analysis and alternative meth-
ods associated with analysis of NMR relaxation rates, as well as, their limitations. The
following part presents limitations associated with interpretation of NMR relaxation rates
and statistical independence (adiabatic approximation) of stochastically modulated mo-
tions implicit in the analysis within the framework of Model-Free analysis and exemplifies
averaging of timescales of motions with respect to the sensitivity of the NMR relaxation

rates to different decades of timescales on the model systems used in the study.

Chapter 4 describes the temperature modulation of the ps-ns unfolded protein dy-
namics estimated from Model-Free analysis of NMR relaxation rates within the limits
of adiabatic approximation and interpretation of dynamic modes in terms of distribu-
tions of timescales of motions. The temperature dependence of dynamic modes reveals
distinct distributions of timescales of motions associated with reorientation of peptide
units for structurally heterogenous unfolded proteins Map kinase kinase 4 (MKK4) and

C-terminal part of Sendai Virus Nucleoprotein (SeV NTail).

Chapter 5 features viscosity-associated modulations to dynamic modes of SeV NTail
estimated from viscosity and temperature-dependent (Einstein-Arrhenius) Model-Free
analysis, limits associated with its application and the tight coupling between crowding-
induced deceleration of peptide units and the slow-down of the reorientation rate of the
solvent and potential origin of the proportionality constants describing relative slow-down

of the NH-backbone motions with resepct to the solvent (friction coefficients).

Chapter 6 demonstrates application of the Einsten-Arrhenius Model-Free analysis
to prediction of unfolded protein dynamics microinjected to Xenopus oocytes (MKK4,
in vivo) and in concentrated phases originating from phase separated proteins (Measles
Virus NTail). The exemplification of friction coefficients on three distinct unfolded pro-
teins leads to estimation of their physical origin associated with internal and external
limitations imposed on reorientation of peptide units both in dilute solutions and in

complex macromolecular environment.
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CHAPTER 1

Introduction

Proteins play a critical role in biology, as they carry out a vast array of functions,
including for instance sustaining the cellular structure, synthesis, processing, transport
and storage of biomolecules, regulation of biochemical reactions and immune responses.
In the spirit of the structure-function paradigm which laid the foundation of structural bi-
ology, the unstructured parts of protein were deemed unimportant for function for many
years. However, in the last 20 years a wealth of studies demonstrated that unfolded or
Intrinsically Disordered Proteins and Regions (IDPs and IDRs respectively) represent
above 40 percent of the proteome and their function or malfunction are associated with
a variety of diseases, such as cancer, neurodegenerative disorders and viral infections.
Unfolded proteins do not adopt a single well-defined three-dimensional structure, but
rather an ensemble of rapidly inter-converting conformations defined by a relatively flat
free-energy landscape. The conformational heterogeneity allows them to engage in a
myriad of interactions, often without formation of secondary structure, thereby putting
a spotlight on the role of dynamics in protein function. In the presented chapter, the
systems under study, their biophysical properties and the influence of physical param-
eters, modify the operating conditions of proteins in cells (e.g. viscosity, temperature)

that affect the dynamics and, consequently the function of unfolded proteins.



4 INTRODUCTION

1.1 Unfolded proteins
1.1.1 From static to dynamic picture

Escaping classical structure-function paradigm, Intrinsically Disordered Proteins or,
unfolded proteins, instead of exhibiting a single well-defined structure, cover a wide
range of conformations, which in turn allows them to exhibit unique characteristics and
engage in a myriad, new hitherto undiscovered functions. Given the dynamical diversity
of the stochastically modulated by the local (amino acid residue) and global (overall
shape and size) environment ensemble necessitates multi-faceted approach in character-
ization of their functional state (1-6). Studies of unfolded proteins cover a wide range
of experimental measurements, starting from circular dichroism, through analytical ul-
tracentrifugation to tryptophan-bleaching experiments, allowed to qualitatively probe
the physocochemical properties of unfolded or denatured state. Further improvements in
understanding of these biomolecules was supported by the evidence of binding between
unfolded proteins with isothermal calorimetry, providing clues towards affinity of the
formed complexes. Functional complexes formed by the proteins feature much weaker
binding affinities than folded proteins with K; on the order of uM puzzling biophysicists
for many years. The possibility of exchanging buffers, adding binding agents, opened up
avenues in terms of understanding of these highly mysterious class of biomacromolecules.
Additional information provided small-angle scattering of X-ray and neutron (SAXS and
SANS), methods allowing for estimation of the overall size and shape of the ensemble

(7-9).

A more detailed view on the function of unfolded proteins has been supplemented
only when the dynamic nature of unfolded proteins was taken into account. An array of
studies following single molecule fluorescence approaches featuring specifically designed
biopolymer construct with fluorescent dyes exhibiting Forster Resonant Energy Transfer
(FRET) phenomenon, one can monitor potential self-association effects, binding between
the biopolymer and gain initial insight on its overall size (fragment-to-fragment distance
and radii of gyration) distribution. More advanced studies on unfolded proteins and their
functions were allowed when super-resolution microscopes with single photon detection
schemes allowed to obtain ns resolution on global reorientation dynamics as accessed by

fluorescence correlation spectroscopy and two-photon correlation spectroscopy (10-20).
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By far, the most thorough experimental investigation of unfolded proteins in solution
offers Nuclear Magnetic Resonance spectroscopy with unique spatio-temporal (from A to
nm and ps to s) resolution. NMR spectroscopy allows to monitor coherent evolution of
nuclear magnetic moments (which direction is represented by spins) and their concomi-
tant interactions in the presence of external magnetic field, in turn allowing to view the
structure and dynamics of proteins with single residue or chemical bond resolution. More
specifically, spin relaxation of spin half-integer nuclei (i.e. '°N Ry, N R;p and 'H-°N
heteronuclear nuclear Overhauser effect - nOe) offers access to the local dynamics (e.g.
reorientation of the rank 2 spherical harmonics representing spatial part of spin-lattice
interaction tensor coupled to the NH-backbone vector) occurring on ps-ns timescales,
while the long-range dynamics may be probed by techniques such as paramagnetic relax-
ation enhancement. Chemical shifts supplement information on the time and ensemble
averaged local electronic density surrounding the nuclei, which provide an overall idea on
the conformational landscape (population-weighted average information on local molec-
ular architecture of ) macromolecule fragments averaged over timescales ranging from ps
to ms. To gain further insight into longer timescale fluctuations one can apply relaxation
dispersion methods, which are sensitive to modifications of nuclear magnetic moments
evolution occurring on a range of timescales from us to ms. NMR is, however, limited by
size (or rather the tumbling rate) of protein (or its fragment) under evaluation, with small
macromolecule fragments being far better resolved than large macromolecular complexes
(with weight exceeding 50 kDa, typically possessing reorientation rates exceeding 20-30
ns). Additionally, NMR features a time-window (from tens of ns to tens to us) for which
estimation of detailed information on dynamics is essentially impossible due to either

physical or instrumental limitations (21, 22).

On a par with NMR, the spatio-temporal resolution is very often supplemented from
the point of view of molecular dynamics (MD) simulation, which relies on implementa-
tion of Newtonian physics to describe the time-dependent fluctuations of atomic posi-
tions of a biopolymer model. The information on forces, affinities and energetic levels
of (macro)molecule fragments of interest may be estimated from the MD trajectories
allowing to obtain a unique, atomistic view on the functional behavior of proteins in the
medium of choice. To date there exist a myriad of approaches to effectively sample the
potential energetic landscape of disordered proteins, which in turn reveal fundamentals
on relationship between conformational heterogeneity and multi-timescale dynamics of

the highly abundant class of proteins. Depending on the specificity of information sought
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from the simulation, the spatio-temporal resolution of the simulation ranges from A to
nm and from ps to ps. More specifically, the computational power and costs limit MD
simulations to us-long observation of highly detailed structures, with up to ms observa-
tion of coarse grained models. Still, current force fields suffer from inaccuracies due to the
application of classical principles to describe are almost quantum in nature interactions.
Concurrent developments in the area necessitate benchmarking of the methodology with
the aid of experimental methods reaching atomistic resolution such as NMR spectroscopy.
Combination of NMR and MD simulations, should therefore allow for detailed studies of
biological function of these highly abundant, yet still enigmatic class of proteins (23-27).

1.1.2 Ensemble based descriptions of unfolded proteins

One of the features of unfolded proteins when observed by NMR spectroscopy is a
relatively narrow spread of chemical shifts in the proton dimension when compared to the
folded protein. This occurs when the stochastically modulated large scale polypeptide
fluctuations occur faster than the chemical shift evolution (up to ms). In other words,
exchange between members of the conformational ensemble featuring distinct local elec-
tronic density and nuclear environment occurs faster than the evolution of the average
magnetic moments of nuclei under evaluation. As a result, all of the amino acid residues
instead of yielding different chemical shifts (each for a single conformer) collapse into one
single, well-resolved peak with chemical shift (CS) value equal to the population-weighted
average of CS originating from the amino acid residue of each of the conformer. In order
to obtain quantitative information from the chemical shift data on the local molecular
architecture of the macromolecule fragment containing nuclei under evaluation, one may
compare the experimental values with so-called random-coil CS, which values for differ-
ent residues as a function of amino acid sequence are generally accessible. Deviations
from the random-coil values presented in the form of Secondary Chemical Shifts allow
for initial, coarse-grained structural assessment of the unfolded protein conformational
ensemble (28, 29).

Valuable piece of information on local backbone sampling of unfolded proteins may
be obtained from residue resolved Residual Dipolar Couplings, which inform on the long
timescale (up to the ms) average perturbation to the nuclear magnetic moments evolu-
tion as a result of internuclear dipole-dipole interaction, which does not average to zero

in the presence of alignment medium. Practically, estimation of RDC values relies on
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calculation of principal components of the alignment tensor and normalized spherical
coordinates of the internuclear vector connecting interacting nuclei relative to the tensor
for each of the conformer (30-36). An information on the long-range contacts may be
additionally obtained from paramagnetic relaxation enhancement studies, which rely on
incorporation of a tag containing paramagnetic nuclei (i.e. DOTA-Gd3") or stable radi-
cal (i.e. TEMPO) in the structure of the protein (37, 38). The interaction between the
paramagnetic moiety and spin-1/2 nuclei of interest leads to a distance-dependent at-
tenuation of the intensity in a manner depending on the ensemble-averaged inverse sixth
power of the electron-nuclei distance (Ipgra/Idgiam o< (r~%)). The additional information
on an overall shape and dimensions of the unfolded chain is accessible from X-ray and
neutron scattering, as well as single-molecule FRET experiments (8, 9). To quantita-
tively assess the conformational space spanned by an unfolded protein of interest one
typically resorts to sample and select approaches, first by building statistical coil ensem-
ble and selecting the conformers satisfying the experimental data. For instance, one can
build a library of all possible conformers starting from one of the termini with successive
addition of peptide planes limited by steric repulsion of neighboring residue side-chains
(flexible-meccano) on the basis of the conformational energy landscape of a statistical
coil. In the following step, using a genetic algorithm (e.g. ASTEROIDS, A Selection Tool
for Ensemble Representations Of Intrinsically Disordered States) and ensemble-averaged
data, selection is being made to narrow down the pool of conformers from range of tens
of thousands to hundreds of conformers that best represent the experimental data. In
order to asses the quality of representation of experimentally accessible information on
the conformational space of an unfolded protein, one can remove part of experimental
data used for selection and estimate the experimental values representing population-
weighted ensemble average not used in the selection (cross-validation). Obtained this
way conformational ensemble may be used as a starting point for MD simulation studies
of protein dynamics and their binding with other partner proteins allowing to estimate
single-residue resolved binding kinetics - association and dissociation rates, shedding light

on the overall binding equilibrium and protein function (39-42).

1.1.3 Complex binding equilibria of unfolded proteins

The intricacy of functional behavior of unfolded proteins in solution may be de-
rived from the spin relaxation or relaxation dispersion studies. Binding events between

proteins or their fragments slow down the overall reorientation of the protein on ps-ns
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timescales resulting in perturbation of spin states giving rise to the spin relaxation phe-
nomena. The formed binding equilibrium, depending on the system of interest, modifies
evolution of nuclear magnetic moments on average represented by bulk magnetization po-
tentially leading to differences in chemical shift values of the bound and unbound forms.
The most fundamental experiments used to derive information on dynamics from NMR
spectroscopy measurements are experiments which monitor magnetization evolution of
prepared spin state (coherence) of interest. The coherent evolution of nuclear magnetic
moments represented by bulk magnetization is encapsulated within longitudinal (R;),
and transverse (Rjy) relaxation rates informing on rates at which magnetization of given
coherence comes back to equilibrium with bulk magnetization vector aligned along the
lines of the external magnetic field (R1) and loss of magnetization in the transverse plane
(perpendicular to the external magnetic field, Ry) (43, 44). The overall line shape of
peaks and the resultant spectral resolution inversely depends on the transverse relax-
ation rate - the larger Ry, the broader the peak. Binding and unbinding between protein
fragments cause more efficient loss of magnetization in the transverse plane allowing to
obtain first insight on the interaction dynamics between binding partners (45-49). A
more detailed description of the binding equlibria is accessed via a suite of relaxation dis-
persion experiments, which allow to monitor the chemical exchange between the major
(ground, G) and minor (excited, E) state of the resolved site. On timescales ranging from
approximately 10 ms to 1 s (slower than the chemical shift evolution) one is expecting
two peaks with distinct chemical shift values. On faster timescales (up to 100 ns - 1 us)
the observed chemical shift represents population-weighted average of the two states. If
the exchange rate is comparable with the timescale of chemical shift evolution (around
tens of us to tens of ms), one may have difficulties in resolving peaks representing com-

bination of the states (intermediate regime) (50-54).

One of the first successful attempts to probe the exchange effects on us to ms
timescales was Carr-Purcell-Meiboom-Gill (CPMG) experiment during which coherent
nuclear magnetic moments evolution in the transverse plane is achieved using a series
of refocusing pulses. Application of the pulses at varying frequency allows to quench
the transverse relaxation contribution from exchange between major (G) and minor (E)
state, while providing information on the interconversion rate between the states. CPMG
is one of the simplest experiments that can be applied to study backbone or side-chain
dynamics of folded, as well as, unfolded proteins (55-57). Concurrent development in

NMR methodology led to a myriad of experiments based on application of additional
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radio-frequency field which limit the nuclear magnetic moments evolution of the nuclei
of interest to oscillations under an angle # allowing to study the coherent evolution of
magnetization in so-called rotating frame - the magnetization is spin-locked between the
longitudinal and transverse planes. As the evolution of magnetization in the rotating
frame depends on the rate of exchange between the states, its chemical shifts and re-
laxation rates, as well as strength of the additional radio-frequency field and offset from
the resonance, fine tuning of the spin-lock strength allows to map binding equilibria with

interconversion rates ranging from tens to tens of thousands per second (58-62).

The application of additional radio-frequency field causes partial saturation of mag-
netization of the nuclei within the molecule fragment leading to loss of magnetization
associated with its evolution in the rotating frame. Monitoring of the signal intensity
attenuation associated with transfer of magnetization saturation occurring as a result of
exchange between major and minor states allows to quantify the populations, rates of
interconversion and inherent relaxation rates, giving an overall idea on the ground and ex-
cited state dynamics. More specifically, Chemical Exchange Saturation Transfer (CEST)
finds an application whenever the chemical shift difference between excited and ground
state (Awgp) is significant, the transverse relaxation rate difference between those states
(ARgE) is small and the population of the excited state is significant (e.g. in the case
of weak binding events between similarly sized macromolecules) (49, 63). In the signal
attenuation profile one then expects two dips, on and off-resonance originating from the
ground and excited state respectively. Dark-state Exchange Saturation Transfer (DEST)
on the other hand, is not limited to the significant chemical shift difference and relies on
large differences between transverse relaxation rates (more than 3 orders of magnitude)
of the bound and unbound states (e.g. in the case of binding of unfolded protein to a
large macromolecule) (64, 65). For this type of exchange, the intensity profile features
a single, but much broader dip than for the protein in the free form. Conveniently, all
of the experiments may be described by the same Bloch-McConell formalism allowing
to combine information from multiple sources in order to describe the complex binding

equilibria featured by unfolded proteins (66, 67).

The kinetic exchange studies have allowed to observe transient effects associated with
formation of weak, multivalent or transiently formed complexes often without formation
of a stable secondary structure. One of the interesting examples is the binding equilibrium

of C-terminal fragment of Sendai Virus Nucleoprotein (NTail) and its Phosphoprotein
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(PX). In the free form, NTail undergoes rapid exchange (10° s7!) between unfolded and
transiently formed helical intermediates in the so-called Molecular Recognition Element
(MoRE). Introduction of binding partner changes the folding-unfolding equilibrium al-
lowing to sample the surface of PX forming so-called encounter complex (k., 850 s7!). In
the subsequent step, the complex is transiently stabilized forming weakly bound interme-
diate state, which is indispensable in the viral assembly process (68). The information on
the binding equilibrium could not be provided without a suite of multinuclear relaxation
dispersion experiments. As such, 'H and >N are sensitive to the local electronic and
nuclear environment (directly reflecting on the molecular architecture and its temporal
modifications) and respond to the binding-unbinding events in much more pronounced
way, while the C’ relaxation dispersion (more sensitive to changes in the local intra-
chain hydrogen bonding pattern) informs more on conformational equilibrium between
the transiently folded encounter and functional form of the complex. Similar free-state
equilibrium between folded and unfolded states reveals mitogen-activated protein kinase
kinase 7 (MKKT), which binding to c¢-Jun Kinase 2 stabilizes one of the conformations

as revealed by additional X-ray crystallography studies (69).

On the other hand, one may find protein binding equilibria, which occur without for-
mation of a stable folded architecture. An example of such phenomenon is supplemented
by Delaforge et al., 2018 where N-regulatory domain of mitogen-activated protein kinase
kinase 4 (MKK4) binds to its partner p38« to activate the kinase cascade. Application
of combination of CPMG and CEST experiments allows to estimate the information
on the binding equilibrium properties (k., around 270 s~!) and dissect the contribu-
tions from the bound (excited) state of MKK4 to p38«, which within the framework
of Stokes-Einstein description of isotropic tumbling corresponds to an astounding reori-
entation rate of approximately 47 ns, when compared to tumbling rate of MKK4 free
form fragments oscillating within the range of 5-10 ns (70). Very similar binding equilib-
rium characteristics features disordered C-terminal region of Artemis and DNA binding
domain of Ligase IV, which has been revealed from combination of NMR relaxation dis-
persion studies (CPMG and CEST) with ITC and molecular simulation docking (71). An
analogous example is ultra-weak binding of importins to the FG-rich nucleoporins with
dissociation constants on the order of single mM, which occurs with minor modifications
to the conformational sampling of the protein during the course of fast transport through
the nuclear pore membrane (72). More complex binding equilibria features Influenza A

(PB2) polymerase machinery, as the temperature-dependent open-close form equilibrium
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requires large scale reorientation of the entire 627-NLS domain (NLS denotes nuclear
localization sequence). The closed form, which structure has been originally solved on
the basis of X-ray crystal diffraction patterns is essential in the viral replication machin-
ery, while opening of the 627-NLS enables otherwise unattainable due to steric clashes
binding of importins to the NLS allowing for nuclear import where the replication occurs.
Application of temperature-dependent CEST, smFRET and SAXS allowed to map the

equilibrium and concurrent interaction trajectory between 627-NLS and importina (73,
74).
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1.2 From structrure and dynamics to function

1.2.1 NMR-based description of protein dynamics

If the structure and topology represented by local and global protein backbone and
side-chain sampling is not the only factor influencing functional state of protein, the
spotlight in pursuit of an accurate description of conformational behavior of proteins
lands on fast (ps to ns) and slow (us to ms) dynamics. Investigations in this direction
require more general understanding of restrictions imposed on peptide units influencing
the stochastically modulated motions exhibited by polypeptide units in solution on mul-
tiple timescales. More than four decades of studies on biomolecular dynamics by NMR
provided initial insights on rigidity and domain dynamics of folded proteins (36, 75,
76). The information on ps to ns dynamics of proteins estimated from NMR relaxation
encapsulates the ensemble of spin interactions of the backbone or side-chain spin pairs
arising due to stochastically modulated motions acting on reorienting peptide unit and
entire macromolecule via dipolar interactions of both direct (between neighboring nu-
clear magnetic moments) and indirect (associated with fluctuations of electronic density
surrounding the nuclei) origin, as wells as interaction between the quadrupole nuclear
magnetic moment with electric field gradients, or cross-correlation between the dipolar
interaction mechanisms. The ensemble of these processes may be described by the semi-
classical second-order perturbation theory (Bloch-Wangness-Redfield) linking dipolar or
quadrupolar interaction-associated modulation of nuclear magnetic moments to the co-
herent evolution of its average, represented by spin interactions and bulk magnetization
respectively. The separation of spin and spatial part of spin-lattice interaction tensor
allows to describe reorientation process of macromolecule in a form of correlation func-
tion of the latter represented by rank 2 spherical harmonics, encapsulating connection
between stochastically modulated motions and allowed spin interactions, which follow-
ing series of spatio-temporal averaging processes are represented by coherent evolution
of bulk magnetization observed experimentally in the form of relaxation rates (44, 77).
Within the classical treatment, reorientation of a macromolecule (i.e. folded protein)
is described by rotational diffusion of the entire biological entity with internal degrees
of freedom allowing for localized fluctuations of its fragments (bond vectors, peptide
planes and larger polypeptide fragments). Both of the processes are described by an
auto-correlation function, which represents cumulative fluctuations of spatial functions
of spin-lattice interaction tensor coupled to the reorientation of the interacting spin pairs

representing backbone or side-chain vector of interest (for description of internal degrees
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of freedom) and the entire macromolecule (for global reorientation rate) via successive
application of transformations from the interaction frame, through the internal mobility
tensor to the global reorientation tensor. The correlation function (C(t)) describes the
orientation of the spatial part of spin-lattice interaction tensor at t equal to zero and its
orientation after a time interval (at t equal to 7), leading to a maximum value of 1 at
t equal to zero, with successive decay of the C(t) value towards plateau value associated
with long timescale equilibrium fluctuations as stochastic motions lose memory of the
initial state of the system (78).

In the standard Model-Free treatment of relaxation rates, one assumes statistic inde-
pendence of processes originating from slow global reorientation and fast internal motions
effectively contributing to the rotational diffusion of protein represented by an angular
correlation function. In order to interpret NMR relaxation, one has to consider Fourier
Transform of the auto-correlation function, i.e. SDF, which describes probability of ob-
serving contributions to relaxation from (dipolar or quadrupolar) interaction associated
modulation to nuclear magnetic moments evolution arising represented by allowed spin
transitions arising concurrently to the stochastically modulated motions at timescales
proportional to an inverse frequency of the spin interactions. The linear combination
of SDFs at different frequencies associated with the interactions constitutes the exper-
imentally accessible relaxation rates (44, 77). Separation of processes contributing to
the reorientational motion of a protein allows for more straightforward treatment of the
datasets and estimation of reorientation rates (timescales of motion), as well as, so-called
order parameter (S?), which in the classical view of Model-Free analysis is proportional to
the degree of rotational freedom of a bond vector (i.e. NH-backbone or CHs-side-chain)
attached to a body reorienting on much slower timescale (79). From the perspective of
a correlation function, S? is equal to the plateau value of a correlation function compo-
nent (i.e. internal motion) and represents the relative amount of memory consumed by
a reorientation process (of the entire macromolecule or larger macromolecular fragment)
leading to the observed spin transitions. The remaining part of dynamics represented by
1-S? is associated with relative amount of information on reorientation process of pep-
tide units including their internal and external degrees of freedom encapsulated within
experimentally accessible spin relaxation rates. The greater the order parameter, the
smaller relative amount of faster dynamics occurring on the relaxation active timescales.
For backbone or side-chain vectors located within folded proteins of similar size (featur-

ing global reorientation of similar rate), S* informs on the relative amount of degrees of
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freedom available to the peptide unit, i.e. local rigidity of the protein. The spin pairs
situated within peptide plane in the folded regions of the proteins typically reach S? val-
ues ranging from 0.8 to 1, while smaller values are typically observed for unfolded parts
of the proteins, i.e. flexible loops and the termini (80-89). The description of internal
motions occurring on ps-ns timescales of folded protein have been approximated by so-
called wobbling in a cone model in one of energetic potentials describing relative degrees
of freedom available to the peptide unit (90-93). The changes in order parameters upon
binding of both amide backbone and methyl side-chain have been linked to changes in
conformational entropy and used in interpretation of conformational preferences for in-
tra and inter-molecular interactions between folded and unfolded proteins with potential

applications in drug target design (94-101).

A complementary point of view on the structure and dynamics of folded proteins,
occurring on ps to ms timescales may be obtained from Scalar and Dipolar Couplings
representing interactions between spin pairs arising either due to coupling between nuclear
magnetic moments and electronic environment of the nuclei associated with recombina-
tion of the valence shell spin orbitals (through bond) or the direct dipolar interaction
of spin pairs (through space). Both of the interactions reveal dependence on the con-
formational sampling of the polypeptide units. The incomplete averaging of the dipolar
interactions introduced by perturbation to isotropic magnetic properties of medium in
which the protein is immersed in via application of so-called alignment medium allows
to quantify the Residual Dipolar Couplings (RDCs), which are estimated from difference
between sum of scalar and dipolar couplings in the aligned and isotropic medium for
different spin pairs. The Model-Free treatment of RDCs allows to estimate information
on relative orientation of alignment tensor with respect to the molecular reference frame,
leading to estimation of modulatory potential of reorientational motions limited by in-
ternal and external degrees of freedom of peptide planes averaged on timescales of up
to the ms with timescale limit set by the chemical shift evolution (36, 102, 103). Es-
timation of alignment tensor components represented by its magnitude, anisotropy and
its average orientation with respect to the external magnetic field provides information
on the exact atomic positions in the peptide unit, allowing for accurate structure de-
termination and estimation of relative degrees of freedom, represented by long timescale
average rank 2 spherical harmonics (order parameter) (32, 34, 35, 85, 104-106). Com-
parison of order parameters derived from relaxation rates and RDCs allows to quantify

polypeptide unit dynamics occurring on timescales limited by the global reorientation of
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the macromolecule (S?, relaxation) with respect to the degrees of freedom sampled by the
reorienting peptide unit(s) averaged over long-timescale window (S?, RDC) respectively
(107-112). A more quantitative view on the reorientation process of a macromolecule
fragment may be achieved by approximation of polypeptide unit orientational modula-
tion by Gaussian Axial Fluctuations allowing to quantify their relative degrees of freedom
in three orthogonal dimensions (113, 114). Since, the measurement of RDCs necessitates
estimation of scalar couplings of all interacting spin pairs, the information on the peptide
plane geometry and its long-timescale average modulation may be supplemented by anal-
ysis of three-bond scalar couplings acquired in the same set of experiments. For instance,
Jne three-bond scalar couplings depend on relative orientation of vectors connecting the
interacting nuclei and allow to estimate the (ensemble-weighted) average orientation of
peptide units in the Ramachandran space represented by the ¢-i) angles encapsulated
within Karplus relationship and modulations to geometry of peptide units associated with

hydrogen bonding or transient interactions between polypeptide fragments (115-117).

Application of the NMR relaxation and RDCs to study of local protein dynamics
and their modification due to the inter and intramolecular contacts between neighboring
polypeptide fragments. The latter has allowed application of the methods in interpreta-
tion of modulatory potential of stochastically modulated motions of peptide planes and
their binding induced modifications allowing to describe modulations to internal and ex-
ternal degrees of freedom of reorienting polypeptide units (98-101). For instance, binding
of SH2 to pY1021 causes increase in methyl (axis) order parameters in apolar region of the
protein (L35-155) exhibiting greater order parameters in free form with respect to average
value observed for other polypeptide fragments. Minor modifications to its dynamics in
flexible region (featuring smaller order parameters) suggest limited modification to the
ps-ns dynamics of methyl side-chains in the pTyr binding region. The limitations im-
posed on the degrees of freedom of side chains have been revealed from perturbation to
the three-bond scalar couplings, which are subject to modulations as a function of dis-
tance and angle in-between the coupled nuclei, overall suggesting changes in the degree of
mobility represented by variations in torsional angles (118). Similarly, limited modifica-
tions to NH-backbone order parameters, associated with binding have been observed for
the SH2 PLC~1 in-between complexed and uncomplexed with pY1021 protein. Minor
modifications to the order parameters of residues in the apolar patch (residues 70-90,
hydrophobic binding pocket), further away from phosphotyrosine binding pocket sug-

gest increase in the degree of mobility of NH-backbone allowing for greater fluctuations
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on hundreds of ps timescales in small 5-sheet (SE) and AA and EF loops, originating
presumably due to large scale conformational rearrangement associated with formation
of a complex with pY1021 peptide (119). In another example, estimation of structure
and dynamics of Ubiquitin from experimentally accessible Scalar and Residual Dipolar
Couplings, which structure and long-timescale dynamics has been validated against ex-
perimental data from tens of independent alignment media, coupled with reproduction
of cross-correlated relaxation rates arising due to spin interactions between neighboring
backbone amide nitrogen-proton pairs, as well as, with o carbon-proton pairs, sensitive
to motions occurring on longer timescales reveal correlated motions within S-strand of
reorienting protein. Perturbations to hydrogen bonding network of reorienting peptide
units engaged in formation of S-strand suggest correlated motions of peptide units, which
to similar extent have been observed in MD simulations. Variations in number of degrees
of freedom available to peptide units within the g-strand arising due to intramolecular
hydrogen bonding allow for greater collectivity of reorientation process of the polypeptide
fragment (120, 121). Similar observations on correlated nature of motions in the folded
and unfolded segments of peptide units have been revealed by independent, site-resolved
analysis of RDCs originating from different backbone pairs of GB3 revealing restrictions
imposed on reorienting peptide unit represented by order parameters decreasing in the
order of NH, CaHa and NC’. The degree of correlation between the NH and CaHa order
parameters suggests greater interdependence of dihedral angle (¢1) fluctuations between
subsequent peptide units positioned in-between a-helical element in the central part of

the protein and surrounding it elements of the S-strand (107).

More accurate determination of the extent of peptide unit fluctuations is supple-
mented from the 3D GAF model to the analysis of RDCs of protein G, allowing to
decompose the ns-ms oscillations of the peptide planes in three orthogonal directions:
rotation around the long peptide plane axis defined by the CaCa vector (7), in-plane (/3)
and out-of-plane oscillations («). For folded elements, the v fluctuations are dominant
with standard deviation of underlying distribution on the order of 20-25°, while the lat-
ter two motions reveal smaller degree of fluctuations with oscillations about the average
position remaining within 10°, and dropping to zero in the a-helical element. For flexible
elements the magnitude of « oscillations is greater, reaching up to 20-25°, suggesting that
the large scale fluctuations in the direction orthogonal to the rotation axis are allowed.
The extent of fluctuations is associated with relative number of degrees of freedom for

peptide plane reorientation along the orthogonal axis. The oscillatory pattern of the «a
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motions in flexible elements suggests greater number of degrees of freedom for residues
14, 41 and 44, than for the neighboring ones. The latter is presumably associated with
positioning of residues within polypeptide loops with respect to distance from (-strand,
suggesting that neighboring residues might posses greater restrictions on their mobility
due to conformational strain associated with small amount of peptide units separating
the unfolded fragment from other folded parts. The greater extent of + fluctuations of
residues in the g-strand suggests correlated motions of peptide planes influencing hydro-
gen bonding pattern of the polypeptide units. The comparison of Jx¢ scalar couplings
for static structure and the one exhibiting correlated motions implies correlated motions
between residues contributing to formation of the §-sheet. Comparison of order param-
eters estimated from experimental RDCs with the ones estimated from NMR relaxation
suggests pronounced a and v motions within and in-between the S-strands, which occur

on timescales up to the ns and beyond (112, 122).

1.2.2 MD-simulation guided interpretation

of unfolded protein dynamics

The complexity of unfolded protein dynamics precludes straightforward description
of their heterogeneous conformational fluctuations solely on the basis of NMR relaxation
or RDCs - one is typically challenged with interpretation of experimentally accessible
values on the basis of global and local motions. More complete understanding of the
motions featured by unfolded proteins necessitates development of more complex formal-
ism. Drawing from the polymer nature of this highly abundant class of proteins, one can
distinguish multiple dynamic modes occurring on different timescales - from very fast
oscillatory movements of bonds leading to fluctuations of local degrees of freedom within
peptide planes, through correlated motions of several peptide units (segmental motions)
to large-scale reorientation of domains, as well as, rotational and translational motions
of entire protein (123, 124). With an aid in interpretation of experimentally observed
parameters come ensemble based Molecular Dynamics simulations, which allow to better
visualize the complex processes occurring on multiple timescales. A series of examples
is supplied by Propmers and Bruschweiler, who by an application of principal compo-
nent analysis of covariance matrices of spin-lattice interaction tensors of *N-backbone
nuclei estimated motional eigenmodes from MD trajectory (Reorientational Eigenmode

Dynamics analysis, RED). The parameters estimated from the RED analysis represent
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mode collectivity and amplitude of fluctuations of the mode representing degree of cor-
relation of reorientational motions and their relative contribution to the reorientation
process which drive the spin relaxation observed experimentally respectively (125, 126).
The associated information on timescales of motion, may be estimated following a fit to
the experimental NMR relaxation rates, while diagonal elements of the covariance matrix
represent order parameter S2. Application of the RED analysis to Ubiquitin in native
form and in A-state (partially unfolded) convincingly shows correlated motions featuring
high mode collectivity of unfolded parts of the protein. Convincingly, in a follow-up
study, by varying the simulated block length from 1 ns to 500 ns on cold shock protein
(Csp) of E. coli, RED analysis shows convergence of calculated order parameters to the

ones estimated from extended Model-Free analysis (88, 127).

The information encoded in the experimental data is both ensemble and time-averaged
necessitating multiple averaging steps to fully represent the conformational fluctuations
of protein fragments in solution from molecular simulations. In order to perform the MD
simulations, one typically begins by designing a pool of conformations best represent-
ing ensemble averaged parameters averaged on timescales of up to the ms (e.g. chemical
shifts and RDCs). Choice of starting conformers from the pool able to reproduce the
experimental data should be non-redundant in terms of local conformations and topology
of conformers, i.e. the chosen conformers should be separated on potential free energy
landscape to as greatest extent as possible. In order to satisfy convergence criteria of
an estimated parameter from which information on stochastically modulated motions
exhibited by protein fragments may be estimated, length of the trajectories should ex-
ceed several correlation times of the longest reorientation rate of the polypeptide unit.
The resultant information, however, especially in the case of disordered protein dynamics
occurring on ps to ns timescales rarely matches the experimentally observed values prior
to reweighing or rescaling of the resultant trajectories (128-130). The latter is associ-
ated with parametrization of force fields involving contributions to energetic potential
originating from bonded and non-bonded terms, i.e. van der Waals and electrostatic in-
teractions (131-134). One is typically challenged with tuning of the force-field parameters
or water model with an aim to better represent the experimental data and the underly-
ing protein dynamics (135-137). An advancement in interpretation of MD simulations of
unfolded proteins is based on the concept of Average Block Selection Using Relaxation
Data (ABSURD). In principle, improvement in reproduction of the experimentally acces-

sible relaxation rates on three decades of timescales is achieved by selection of blocks of
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trajectories on the basis of comparison of relaxation rates representing dynamics derived
from the auto-correlation functions with the experimental relaxation rates encapsulating

information on motional process on one of the decades of timescales (138).

Further efforts in description of the complex disordered protein backbone dynamics
from MD simulations has allowed to decompose the angular correlation function into the
product of three correlation functions informing on modulation of internal and external
degrees of freedom of peptide planes, represented by local librational motions, oscilla-
tions within and in-between the Ramachandran basins, as well as, reorientation of entire
segments composed of multiple peptide units. The order parameter describing averaging
process of rank 2 spherical harmonics due to the fastest processes is almost sequence
independent and oscillates around value of 0.9 manifesting almost negligible contribu-
tion of the processes to memory loss of NH-backbone vector represented by a correlation
function of spatial part of spin-lattice tensor. The fast intermediate motions occurring
on hundreds of ps exhibit little correlation with regard to molecular architecture of side-
chains belonging to the reorienting peptide units, which suggests that the motions are
dominated by fluctuations of degrees of freedom of peptide planes not exceeding the Ra-
machandran basins. The intermediate and slower motions with values oscillating around
single and several ns reveal marked sequence dependence with significantly higher values
for more bulky and highly polar residues possessing greater limitations to the external
degrees of freedom, presumably due to steric hindrance with neighboring side-chains,
electrostatic interactions and hydrogen bonding between polar groups of neighboring
residues. Further, significantly greater values are observed for residues involved in fast
exchange between folded and unfolded states, potentially due to greater moments of
inertia of reorienting (folded) polypeptide fragment. The slowest of the NH-backbone
reorientational motions reveal timescales within the same range as CaCa tumbling rep-
resenting correlated motions of several residues in a row (segments). Observations of
correlated dynamics of consecutive peptide planes as measured by standard deviation of
angles formed by subsequent peptide planes (¢(C,;-Cq,it1)) spanning three (unfolded
part) to seven residues (a-helical MoRE) provide evidence towards correlated dynamics
and support polymer-like nature of unfolded proteins (139). The observed by MD dy-
namics has been validated against an ensemble of experimental °N relaxation rates. A
follow-up study shows that the quality of reproduction of the experimental data strongly
depends on water model and applied force-field in the simulation(s) (140). Subsequent

analysis of the segmental motions allows to separate contributions from reorientation of
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entire segments with respect to laboratory frame (inter-segmental dynamics) and those
originating from modulation of internal degrees of freedom of the segment. Additional
temperature-dependent analysis reveals that intra but not inter-segmental chain dynam-
ics is directly affected by lifetime of hydrogen bonds between polar atoms of side-chains
of neighboring peptide units and surrounding water molecules. This type of tight cou-
pling between the solvent and the protein dynamics is not unexpected, as slow-down of
water molecules in vicinity of the protein surface, clefts and in binding pockets has been
observed in a number of studies (141-145).

Comparison of MD-derived NH-backbone and methyl side chain order parameters
of folded proteins with up to us long trajectories with experimentally accessible RDCs
or NMR relaxation rates reveals long timescale processes contributing to the reorienta-
tion of peptide fragment of interest. The us long MD simulations of Ubiquitin reveal ¢
anti-correlated dynamics in 51-42 subdomains (residues 12-16), and correlated motions
between 3 and 5 subunits (146, 147). The correlated nature of these motions readily
observed in 20 ns simulations substantiates point of view of highly correlated motions
featured by polypeptide loops connecting S subunits. The RED analysis confirms cor-
related reorientation of peptide planes in the fragment of the protein with the highest
mode collectivity for residues 10 and 11. The obtained on the basis of joint RED and re-
laxation rate analysis timescales of motions for the estimated eigenmodes oscillate within
hundreds of ps for the modes of highest collectivity. The degree of correlation between
motions exhibited by the residues is concurrent with greater number of degrees of free-
dom available for the residues with ¢ mobility within or between the Ramachandran
basins reaching up to 25° (126). The RED analysis allows to obtain insight into sparse
reorientation events of high collectivity, which in ensemble based description of MD sim-
ulation or NMR relaxation disappear in the average. For instance, correlated motions
exhibited by the entire 54-35 loop (encompassing more than 20 residues) or residues in
the a-helical fragment feature amplitude, which is an order of magnitude lower than the
one representing correlated reorientational motion of S1-£2 loop (representing local ¢
backbone flips). Of specific interest are correlated transitions of several peptide planes in
a row, which degree of collectivity and amplitude varies across the sequence which may
inform on long-range correlations of peptide units fluctuations, i.e. concerted dihedral
hops (148). Similarly, us-long MD simulations of Ubiquitin allow to estimate amount of
time required for averaging of methyl side-chains degrees of freedom encapsulated within

the experimentally accessed, RDC-derived order parameters. The improvement in repro-
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duction of the RDC-derived order parameter is observed when the timescale window of
MD simulation from which the experimental variable or analytical parameter is estimated
is longer than tens of ns (149, 150). The long timescale dynamics presumably involves ex-
ploration of additional degrees of freedom allowed by reorientation of surrounding peptide
units and their side-chains, which otherwise remain in transient intramolecularly bound
states limiting the range of motion accessible for the methyl side-chains (151, 152). Both
in NMR and MD simulation, the access to long-range dynamics of unfolded proteins is
limited either by the lifetime of a correlation function (tens of ns) or accuracy of the
force-field to accurately extrapolate the local ns dynamics to timescales longer than the
reorientation rate of polypeptide units (represented by correlation time of spatial part
of the spin-lattice tensor) without sufficient experimental validation. Additionally, the
greater spatial extent of motion, the longer expected time for a biomolecule to execute
it. Consequently, the duration of the MD simulation and concurrent computation cost
become a hurdle. By sacrificing the spatial resolution and coarse-graining the biopoly-
mer model, one may extend the simulation time allowing to visualize complex processes

occurring on tens of ns to single us timescales (153, 154).

1.2.3 Long-range dynamics

Experimental access to long-range dynamics from NMR may be obtained via experi-
ments based on dipolar interaction either between (paramagnetic or diamagnetic) nuclear
spins or (diamagnetic) nuclear spin-electron spin pairs separated by a distance of up to
10A. In both cases, one is able to measure time and distance dependent fluctuations of
reorientation vector connecting the two interacting moieties. In the first case, known
from static structure determination of folded proteins the nuclear Overhauser effect be-
tween protons is utilized, which together with N spectral editing allows to quantify
the time-dependent signals originating solely from backbone amide protons. The infor-
mation encoded in the nOe intensity build-ups is both time, distance and conformation
averaged, posing a challenge to accurately estimate the dynamic information from cross-
peak time evolution. Additional difficulties are associated with experimental design, as
the nOes measured by N edited HMQCs or HSQCs might contain contributions from
spin diffusion, which necessitate estimation of relaxation matrix covering all of the spins
in the vicinity of nuclei of interest. eNOEs have been used in qualitative assessment

of loop dynamics of folded proteins such as GB3 and Ubiquitin (155, 156). A quanti-
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tative framework facilitating analysis of time and distance-averaged dipolar interactions
observed from nOe build-ups has been summarized recently in a so-called Kinetic Ensem-
ble approach which involves estimation of transition rate matrix describing probability of
transition between states in the ensemble with different distance between the interacting
nuclei and distance dependent strength of the dipolar interaction between them. Diag-
onalization of probability matrix allows to obtain eigenvalues corresponding to rates of
decay of equivalent correlation function, which can be in turn used to evaluate SDF for
estimation of NOE. For exactly three dynamic processes with fixed distance the approach
simplifies to the extended Model-Free formalism (157).

Alternative way of estimating long-range dynamics may be achieved from studies
of bio-macromolecules equipped with paramagnetic moiety equipped with an unpaired
electron (e.g. located on nitroxide radical). In that case, one focuses on observation of
enhancement of relaxation rates originating from nuclear-electron spin interactions. The
paramagnetic relaxation enhancement which is dominated by the hyperfine interaction
of nuclei of interest with an unpaired electron may be observed as an additional con-
tribution to the relaxation rates. The PRE is usually estimated from peak intensity
ratio or relaxation rates of spin half-integer nuclei of macromolecules to which spin la-
bel is attached in its paramagnetic and diamagnetic form, which for nitroxide radical
correspond to oxidized and reduced spin-label. As the interaction between the unpaired
electron and the nuclei of interest depends on average inverse sixth power of distance,
PREs have been used as a measure of long-range distance restraints in structure cal-
culation of folded proteins (38). Further improvements in understanding of the PRE
have allowed application of the methodology to incorporate long-range effects for better
estimation of structure and dynamics of unfolded proteins represented by RDCs (37,
158, 159). Following Solomon-Blombergen theory the paramagnetic relaxation contribu-
tion to the relaxation rates is directly proportional to SDFs characterizing probability
of probing spin interactions, which occur concomitantly with the motion. Presence of
the label, however, modifies the moments of inertia of the polypeptide fragments, which
leads to deceleration of the local dynamics of unfolded chain, while the PRE additionally
broadens the observed resonances leading to lower intensities and potential peak overlap,
which directly influence the degree of accuracy with which experimental parameter is
estimated i.e. relaxation rates or kinetic parameters from exchange transfer experiments.
Additionally, the PRE effect is remarkably sensitive to the diamagnetic impurities of the

sample - even 3 to 5% of diamagnetic species may lead to underestimation of I" value by
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up to 30% calculated from peak intensity ratio (160). Measurement of I' PRE should
allow to obtain insight on time and ensemble-averaged long-range dynamics in folded
and unfolded proteins within the range of 10 to 35A for paramagnetic moieties featur-
ing spin 1/2 and spin 7/2 respectively. In contrast to 'y typically used for structure
refinement and evaluation of intramolecular contacts, the PRE contribution to longitu-
dinal relaxation depends on internal dynamics occurring on timescales comparable with
inverse frequency of the Larmor frequency of the nuclei which relaxation is evaluated,
and, consequently requires more parameters for its successful estimation. Therefore, in
practical application the use of PRE, as an additional contributor to transverse relaxation
dominates due to its relative independence on strength of external magnetic field. The
incorporation of PRE restraints in calculation of SRY /DNA complex allowed to minimize
number of conformers representing experimental data and more precisely define contours
of conformational space (38). Inclusion of a paramagnetic label to phosphocarrier HPr
protein allowed to visualize complex with N-terminal domain of enzyme I (EIN) with
bound state population of 10% remaining in fast exchange solely on the basis of inter-
molecular PREs (161). PREs have also taken its part in elucidation of intermolecular
translocation mechanism of HOXD9 homeodomain protein on surface of DNA, which is
functionally important in target search process during transcription (162). Observation
of 3C PREs in addition to 'H PREs additionally allows for more accurate estimation
of the very fast kinetics of exchange between Ubiquitin and unilamellar vesicles. The
extracted ratio between the *C and 'H I' Ry, which is independent on apparent associa-
tion rate allowed for more accurate estimation of the kog (161). PREs have also assisted
in description of oligomerization process of DNAJB6b chaperoned by Hsp70 (163). Ad-
ditionally, immersion of stabilized radicals in protein solution allowed for estimation of
solvent accessibility of folded and unfolded proteins (164, 165).



24 INTRODUCTION

1.3 Towards biologically relevant conditions

As the complexity of macromolecular environment increases, description of protein
dynamics becomes more challenging. In order to answer, how does the complex macro-
molecular environment affect the size, shape and dynamics of proteins, and more specifi-
cally disordered proteins, requires understanding of behavior of a protein under crowded,
native-like conditions. In this section, I begin my considerations with simplified derivation
of Stokes-Einstein equation, which is followed by more specific solution for macromolecule
fragments across different length-scales. Further, general thermodynamic arguments al-

lowing to describe crowded environment and phase separating systems are discussed.

1.3.1 Stokes-Einstein equation

Consider container filled with solid spheres of hydrodynamic radii Ry, which are
constantly bombarded by infinitesimally small (Brownian) particles causing random dis-
placement of spheres in a medium of interest. One should consider the time and surface-
averaged pressure coming from the Brownian particles (p) causing random displacement
(x) of a particle of interest. On the surface of those spheres a balance of forces is formed
- one coming from temperature driven random motion, and opposing it hydrodynamic

viscous drag (Fj).

Z—Z = —Fyv=—mpov (1.1)

where v denotes average number of bombarding particles in a layer of interest AV, and
Fj is directly related to mass of a particle and a friction coefficient, which depends
on physocochemical properties of medium-particle interface () and reorientation rate
(tranlsational and rotational velocity) of the particle. In a simplified view, for ideal
gases, pressure on the surface of a particle is directly related to the number of Brownian

particles (n) moving through the surface layer of volume AV.

nNy R
V =nRT = =2 T = ukT 1.2
P nR VN v (1.2)
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dp dv
— = —kT 1.
dr dz (13)

Following Fick’s law, the rate of change of particles within the layer dx is directly pro-

portional to average velocity of particles and its number per unit volume:

d
—Dé = v (1.4)
Substituting 1.5 to 1.1:
dv dp

From the balance of pressure and frictional forces on the surface of the spherical particle

that is much bigger in comparison to the Brownian particles:

D—mp = —kT (1.6)

which gives the Einstein’s diffusion equation:

kT

b=

(1.7)
For idealized spheres of hydrodynamic radii R, immersed in liquid of viscosity 7, one
may apply the Stoke’s relation:

D kT
6mn Ry

(1.8)

Both equations (1.7 and 1.8) relate the diffusion coefficient with physicochemical
properties of the medium and the particle of interest. The first one is more general and
applicable to many systems, the latter one (Stokes-Einstein relation) is frequently used

in description of macromolecules immersed in aqueous medium (166-168).

Spheres of hydrodynamic volume (V) immersed in a fixed volume interact between

each other leading to transient slow-down of their rotational and translational movement.
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As their concentration (c) increases so does the viscosity of the medium arising from
these transient contacts depending on the size, surface to volume ratio of the interacting
spheres, hydration layer of the spheres, and properties of interface between the sphere
and the medium, which directly affect association and dissociation constants between
the particles. One of the consequences of macromolecular crowding is overall slow-down
of reorientation rate of water molecules. The interaction of solvent molecules with poly-
mer units of crowder will lead to retardation of water molecules in its vicinity following
formation of so-called hydration layer. Water molecules surrounding the macromolecule
will constantly exchange between hydration layer and bulk portion of solvent leading to
overall slow down of their reorientation rate. Macroscopically, those effects are visible
as the increase in the viscosity, on the microscopic or rather nanoscopic point of view
the description is slightly more complicated, as it depends on the nature of interaction
between solvent and macromolecule of interest, as well as size and shape of the latter
(169-171).

Translating equation 1.8 to more complex macromolecular systems featuring fractal
dimensions, filling hydrodynamic volume only partially requires certain approximations.
Efforts in that vein have been undertaken by number of researchers who observed de-
viations from generally valid Stokes-Einstein equation, as mobility of nano-probes de-
pends not only on concentration of viscogen, but also on the probe size. To further de-
scribe response of probes to friction associated with frequent macromolecular collisions
in crowded environment, Cai proposed classification of length-scale dependent motion of
nanoscopic objects depending on relation between diameter of the probe (d) and char-
acteristic length-scale in the polymer network, e.g. distance between a monomer of one
chain and the nearest monomer of another chain (¢ = Rg(c/c*)™?), where c¢* denotes
concentration at which polymeric solution is in concentration overlap between dilute and
semi-dilute conditions and 5 = v/(3v — 1). In the first regime, when dimensions of a
probe are smaller than dimensions of polymeric mesh size (d < ), diffusion of a probe
is unaffected by the polymer mesh. When ¢ < d < L, the long-time self-diffusion is
affected, the probe motion experiences effective viscosity which scales with square of d /€.
When d > L motion of the probe is influenced by the polymer chains and subsequently
experiences macroscopic viscosity of the solution (172). Further improvements to the
description of Cai, following observations of deviations from Stokes-Einstein equation
with regard to size of the probe experiencing motion, have been proposed by Holyst et

al., who implemented an effective radius of the probe (R.;s) by taking into account the



1.3. TOWARDS BIOLOGICALLY RELEVANT CONDITIONS 27

hydrodynamic or gyration radii of viscogen into description of length-scale dependent

viscosity. In that case, the effective viscosity changes, such that:

Dy 71 Reff>“) - ( r2R? )
Do_m _ poy — en (1 [ Bets th Ry = | (=220 1.9
D g W eXp( ( 3 W Hers 2+ R} (19)

In that case, the size of the probe sets the scale of the flow, and the viscosity expe-
rienced by a particle in motion is not a property of the object but rather a property of
the flow inside the fluid and the length-scale of that flow. The R.r;/€ ratio describes the
extent to which the hydrodynamic flow is screened at distance &. In the model, value
of stretching exponent ’a’ is related to hydrodynamic properties of an object and scales
approximately as R;, /R, which oscillates between 0.7 for extended polymers in entan-
gled regime (where macromolecular chains interpenetrate each other) to 1.3 for solution
of hard spheres. Importantly, the model reproduces the viscosity dependence on crowder
concentration in a wide range of experimental conditions with size of the probe ranging
from 0.5 to 6.9 nm, molecular weight of viscogen from 3 to 1000 kg/mol, and temper-
ature ranging from 278 to 315 K, as observed from joint rheometry and Fluorescence
Correlation Spectroscopy measurements. The description uniformly describes relation-
ship between microscopic and nanoscale viscosity for probes and viscogens of different
dimensions, and opens up an avenue in description of disordered protein dynamics in the
crowded, native-like conditions (173, 174).

1.3.2 Thermodynamics of crowding

The particles filling the container do not perfectly stick to each other - due to steric
repulsion arising occurring as a result of both hard and soft interactions, additional por-
tion of volume surrounding particles is created for each of them giving rise to the excluded
volume effect - the overall volume of particles will be larger than the one predicted from
simple summation of the individual van der Waals radii of atoms composing the particle.
Referring concentration of particles, or, more precisely macromolecules in the crowded
environment to available volume rather than total volume puts an emphasis on surface-
dependent effects such as solvation and potential specific or non-specific interactions with
other solutes, stemming from van der Waals, electrostatic and hydrogen bonding inter-

actions. Hence, those interactions depend not only on the size, shape and topology of
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macromolecules but also on charge and polarity of macromolecular surface. Folded pro-
teins may be easily approximated by spheres, or ellipses, for which descriptions based
on geometrical considerations, such as scaled particle and lattice theory typically well
describe the excluded volume effect (169-171, 175, 176). Both of the theories consider
thermodynamic effects associated with introduction of a convex particle in a bath of par-

ticles, the first one focusing on the size of introduced particle, the latter on the shape of it.

The description complicates a bit for unfolded proteins, which do not fill its hydro-
dynamic volume perfectly. In that case, apart from surface to volume ratio one needs
to consider effects associated with reconfiguration of the macromolecular chain and po-
tential compaction. To illustrate it, one should consider two types, one involving local
rearrangement of macromolecule influencing intramolecular interactions and associated
with it changes in the number of degrees of freedom and global effects associated with
excluded volume and inter-particle interactions. In that case, the entropic effects as-
sociated with crowding-induced compaction may be counterbalancing each other - in
attempts to maximize the number of degrees of freedom, the system will tend to increase
the available volume by decreasing overall size of the macromolecule, while maintaining
a large number of possibilities for the chain fragments to move independently. Addition-
ally, enthalpically-driven specific or non-specific interactions may lead to transient intra
and intermolecular interactions further promoting chain compaction or potential com-
plex formation. In that case, the latter will strongly depend on the amino acid sequence,
ionic strength, pH, temperature and presence of cosolvents. For a number of proteins,
crowding-dependent compaction has been observed in single molecule fluorescence exper-
iments in a manner dependent on molecular weight and physicochemical nature of the
crowder determined mainly by the quality of its interaction with solvent. The larger the
viscogen, the greater compaction effects of the unfolded protein of interest observed, with
reduction in Rg on the level of up to 30% for the largest viscogen used. Conveniently, the
experimental data obtained for a variety of conditions is explained by renormalized Flory-
Huggins theory, which relates changes in macromolecular volume fraction associated with
crowding to free-energy of mixing of the macromolecule and the solvent. Additionally to
excluded volume effects, depletion interactions associated with creation of impenetrable
for other particles layer around the solvated macromolecule of interest may be observed
in crowded environments. These effects impact association rates of unfolded proteins as

has been observed experimentally for a range of crowding conditions (177-181).
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1.3.3 Phase separation of proteins

A special case of crowding are concentrated solutions of proteins, which apart from
solvent-coupled effects directly affect each other by virtue of frequent specific or non-
specific intra and intermolecular interactions. Transitioning from diluted to more con-
centrated solutions may occur either gradually, by obtaining more and more concentrated
solutions of protein, or spontaneously via liquid-liquid phase separation, whereby next to
the phase of low protein concentration, a separate liquid phase containing high volume
fraction of macromolecules is spontaneously formed. The formation of separate phase
proceeds occurs via collapse of small spherical discontinuities (droplets, containing con-
siderable concentration of macromolecules in comparison to the one in surrounding them
dilute phase) within the medium of interest. Droplets are thermodynamically unstable
states and subject to either dissolution or growth. As recruitment of material depends on
capture radius of the droplet, while dissolution depends on its surface-to-volume ratio,
the newly formed states will undergo Ostwald’s ripening process - smaller droplets will
dissolve at the cost of larger phase-separated macromolecular moieties leading to droplets

growth and eventually formation of separate continuous phase.

The phenomenon of phase separation is typically dependent on temperature, ionic
strength, concentration of macromolecules in solution, as well as, the character of inter-
actions between macromolecules and the solvent. The most basic description of LLPS
may be represented with an aid of Flory-Huggins theory, which allows to approximate
thermodynamic demixing associated effects using combination of interaction parameter
X and volume fraction (¢) representing enthalpic and entropic contributions to free en-
ergy of demixing respectively, originating mainly from interaction potential between the

macromolecule fragments and excluded volume terms (182):

AF
NkgT

P2

X2

= xdido + %mwl) + L1n(y) (1.10)

where x; and x5 are coefficients which depend on the evaluated system: for either a pair
of solvents (both x; and x5 are equal to 1) solvent-solute (x; is 1, and x9 is much larger)

and solute-solute (both x,, are large) (183).
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The origin of concentrated phases is strictly dependent on reaching a local saturation
concentration of material (csy), which may be achieved either via self-interactions of a
protein or a set of proteins of interest, in which case the process is mainly enthalpically
driven, due to (self-)crowding with dominant non-specific interactions (corresponding to
entropic terms), or a combination of both. Observations of phase separation for pro-
teins rich in highly charged and aromatic residues puts the spotlight on the first of the
processes with cation-anion (Arg-Glu), cation-m (Arg-Tyr or Arg-Phe) and 7-7 interac-
tions. Although, weak and of transient nature, a number of the interactions may locally
increase the concentration of macromolecules leading to formation of phase separating
(droplet) nuclei. Further, depending on concentration of macromolecules in continuous
phase and the surface-to-volume ratio of the droplet, the spontaneously formed droplet
may recruit additional macromolecules from surrounding medium fostering its growth or
spontaneously dissolve. The most basic description of LLPS is usually encapsulated in a
phase diagram, which describes the thermodynamical state of the solution as a function
of volume fraction and temperature, pH or salt concentration, within which one can dis-
tinguish a number of points characterized by spinodal and binodal decomposition lines.
The region enclosed by binodal defines physicochemical conditions within which two sta-
ble phases are formed, while region between spinodal and binodal defines metastable
region where a thermodynamical balance between formation and dissolution of droplets
is formed. Critical point on the phase diagram denotes the lowest (or highest) tempera-
ture (salt concentration or pH) for which the LLPS may occur (184, 185).

Similarly to the crowded environment, the functional characteristics of proteins within
the demixed phase are very likely perturbed by high concentration of solutes. In the case
of unfolded proteins, instead of concentration-dependent compaction, one should expect
interpenetration of the macromolecular chains maximizing the number of inter-molecular
contacts, which maintain integrity of the droplet, while allowing for a maximal number
of degrees of freedom. With concentrations reaching astounding numbers of hundreds
of g/L within the condensate, one can expect that the majority of water molecules con-
stituting the droplet will belong to the hydration layer and viscosity within it will be
significantly greater in comparison to the one in the dilute phase, which in turn, should

have visible effects on the dynamics of the protein within the demixed phase (186, 187).
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1.4 Hypothesis

Following considerations of researchers across the multi-disciplinary subject of disor-
dered protein dynamics in the native-like conditions, in the Thesis, I attempt to describe
the limitations of methods applied for description of stochastically modulated motions
from NMR spin relaxation and present potential means of representation of limitations
on the reorientation process of macromolecular fragments associated with internal and
external degrees of freedom featured by the polypeptide unit due to the intra and inter-
molecular interactions. More specifically, I attempt to describe the limits of experimen-
tal sensitivity associated with estimation of dynamic modes from Model-Free analysis of
NMR relaxation rates as they relate to the underlying distributions of correlation times
describing reorientation of polypeptide fragments. I attempt to quantify the influence
of sensitivity of NMR relaxation rates to timescales of motions on values of estimated
dynamic modes and parameters associated with their scaling across a range of conditions
(temperature and viscosity) influencing bulk and local properties of the medium. I present
a systematic study on the effect of crowded native environment on the unfolded protein
dynamics represented by °N relaxation rates, and using simplistic terms quantitatively
describe the manner in which timescales of motions occurring on ps to ns timescales
are affected by the crowded native-like environment. I present an efficient mean of de-
scription of influence of viscosity and temperature both in the dilute, semi-dilute and
concentrated phases on the local ps to ns unfolded proteins dynamics represented by
apparent dynamic modes estimated from Model-Free analysis of NMR relaxation rates.
I evaluate the response to temperature and viscosity-induced modulations of apparent
dynamic modes observed for unfolded proteins featuring distinct dynamic fingerprints.
I discuss the role of water dynamics and neighboring side-chain interactions on effective
deceleration of unfolded polypeptide units. I attempt to qualitatively evaluate changes in
distributions of correlation times underlying reorientation of macromolecular fragments
of varying length occurring as a result of modulation to temperature and viscosity of the
medium, and describe the quality of Model-Free representation of unfolded chain dynam-
ics from NMR relaxation rates in the form of apparent dynamic modes of polypeptide

fragment reorientation processes.
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CHAPTER 2

Theoretical principles
of NMR relaxation

Nuclear magnetic resonance (NMR) spectroscopy describes the complexity of inter-
actions of nuclei with external magnetic field. Exposure of a nuclei to electromagnetic
field creates electrodynamic force leading to oscillations of fundamental particles and
formation of fluctuating magnetic fields within the nuclei leading to formation of par-
tial magnetic moments, which further interaction with electromagnetic field causes their
redistribution, formation of spin (collinear with the average magnetic moment of a nu-
clei, 1) and its precession around the axis of the external magnetic field with Larmor
frequency. The oscillations of magnetic field within the nuclei and electronic density as-
sociated with reorientation of a molecule within the external magnetic field cause its per-
turbation leading to changes in the nuclear magnetic momentum represented by angular
momentum operators. The relaxation active spin transitions representing redistribution
of partial nuclear magnetic moments occurring on pico to nanosecond timescales as a
result of inter and intranuclear dipolar interactions are represented by spin or transition
operators. The spin operators are represented by the frequency and coherence order as-
sociated with number of magnetic quanta involved in the overall change in the energetic
states of the spin system. The distribution of nuclear magnetic moments may be repre-
sented by non-reducible bulk magnetization, which evolution may be efficiently probed
experimentally by application of series of radio-frequency pulses to influence the pro-
cesses associated with its evolution on us to ms timescales. The connection between the
stochastically modulated motions and perturbations to spin system evolution encapsulat-

ing fluctuations of nuclear magnetic moments may be described using the semi-classical
Bloch-Wangness-Redfield theory.

33
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2.1 From spin to spin density operator

The redistribution of partial nuclear magnetic moments arising due to interaction of
electromagnetic fields associated with oscillations of fundamental particles within nuclei
with external magnetic field gives rise to its initial angular acceleration leading to an
oscillatory-rotatory movement, which may be represented by precession. The electro-
dynamic force generated within the nuclei leading to its reorientation and formation of
average nuclear magnetic moment (/) depends on its composition - number and type of
fundamental particles. The magnitude of coupling between nuclear magnetic moment
and external magnetic field is encapsulated within the gyromagnetic ratio of a nuclei, ~,
an intrinsic property unique for each nuclei, defined by a ratio between the frequency of
its oscillatory-rotatory movement (Larmor frequency) and magnitude of external mag-
netic field. As the exact description of energy levels arising as a result of the interaction of
the nuclear magnetic moments with the external magnetic field is difficult, one typically
describes the spin system using discrete distribution of partial magnetic moments repre-
sented by linear combination of wave functions describing intranuclear electromagnetic
flux with quantized energy levels. Nuclear spin, defining direction of average nuclear
magnetic moment and spin operators describing distribution of partial magnetic mo-
ments within the nuclei are represented by quantum numbers: spin quantum number
(1) and magnetic quantum number (m), which dependent on the composition of the nu-
clei take values from 0 to 8 in steps of 1/2 (1), and from -1 to 1 (m) respectively. The
ensemble of processes describing stochastic modulation of average nuclear magnetic mo-
ments within nuclei ensemble represented by bulk nuclear magnetization vector on one
hand, and spin transitions on the other is encapsulated within the semi-classical Bloch-
Wangness-Redfield NMR relaxation theory.

The stochastically modulated motions of molecule fragments cause changes in relative
orientation of the nuclear magnetic moments with respect to the external magnetic field
leading to redistribution of nuclear magnetic moments and alignment of portion of spins
in the available spin bath along the lines defining direction of external magnetic field, and
small portion against the direction of external magnetic field in a process called Zeeman

interaction.

&—ex AL =ex fiw =ex iy Bo (2.1)
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The time-dependent modulation to intranuclear partial magnetic moments distribu-
tion associated with inter and intranuclear interactions may be represented by the spin
tensor operators (I), while description of their evolution with respect to energy levels
associated with spin transitions is encapsulated within so-called Hamiltonians. Zeeman
interaction is the strongest interaction of nuclei with external magnetic field (By) and is

described by Hamiltonian:

hity = —[1,Bg = —yhIBy (2.2)

From the perspective of range of timescales on which NMR relaxation occurs the
major part of interaction between nuclear magnetic moments and magnetic field may be
represented by time-dependent contribution to the time-independent Zeeman Hamilto-

H(t) = A+ () (2.3)

%) represents the Zeeman interaction energy operator, while 4 (t) describes stochastic
modulation of nuclear magnetic moments evolution associated with one of the mecha-
nisms of interaction between nuclear magnetic moments in external magnetic field, its
evolution due to the electronic density fluctuations for spin half-integer nuclei, or interac-
tion between nuclear quadrupolar moment and electric field gradients for nuclei featuring
integer spins. The information on ensemble of available spin states and their distribu-
tion within the nuclei ensemble contributing to the average nuclear magnetic moment is

encapsulated within the so-called density matrix:
o= [ P10y ol dr (2.4

with |¢)) and (1| representing eigenvectors of spin system and P(v)) representing proba-
bility density of a given eigenstate. Egenfunctions carrying information on spin system
of interest may be decomposed into linear combination of eigenstate vectors |n) and cor-
responding coefficients (c,,), where the square of the latter is proportional to probability

amplitude of spin state of interest.
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V) = ch n) (2.5)

In a matrix form, diagonal elements of the density operator inform on probability of
finding an eigenstate in the spin ensemble (which is proportional to its population), while
off-diagonal elements describe probability of occurrence of spin transitions associated with
evolution of nuclear spin ensemble between different eigenstates (its coherences). For any
observable %, an expectation value may be calculated from trace of the density matrix

with a spin operator describing spin transition of interest:
(B) = Tr(c B) (2.6)

which allows to translate evolution of nuclear magnetic moments represented by the spin
density matrix and respective spin transition operators into experimentally observed pa-

rameters describing evolution of the average bulk nuclear magnetization.

2.2 Bloch-Wangness-Redfield theory

In order to describe the evolution of nuclear magnetic moments with respect to exper-
imentally accessible relaxation rates, one may use second-order perturbation theory. The
description of nuclear spin ensemble modulation associated with interaction between nu-
clear magnetic moments and fluctuating magnetic fields of surrounding nuclei and their
electronic densities may be initiated from the classical Liouville-von-Neumann equation
(eq. 2.7):

do(t)
dt

= —i[A(t),0(t)] = —i[H5 + A1), 0(t)] (2.7)

which encapsulates the description of changes in energy levels arising due to spin
transitions in the ensemble as a result of one of the mechanism of interaction between

nuclear magnetic moments. In order to remove the dependence on time-independent
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Zeeman interaction between nuclear magnetic moments and the static magnetic field
(%)) one may transform o(t) and (time-dependent) stochastic part of the Hamiltonian

S (t) into a so-called interaction frame:

o' (t) = exp(istt)o(t)exp(—iHt)

A (t) = exp(iAt) A (t)exp(—iHAit)

The approach allows to reformulate the Liouville-von-Neumann equation, to the one
where intrinsic dependence on 74 has been removed, while the time-dependence of 4

has been maintained:

do™(t)
dt

= [ (t), 0" (1)] (2.9)

The treatment of the time dependence of the spin density matrix proceeds via solution

of differential equation within the time bounds from 0 to t:

oT() = o7 (0) — i /O A1), o ()]t (2.10)

The second-order perturbation approach includes additional integration step following

substitution of o7 in equation 2.10 to 2.9:

o () — 0T(0) = —i /0 [%T(t), (ﬂ(o)—@' /0 [f/gT(t”),ﬂ(t”)]dt”)] @ (2.11)

o7 (1)~ (0) = —i / A1), o (0))dt'— / / AT (), AT, o7 (e e (2.12)

do™(t)
dt

=il (1),07(0)] — /0 (1), [T (), o (¢)])dt! (2.13)

Since we are interested in timescales longer than the average correlation time of a

molecule (7 on the order of tens ps to tens of ns) and shorter than the rate of decay of
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bulk magnetization, we can extend limits of integration to infinity. Further, one can ob-
serve that during this time evolution of spin system is negligible so that (£ (t)) vanishes
and oT(t — 7) is approximately o7 (t). Additionally, the density operator and effects of
spin transitions on bulk magnetization evolution described from the second order pertur-
bation theory represent average fluctuations and mutual interactions of nuclear magnetic
moments represented by average spin density operator and respective Hamiltonians. To
account for the fact that the spin system will seek thermal equilibrium, in order to de-

scribe the time evolution of spin system one has to modify o7 (t) by o7 (t)-0¢,.

Taking into an account that 7 (t) and o7 (t) are uncorrelated, we can omit the first

term in the equation 2.13 and rewrite it as:

do™(t)
dt

T /000 AT, [T (t = 7), 07 (1) — ocglldr (2.14)

In the next step, following so-called secular approximation assuming relatively minor
influence of the stochastic processes associated with reorientation of the molecule on the
frequency of the spin transitions and small probability of inducing motion on timescales
which are of interest for NMR relaxation as a result of interaction between the nuclear
magnetic moments, one may decompose .5 (t) into irreducible spherical tensor operators

which depend only on spin part (A]) and time-dependent spatial variables (V§(t)):

k

At =Y (1) (AT (2.15)

q=—k

where k is rank of the tensor. Spin dependent part is decomposed into linear combi-
nation of basis operators, which encapsulate information on frequencies associated with
interactions between neighboring nuclear magnetic moments and modulations thereof by

electronic density modulation:

Al =>"Al (2.16)
p

Therefore, the basis operators of spin dependent part of the stochastic Hamiltonian asso-

ciated with spin interactions (Azp) become eigenfunctions of the stochastic Hamiltonian
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commutation superoperator and w} its eigenfrequencies:
[0, AZP] = ngzp (2.17)

Subscript p allows to distinguish operators of the same order ¢ but of different eigen-
frequency (p). In other words, interactions between nuclear magnetic moments occurring
concurrently to stochastically modulated motions described by spin transition operators
at frequencies associated with reorientation of nuclear magnetic moments (spin preces-
sion) lead to separation of energy levels associated with alignment of portion of spins
along and against the lines of external magnetic field. The incorporation of spin interac-
tion part into the Master equation (2.14) describing perturbation to the time evolution
of spin ensemble proceeds with transformation of the spin dependent part into the inter-

action frame:

AL(t) = exp(idtt) AL (t)exp(—idgt) = Y exp(wit)Af, (2.18)

p

Therefore, one is considering evolution of nuclear magnetic moments due to spin in-
teractions encapsulated within Aip from perspective of a nuclear spin reorienting in an
external magnetic field By at Larmor frequency wi. We are now in position of inserting
the transformed and decomposed Hamiltonian (equation 2.15 and 2.18) into equation
describing evolution of spin density operator in the interaction frame (equation 2.14).
Assuming that the stochastically modulated time-dependent variables are uncorrelated
with tensor spin operators (secular approximation), we can extract the double commu-

tator Azp before the integral:

do dt(t) =3 "> (-1 expfi(w? + WAL (AL oT(t) — 0.

.9 p.p

(2.19)

/ V)V, 4t — T)exp(—iwiT)dT
0

!
q A p— q 9\ q q i ] -
The terms (wi +wy,) = (wi +w,") = (wp — wy,) survive only if w, and w,, are suffi
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ciently different leading to observation of non-secular terms, which average to zero due
to oscillating magnetic fields generated by the stochastically modulated motions much
faster than the ones contributing to the relaxation, and do not contribute to long-term
value of 0. Practically, frequency modulation due to perturbation of nuclear magnetic
moments by fluctuating magnetic fields and electronic density in the vicinity of the nu-
clear spin associated with transient modifications to molecular environment of the spin
is either relatively small or short-lived that the term exp{i(w + wg: )t} may be omitted

(secular approzimation).

Consequently, one may redefine the Master equation describing evolution of the spin

density operator:

WD S S AL (AL 07 (1)~ ] | OV T Py (220

49" pp’

We will now recognize that product of spatial part of spin-lattice interaction tensor
and its complex conjugate denotes average correlation function associated with reorien-

tation of the molecule or its fragment:

Ct)=VIt)V, (t—r) (2.21)

while the real part of integral of the correlation function:

JU(wd) = 2Re{ /000 VIV, it — T)exp(—ing)dT} (2.22)

is a power SDF which describes probability of observing spin transitions at certain fre-
quency associated with a nuclear spin interaction arising due to the stochastically modu-
lated motions. The imaginary part of the integral contributes to second-order frequency
shifts which description is beyond the scope of this work. Defined in that manner Master

equation may be transformed into the laboratory frame:

do(t)
dt

— [, 0(t)] = D(o(t) — 0uy) (2.23)
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~

with relaxation superoperator (f‘) composed of SDF describing probability of observing
allowed spin transitions and respective spin transition double commutator encapsulating

perturbations to the evolution of nuclear magnetic moments:

’1»

Z > (AT AL 15 (wl) (2.24)

q—fk p

The Master equation may be applied to spin systems of interest under condition of
]], and non-negligible SDF

describing reorientation of a molecule occurring at different timescales. The latter is max-

non-vanishing spin interaction double commutator [A T [A{ ,
imized when timescales of reorientation of a molecule or its fragment is equal to inverse of
frequency associated with spin interaction w{ - Larmor frequency or linear combination
of Larmor frequencies of the interacting nuclei. Derivation of relative contributions of
spin interactions to relaxation rate constants for a spin system follows a two step process:
first double commutators of respective spin-tensor operators are calculated, then a trace
of the double commutation product with coherence order of interest is taken. The final
step in evaluation of relaxation rate constant is calculation of SDF j?(w?) which depends

on reorientation rate of (macro)molecule fragment containing spin(s) of interest (188).

2.3 Mechanisms of relaxation

Fluctuating magnetic fields associated with reorientation of the molecule lead to spin
transitions may be encapsulated within description of dipolar interactions between nu-
clear magnetic moments of (located in the vicinity) nuclei featuring spin half-integer
quantum number (direct dipolar interaction), as a result of spatio-temporal perturba-
tion to electronic density surrounding the nuclei represented by chemical shift anisotropy
(CSA) influencing nuclear magnetic moment evolution (indirect dipolar interaction), or
as a result of interference between the two mechanisms (CSA-dipole-dipole induced relax-
ation). Additionally, nuclei of integer spin quantum number feature nuclear quadrupolar
moments and their interaction with local electric field gradients may lead to additional
relaxation contributions. If reorientation rate of a (macro)molecule fragment is propor-
tional to the inverse of the eigenfrequencies associated with transition between the spin

states due to one of the relaxation mechanisms, one may observe non-negligible contri-
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bution to evolution of bulk magnetization represented by relaxation rate constants. For
coherences in spin systems with quantum numbers 1 equal to 1/2, of major interest are
single and zero quantum operators describing transverse and longitudinal relaxation rates

accessible experimentally (44, 188).

2.3.1 Dipole-dipole induced relaxation

The evolution of nuclear magnetic moments occurring concurrently to reorientation of
a (macro)molecule leads to modulation of fluctuating magnetic fields within interacting
nuclei. Considering a spin pair featuring half-integer quantum numbers (further denoted
as IS spin pair) separated by a distance (r;g), the partial nuclear magnetic moments
of nuclei I and S influence one another, in turn leading to modulation of electromag-
netic fields within the nuclei associated with redistribution of partial magnetic moments
(populations of fundamental particles composing them and their orientations), and conse-
quently to transient perturbation to direction of the resultant nuclear magnetic moments
with respect to the external magnetic field. For nuclei featuring half-integer quantum
numbers the process of orientation randomization of nuclear magnetic moments in the
spin ensemble associated with their mutual interactions leads to loss of coherence of
magnetization evolution, which may be represented by bulk nuclear magnetization decay
observed experimentally. The magnetic dipole-dipole interaction occurs through space
and its magnitude depends on gyromagnetic ratios of the coupled nuclei I and S and

distance between them:

—uoh
d= %r;ﬁ(zﬁ) (2.25)

For an IS spin pair, the strength of interaction (d) decays with an inverse sixth power of
distance. In some cases, the information may be used to calculate distance between the

interacting nuclei. The Hamiltonian for dipolar interaction is formally written as:
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where 1 describes a unit vector. Formally, the dipolar interaction tensor (i (3f‘ T — i) S)
may be grouped into six products of direction cosines, forming a so-called dipolar alpha-
bet. It is generally more useful to express these terms in a form of irreducible spherical
harmonics describing redistribution of partial nuclear magnetic moments associated with

respective spin transitions.

Table 1. Spin tensor operators of respective transition operators

according to their frequency (p) and coherence order (q).

q A3, Ay = ()1A v
0 0 (2/V6)LS, (2/V/6)1.S., 0
0 -1 —(1/2v6)I~ST —(1/2V6)ItS~ ws—w;
0 1 —(1/2v6)I*S~ —(1/2V6) ST w;—ws
1 0 —(1/2)L.S* (1/2)1,5- ws
1 1 —(1/2)I*S, (1/2)I-8S, Wy
2 0 (1/2)1+S+ (1/2)I-S~ ws + wr

In order to estimate relaxation rate constants, for instance, of longitudinal magneti-
zation evolution I.S,, one needs to perform a double commutator operation followed by
trace calculation with respective spin tensor operator. To exemplify operations required
to perform to estimate the relaxation rate constant, one may consider evolution of ZQ

coherence order associated with flip-flop spin transitions (a8 — Sa with p of 1 and q of

0):

(A [Ag), L] = (/217 STITS™, L] = (1/24)[I~S*, I7S7] = (1/24){L. - S.} (2.27)

The inner commutator is isomorphous which simplifies the calculation. In the following

step, one estimates trace of I, with the product of double commutator (equation 2.27):

(1/24) (LKL = S.}) = (1/24)(IZ = 1.S:) = (1/24)({aa| IZ — L.S:|ac) 0.28)
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giving the quantum-mechanical constant for the flip-flop (w; —wg) transition for the lon-
gitudinal two spin order 1.S,. In principle, to estimate the relaxation rate, one has to

estimate all of the combinations of commutation relationships (44).

For the dipole-dipole induced evolution of magnetization, the relaxation rates are
given by:

2

Rpip(1,) = T (J(wr — ws) + 3J(wr) + 6J(wr + wg)) (2.29)

RDip(I—H_) = %2 (4J(0) + J(wl — ws) + 3J(WI) + 6J(w5) + 6J(w1 + wg)) (230)

Rpip(I, <> S,) = dZQ (—J(wr —ws) + 6J(wr + ws)) (2.31)

where the subset notation describes the coherence order evolution - the first two equa-
tions describe dipole-dipole induced relaxation of longitudinal and transverse magnetiza-
tion components respectively. The last equation describes the heteronuclear dipole-dipole

cross-relaxation.

2.3.2 Chemical-shift anisotropy induced relaxation

Nuclei are surrounded by cloud of electrons represented by electronic density, which
in the presence of external magnetic field (Bg) create additional, local oscillating mag-
netic fields (By,.) around and within the nuclei effectively modifying the partial nuclear
magnetic moments distribution, and in turn transiently affecting the nuclear magnetic
moment orientation. The magnitude with which local magnetic fields generated by elec-
tronic density fluctuations modify nuclear magnetic moments is commonly referred to
shielding, and allows to spectroscopically distinguish nuclei of the same kind in different

molecular environments, and is commonly referred to as chemical shift.

Bloc = B0<1 - 0) (232>
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The nuclear substructure of a molecule depends on fundamental particle composition
of the nuclei in turn affecting electronic substructure and potential for formation of
chemical bonds and non-bonding interactions arising due to imbalanced polarity within
the (macro)molecule fragments, which in turn may affect the nuclear magnetic moments
evolution in the external magnetic field. The molecular architecture of group(s) of atoms,
namely the type of atoms and interactions between them, in the vicinity of a nuclei leads
to a degree of anisotropy in the nuclear magnetic shielding (o), which may be conveniently

represented by (chemical shielding) rank 2 tensor:

Ogzx Ogzy Ogz
Oys (2.33)

Ozz Ozy Oz

Oyy

where o0, represents shielding constant associated with magnetic field induced along
y-axis with external magnetic field By along x-axis. For further calculations & is typ-
ically decomposed into isotropic part, anisotropic anti-symmetric part and anisotropic

symmetric part:

1 00 ) 0 Ogy — Oyz  Ozz — Oz
6=0i|0 1 0| + 3 —Ogy + Oys 0 Oyz — Oy
0 01 —Opz+ 0sp —0y. + 02y 0
(2.34)
—0.5(1 —n) 0 0
+ Ao 0 —0.5(1+mn) 0
0 0 1

with isotropic part of the shielding tensor o;5, = (044 + 0yy + 0..)/3, chemical shielding
anisotropy Ao = (0., — (042 + 0yy)/2) and rhombicity: n = (044 — 0yy)/02,. By conven-

tion:

Oyy — O—iso‘ S ’O—xx - Uiso| S ‘Jzz — Oiso (235)
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When rhombicity vanishes (0., = 0,, = o), the tensor becomes axially symmetric
with symmetry axis (0., = o)), then Ac = o — 0,. The oscillating magnetic fields
generated by reorientation of a molecule temporally modify effects of shielding leading

to perturbation of evolution of spin system in turn inducing relaxation.

The description of chemical shift anisotropy influence on the local magnetic properties

of a nuclei are represented by CSA Hamiltonian:

Hpsa = hy BoloB (2.36)

where & is the chemical shift anisotropy tensor, and I and B are respective spin and
(external) magnetic field tensors. Of primary interest is symmetric and anisotropic part
of the interaction tensor as fluctuations encapsulated within the isotropic part contribute
to overall NMR relaxation to a small extent and can be treated as a part of the Zeeman
interaction Hamiltonian. To evaluate effect of CSA on relaxation, one needs to estimate
contributions associated with spin interactions at frequencies associated with relaxation
active spin transitions. The irreducible spherical tensor representation of spin transitions

with regard to coherence order of the CSA Hamiltonian is defined in Table 2.

Table 2. Spin tensor operators of respective transition operators

according to their frequency (p) and coherence order (q).

a p AL A - (1)AyT g
0 0 (2/V6)I, (2/V/6)1, 0
1 0 —(1/2)1* (1/2)I~ wr
2 0 - - 2wy

Calculation of double commutators and trace with respective spin tensor operator,

allows to estimate the CSA-induced contribution to the relaxation rate constants:
Resa(LL) = 2 J(wp) (2.37)

Resa(I7) = (4J(0) 4 3J (wy)) (2.38)
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The magnitude of CSA interaction strength (c) is directly proportional to the mag-

nitude of chemical shielding anisotropy and strength of the external magnetic field:

A<7WB()
c= —

7 (2.39)

2.3.3 Chemical-shift anisotropy-dipole-dipole interference

Under certain set of circumstances, when the evolution of nuclear magnetic moments
of nuclei pair due to the dipolar interaction between them and the time-dependent fluc-
tuations of electronic density surrounding the nuclei are correlated in time and the as-
sociated spin transitions do not commute, the two stochastic processes give rise to the
cross-correlated cross-relaxation. An example of the phenomenon is CSA-dipole-dipole
interference (189). From the point of view of Bloch-Wangness-Redfield theory, the cross-
correlation function describing the interference is composed of spatial part of spin-lattice
interaction tensors describing the chemical-shift anisotropy and the dipolar interaction
mechanisms. The comparison of mutual orientation of spin-lattice interaction tensors
describing the chemical-shift anisotropy and direct interaction between nuclear magnetic
moments, leads to introduction of component allowing to take into an account relative
orientation of the two, so that the correlation function associated with interference be-
tween the two mechanisms may be approximated by an auto-correlation function with
maintained magnitude of the interactions. For axially symmetric CSA tensors featured by
the N-TH nuclei pair possessing relatively small degree of anisotropy (7 is approximately
0.22), one may achieve the comparison of cross and auto-correlation functions by appli-
cation of Py(cos(0)), where 6 angle defines orientation of principal axis of the CSA tensor
with respect to the dipolar interaction tensor (which is collinear with the NH-backbone
vector)(190-194). From the point of view of magnetization coherence evolution leading to
the cross-correlated cross-relaxation, initially formed in-phase magnetization coherence
evolves into an anti-phase (or vice versa), with a loss of magnetization proportional to

the cross-relaxation rate associated with interference between the two mechanisms.

d(It)
dt

— —inJys (21F8.) (t) — (Rpp + Rosa) (IM) (t) — may (2I7S.) () (2.40)

d(I*8S.)

dt = —i7TJ[5 <2]+> (t) — (RDD + RCSA) <I+SZ> (t) — Ny <2]+> (t) (2.41)
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The equations show that for the anti-phase magnetization coherence of the IS spin sys-
tem, one of the peaks in the doublet will be broader, while the other narrower, both by a
factor proportional to 7,,, the latter defining the cross-relaxation rate constant between
the two mechanisms. This phenomenon is a basis of a Transverse Relaxation Optimized
SpectroscopY (TROSY) experiment, which allows for reduction of the apparent relax-
ation rate of one of the components of the doublet, and allows for spectroscopic evaluation
of the nuclei in larger macromolecules featuring faster intrinsic transverse relaxation rate

due to relatively long reorientation timescales (exceeding 20-30 ns).

2.3.4 Relaxation rates summary

Following application of the semi-classical second-order perturbation theory within
the bounds of secular approximation for N nuclei located in the protein backbone,
the experimentally accessible relaxation rates featured in the following analyses may be

approximated by following expressions (equations 2.42), (195):

& i

Ry = 5 [47(0) + J (wir —wi) + 3 (wn) + 6. (wn) +6J (wnr +wn)] + %[4J (0) +3J(wn)]
(2.42)

d2 202
R, = 1_0[J(wH —wy) + 3J(wn) + 6J(wy + wn)] + 1—5J(WN) (2.43)
O =14+ L 1 [—J(wn —wn) +6J (Wi + wn)] (2.44)

nve= 10 Ryyn TN e '
20— 1
oy = Y (22 (0) + 8o (2.45)
2p _
. 2\/§cd <3COS 0 1) J(won) (2.46)
5) 2

with ¢ = Aowy and d = 1° My (2.47)

V3 A iy
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where Ao denotes chemical shift anisotropy (CSA) for "'N-'H system (with experimen-
tally determined values in the range of -160 to -180 ppm), wy and wy denote 'H and °N
Larmor frequencies, 7y and vy correspond to 'H and N gyromagnetic ratios, p is the
magnetic permeability of free space, h is the reduced Planck constant, ryy is the N-1H
internuclear distance (1.015A) and 6 is the angle between principal axis of the CSA tensor
and the NH-backbone vector. R; and Ry represent auto-relaxation rates (longitudinal
and transverse respectively) and describe the bulk nuclear magnetization evolution aris-
ing due to dipolar interactions of both direct and indirect origin - between nuclei located
in the vicinity or modulations of nuclear magnetic moments by the surrounding elec-
tronic density respectively. R; denotes rate at which bulk nuclear magnetization comes
back to equilibrium (with bulk magnetization vector aligned along the lines of external
By field), Ry is rate at which bulk nuclear magnetization decays in the transverse plane
(perpendicular to the lines of By field). nOe describes the steady-state heteronuclear
Overhauser effect, which arises due to cross-relaxation between longitudinal coherence
orders of 'H and '°N. The magnetic relaxation interference between the two mechanisms
originating due to direct and indirect dipolar interaction for >N nuclei in the transverse
and longitudinal planes are represented by 7,, and 7, respectively (equations 2.45 and
2.46).

100
Z
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o 3
=
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102 1071 100 10! 0 200 400 600 800 1000
t, ns w, MHz

Figure 2.1: Comparison of exemplary correlation function and corresponding SDF. Points rep-
resent SDF' at frequencies associated with nuclear spin interactions, i.e. Larmor frequencies of
BN and 'H at different magnetic field strengths of 9.4, 14.1 and 20T.
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Considering expressions provided by solving Bloch-Wangness-Redfield theory for N-
'H system (equations 2.42 to 2.46) and an exemplary SDF for N backbone amide such
as the one in figure 2.1 one may realize that different relaxation rates are sensitive to
motional processes occurring on different decades of timescales. For instance, Ry being
dominated by J(0) contains information about the total amount of dynamics (and is
equal to the integral of the correlation function) which is sensitive to motions occurring
on longest relaxation active timescales (tens of ns). Ry is dominated by its J(wy) compo-
nent, and, consequently, is more sensitive to reorientational motions occurring on 100 ps
to 1 ns timescales. Steady-state heteronuclear nOes depend on J(wy) components, thus

reporting on dynamic modes occurring on tens of ps to hundreds of ps.
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CHAPTER 3

Analysis of protein dynamics

from NMR relaxation rates

15N spin relaxation may be used to characterize reorientational properties of pep-
tide units on a range of timescales, from tens of ps to tens of ns. The conformational
heterogeneity of unfolded proteins, and the number of degrees of freedom available to
backbone vectors constituting amide planes suggests presence of multiple reorientational
processes occurring on several length and timescales, in turn giving rise to distributions
of timescales of motions, rather than discrete values representing (average) contributions
to the SDF. The experimental sensitivity, as well as, the complexity of motions underly-
ing the distributions limits Our understanding of nature of the reorientation processes.
Model-Free representation of NMR relaxation rates allows to characterize apparent dy-
namic modes of the distribution(s) of timescales of motions, characterizing average reori-
entational rate of the peptide units at different length-scales with respect to experimental
sensitivity of a set of relaxation rates at different magnetic fields. The chapter presents
limitations in description of reorientation processes of polypeptide fragments represented
by average dynamic modes using Model-Free analysis associated with experimental sen-
sitivity and complexity of motions exhibited by unfolded polypeptide chain. Model-Free
treatment of NMR relaxation rates originating from arbitrary distributions of correlation
times, as well as, comparison of MD-derived NH-backbone dynamics with information
originating from Model-Free treatment of the underlying distributions of dynamic modes
allows to obtain potential route of interpretation of unfolded protein dynamics within

the bounds of adiabatic approximation.

93
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3.1 Introduction
3.1.1 The fundamental aspects of Model-Free analysis

Historically, one of the most common approach in description of NMR relaxation rates
arising due to allowed spin transitions occurring concurrently to stochastically modulated
motions is so-called Model-Free analysis. Originally introduced in 1981, on an exem-
plary analysis of lysine side-chain motions, Model-Free analysis allows to represent time-
dependent fluctuations of spatial functions of spin-lattice interaction tensor associated
with reorientation of polypeptide fragments in a form of dynamic modes of distributions
of correlation times with respect to sensitivity of the relaxation rates, which depending
on type of dynamics exhibited by the (macro)molecule fragment containing spin system
of interest may be modeled as a sum or a product of sequentially decaying exponential
functions. These in turn, are characterized by parameters describing spatial restriction
of a bond vector of interest (so-called order parameter, S) and timescale associated with
reorientation (7) of entire macromolecule, fragments thereof or a bond vector of interest

to which spin-lattice tensor is attached to (79).

The application of Model-Free analysis to NMR relaxation rates describing average
evolution of spin system of interest requires establishment of connection between local
and global degrees of freedom limiting stochastically modulated motions leading to re-
orientation of spatial parts of spin-lattice interaction tensor. If reorientation of the latter
leads to allowed spin transitions at respective frequencies and coherence orders associated
with spin interactions, the information on stochastically modulated motions is encoded
in experimentally accessible relaxation rates describing result of the interactions on evo-
lution of coherence. In order to derive relationship between the relaxation rates and
the stochastically modulated motions, one typically begins considerations by represent-
ing cumulative fluctuations of spin-lattice interaction tensor V of one of the relaxation

mechanisms as auto-correlation function (ACF) (78):

C(t) = (V(0): V(1)) (3.1)

where brackets indicate time averaging, while semicolon a scalar contraction which can
be evaluated in any fixed coordinate system (e.g. in laboratory fixed frame with director

pointing along the lines of external magnetic field). The rank 2 trace-less symmetric
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tensor in laboratory frame Vb may be decomposed into spherical harmonics describing
the distribution of partial nuclear magnetic moments associated with electromagnetic

flux originating due to oscillations of fundamental particles within the nuclei:

C(t) = i VOV ) (3:2)

m=—2

Coupling of laboratory-frame component V(()L) to tensors describing the reorientation
processes is achieved via a series of coordinate system transformations via additional coor-
dinate frames. In descending degrees of complexity of the reorientational processes under
evaluation, transition from Laboratory frame to spin-lattice interaction tensor proceeds
via transformation through global mobility tensor (G), local potential of mean torque
(POMT), internal mobility tensor (I), and a reference frame for POMT describing reori-
entation of localized internal motions with respect to global mobility tensor (D). Each
mobility tensor may be either isotropic, uniaxial or biaxial (with one, two or three dis-
tinct principal components). These transformations are typically achieved by successive
application of rank 2 Wigner rotation tensors, which align axes of coordinate system of

choice in-between subsequent frames:
V=320 0> x DinlSue) Dip(Qan) Dpy(Qon) D) VIV (33)
n p q T

where sums represents different projection index components ranging from -2 to +2 due to
distinct influence of motions of different complexity (isotropic, symmetric or asymmetric
diffusion) on evolution of nuclear magnetic moments. The Wigner rotation matrices may
be described using Euler formalism with angles (2ap representing constant parameters
which define relative orientation of respective mobility tensors. Together these coefficients

may be expressed as:

0= Da(Qur) VI (3.4)

q

where o, is defined as:

o, = (1 + %2) o (Dgo(ﬂm) + % (D2_y(Qup) + DSQ(QIF))) (3.5)
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with normalization requirement: »__ |o,* = 1. The internal and global motions are then
expressed as time-dependent Euler angles Qpr(t) and Qpq(t) respectively. With explicit

time dependence one can now write:

V(e ZZZ x Do (Qa(t)) Dir(Qep) Do(Quoi(t))o; (3.6)

Substituting equation 3.6 to equation 3.2 one may obtain an ACF of general form com-
posed of time-dependent and time-independent components associated with relative ori-

entation of reference frames describing the reorientational processes of different complex-

ity:

—522222217 (Qap) D2y (Qap)oqo,
(D5, (26) Dy () D2, (51) D Qo))

where the time-independent Wigner rotation matrices representing transformation be-
tween fixed coordinate systems were excluded from the ensemble averaging. The calcu-
lation of joint ensemble average of time-dependent components describing relative orien-
tation frames of reference is a difficult task, and for successful formulation of any result,
one has to decompose it into a product or a sum of two separate ensemble averages within

bounds of either superposition or adiabatic approximation respectively.

Superposition approximation

Stochastic processes may be described by a set of time-dependent probability distri-
butions usually expressed in form of propagators (e.g. P(Qrq,t|22?)). The propagators
represent probability amplitude of finding orientation represented by Euler angles within
certain angle interval at time t (e.g. dQpc within Qpq given that the angle was QY
initially). More specifically, when two motions occurring concurrently (e.g. global and
internal) are investigated, a joint propagator P(Qra,Qpr,tQ) ¢,Q%;) has to be considered

with limiting values defined by:

P(Qug, Qor, 0%, Qpy) = 0(Que — e)d(Qpr — Qpy) (3-8)
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Jim P(Qrg, Qor, tO% G, 1) = Peg(Qa, Q1) (3.9)

where 0 denotes Kronecker delta, which is equal to value of 1 at x equal to 0 and is 0
otherwise. If one of reorientation processes describing global reorientation (G) in labora-
tory frame (L) or internal motion (I) in director frame (D) occurs, the joint propagator
at initial time will yield zero. At the infinitely long time intervals the joint probability
approaches equilibrium distribution, which is typically represented by normalized Boltz-

mann distribution:

eEXp [—U(QLg, QDI)/kBT]
P..(Quc, Qp1) = 3.10
q( LG DI) f dQLG f dee:Ep [—U(QL(;, QDI)//{IBT] ( )

where U(Qq,2p1) is a potential of mean torque (POMT), which describes the energetic
landscape associated with mutual orientation of I and L frames. The potential describing
joint reorientation process is typically decomposed into a sum of potentials, which allows

to factorize the joint equilibrium distribution (equation 3.10):
U(Qe, Q1) = U(Qe) + U(Qpr) (3.11)

Peg(Qrc, Qp1) = Peg(Q.) Peg (€201) (3.12)

If the joint equilibrium distribution may be factorized this way, the two sets of stochas-
tic variables are said to be statistically independent. In other words, if the energetic
potential describing global reorientation processes is relatively featureless with respect
to local reorientation potential - the joint potential may be decomposed into simple sum
of potentials (with features of different degree of complexity) describing processes as-
sociated with reorientation of entire macromolecule and fragments thereof represented
by fluctuations of global and local mobility tensors respectively. The factorization of
the equilibrium probability distribution is a necessary but insufficient condition for the
statistical independence of motions. If the reorientation potential describing energetic
transitions between conformational states of a protein is subject to time evolution due
to modifications in number of degrees of freedom of reorienting polypeptide fragment as-
sociated with inter or intramolecular interactions, the stochastic processes described by

fluctuations of angles Q¢ (t) and Qpi(t) will be statistically dependent on one another,
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which is not the case otherwise. In other words, if by virtue of intra or intermolecu-
lar interaction the local mobility tensor reorients slower, with timescale comparable to
reorientation of global roerientation rate the two reorientation processes are not fully

statistically independent.

The factorization of the joint propagator is a basis of superposition approximation
stating that total reorientation of I frame relative to L is a pure superposition of motion

of I relative to D and G relative to L with D frame fixed with respect to G frame:

P(Qua, Qo1 t|Q g, 1) = P(Qua, 20 o) P(Qor, ¢ QD)) (3.13)

With that in mind, one can go back to the equation 3.7 and decompose average
Wigner rotation matrix describing the two stochastic process into product of averages of
two independent processes, of which the first ensemble average is associated with global

reorientation process, while the latter with local, internal motions:

(D3, (Ne) D (Qa)) = Snwexp(—t/Tgiobat) = Onn Coovar (t) (3.14)

If Cyiobar is independent of G-frame projection index n, the correlation function C(t) may
be factorized into a product of correlation functions associated with global and local

reorientation processes (Cgiopai(t) and Ginternai(t)) with the latter given as:
Ginternat(t) =Y 005> (D}, () D2 (1)) (3.15)
g ¢ P
At infinite time Qp; must be independent of its initial orientation (), thus Gi,ternar(o0)
is equal to S?:
2

=3

p

(3.16)

Z Tq <D2q(QDI)>
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Inserting the equations 3.14 and 3.15 into 3.7 yields the most classic Model-Free formula:

C(t) = exp(_t/TglObal) [32 + (1 - SQ)Cinternal(t)} (317)

If no symmetry is present the generalized order parameter S depends on 25 indepen-
dent partial order parameters <D§q(QDI)>. If the local POMT is uniaxial in the I frame,

only five order parameters (D2(Qpr)) are non-zero:.
$2 =" (Do)’ (3.18)
p

If the local POMT is uniaxial in the D frame, only five terms with p equal to 0 survive.

2

S? = (3.19)

> 04 (D5, (1))

Adiabatic approximation

The adiabatic approximation relies on time-scale separation of motions featuring dif-
ferent degrees of freedom. The stochastic variables Q¢ (t) and Qpi(t) are said to be
timescale separated if there exist a time interval t* during which Qpg(t) remains con-
stant, while Qp(t) has become independent of its initial value. The boundary conditions

imposed on the joint propagator are given by:

5(QLG — QU )P(QDI,t|QO ), t <t
P(Qva, Qo1 1R g, Q) = I;G ot (3.20)
P(Qra, t|Qg) Peg(Q2p1), t>t*

which means that on short timescales, as long as the stochastic variable Q¢ (t) does not
change, the motion is governed almost entirely by the internal motion propagator defined
as P(Qpr,t[Q2%;). At longer times, when Qp;(t) is assumed to reach its equilibrium value,

the overall motion propagator governs the stochastic reorientation process, which defines
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condition for statistical independence of the stochastic processes commonly referred to
as adiabatic approximation. In other words, the time-scale separation implies statistical
independence. Practically, from the point of view of Model-Free, one begins considera-

tions by splitting spin-lattice interaction tensor in laboratory frame in two parts:

VD) = Vi) + Vi) (3.21)

Ve (1) = Vi (t) — Vi () (3.22)

with overbar indicating averaging of stochastic processes associated with reorientation
of polypeptdie fragments limited by internal degrees of freedom (2py). Substitution of
equation 3.21 to equation 3.1 leads to a combination of two auto and two cross-correlated

correlation functions:

C(t) = Gss(t) + Gop(t) + Gys(t) + Grp(t) (3.23)

Adiabatic approximation requires that the reorientation rate associated with inter-
nal motion is much faster in comparison with the one exhibited by overall reorientation
(global motion) so that Vo(,? (t) and VO(?) (t) fluctuate on distinct timescales, which sim-

plifies the correlation function to:

O(t) = G$5<t> + fo(t) (324)
Gy1(t) = 5 (Vo V7)) (3.25)
Gutt) =5 [V - Vi70) [0 - V7] ) 3.20

which means that fluctuations of spin-lattice interaction tensor represented by reori-
entation of global mobility tensor about the average value of the internal motion tensor
yield component of the global motion auto-correlation function. In that case, the entire

correlation function may be represented as a sum:
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C(t) = S*Cyopar(t) + (1 — S*) Cinternar(t) (3.27)

The representation of reorientation of polypeptide fragments following decomposition
of correlation function into overall global rotation and local internal motion may, however,
lead to underestimation of faster internal dynamics representing average over timescales
spanning tens of ps to single ns. Further extension of the analysis, to model assuming
three reorientation processes has been proposed relying on superposition approximation
of overall rotation defined by G tensor with two statistically independent local motions
allowing to better represent experimentally accessible N relaxation rates (78, 123). A
variation of the approach may be proposed considering three statistically independent
reorientation processes. In that case, additional frames should be considered as an ex-
pansion of the set (LGDIF) into (LGDID'T'F), where additional two primed frames D’
and I’ are associated with faster internal motions, while unprimed D and I are reference
point for slower internal motion. Analogical considerations as in equations 3.21 to 3.27

apply with additional decomposition of Vo(,?) (1), leading to:

Vol () = Vo (0) + Vo (1) + Vi (1) (3.28)
Vil ® =vito - (WPo) =V m - v (3.29)
Vil =P m - (vP ) =viPe - vl (3.30)

Similarly to considerations in equations 3.21 - 3.22, VI(JL) (t) is decomposed within
bounds of adiabatic approximation, so that cross-correlated correlation functions vanish

and Gj,ternas 18 @ simple sum of two internal reorientation processes:
C(t) = G¢(t) + Gs(t) + Gy (1) (3.31)

The adiabatic approximation requires that the motions occur on separate timescales,

which allows to skip the cross-correlated correlation functions.
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G(t) =5 (Vo OV () (3.32)

6.0 =5 ( [0 - VP o] [W00 - P o)) (3.33)

G0 =5 ( [1i"0) -0 [0 - viPo] ) (3.34)

The subsequent partial correlation functions G(t) describe evolution of spatial parts
of spin-lattice interaction tensor associated with processes occurring on different decades
of timescales. Without going into too thorough considerations, the correlation function

is represented as a sum of correlation functions:

C(t) = S*Caow(t) + (SF — S*)Cinter(t) + (1 — SF)Crasi(t) (3.35)

The exact derivation of order parameters within the framework of Wigner rotation
matrices for multiple timescale-separated reorientation processes requires different sets
of assumptions and is beyond the scope of this work. The Fourier transform of the
correlation function yields SDF determining probability of observing motions at different

frequencies associated with allowed spin transitions:

J(w) = ST (w) + (7 — S2)J(w) + (1 — S)J(w) (3.36)

Further assumptions on distribution of timescales of motions exhibited by the re-
orienting polypeptide fragments lead to additional averaging steps further increasing
complexity of the model and limiting application of adiabatic approximation requiring
timescale separation. Assuming exponentially decaying correlation function, a minimum
timescale separation (ratio between modes of proximal distributions of correlation times)
should be on the order of four to five for reasonably compact distributions. Additionally,
the interpretation of the result of classical and extended Model-Free analysis is hampered
by sensitivity of experimental measurements to different decades of timescales, necessitat-
ing supplementation of the analysis with alternative approaches for accurate and precise

description of distributions of timescales underlying estimated dynamic modes.
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3.1.2 Alternative approaches in modeling

of NH-backbone dynamics

The NMR relaxation rates are proportional to linear combination of SDFs (SDF,
Fourier transform of correlation functions of the spatial part of spin-lattice interaction
tensor), which determine the probability of observing stochastically modulated motions
occurring at different frequencies associated with allowed spin transitions. Thus, SDFs
determine sensitivity of relaxation rates to different decades of correlation times repre-
senting reorientation rates of (macro)molecule fragments, remaining within range of tens
of ps to tens of ns with maxima located at inverse of Larmor frequency of the interact-
ing nuclei. Experimental studies of protein reorientation using NMR relaxation rates as
a source of information are limited by loss of memory of initial spatial distribution of
partial nuclear magnetic moments encoded within the correlation function. Transverse
relaxation rate is dominated by SDF at zero frequency, while SDFs at Larmor frequen-
cies of 'H and '°N determine experimental sensitivity of heteronuclear nOes and R; with
values of tens to hundreds of ps and around single ns respectively. Therefore, the rela-
tive sensitivity of relaxation rates to different decades of timescales of motions depends
directly on SDF at different timescales and frequencies associated with allowed spin tran-
sitions in relation to SDF at maximum probability, i.e. at timescale equal to inverse of

linear combination of Larmor frequencies of interacting nuclei:
J(1,w) 27w

L(t,w) = Tt 1127 (3.37)

In magnetic filed strength ranging from 14.1 to 22.3T, the experimental sensitivity of
relaxation rate experiments ranges from 100 to 500 ps for nOe experiments with maximum
sensitivity to fast timescales of motions centered at 150 ps for 1046 MHz (wy — wy at
22.3T) and 250 ps centered at 539 MHz (wy+wy at 14.1T'). The sensitivity to intermediate
motions is the highest for correlation times ranging from 1.7 to 2.7 ns. For timescales
faster than 500 ps or longer than 12 ns the experimental sensitivity decreases following
Lorentzian distribution (figure 3.1). Similarly, the characteristics of SDF on timescales
longer than 10-12 ns at magnetic field range above 14T may lead to difficulties associated
with accurate estimation of dynamic parameters characterizing reorientation processes

occurring on slower timescales.
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500 1000 1500 2000
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Figure 3.1: Sensitivity of different J(w) terms to different timescales of motions at magnetic
field strengths ranging from 14.1 to 22.8T defined by value of SDF at different timescale and
frequency with respect to value of SDF at timescale of inverse of linear combination of Larmor
frequencies associated with spin interaction. Orange and blue lines represent the values of L(wg)
and L(wp) respectively.
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One of the most accessible and coarse approach in modeling of the backbone dynam-
ics from NMR relaxation rates is so-called reduced spectral density mapping (RSDM).
Following derivations of Peng and Wagner, one can solve a linear combination of °N
relaxation rate equations to gauge relative input of SDF components to the relaxation
rates, representing distributions of timescales of motions in relation to probability of
observing stochastically modulated motions at frequencies associated with spin interac-
tions (196-198). The RSDM of N amide relaxation rates leads to the following formulas:

ot = X (nOe — 1)R, (3.38)

YH
7(0) = 6(Ry — o:.))5d1§el+—4 602.4540NH) (3.39)
J(0.87wy) = %UNH (3.41)

The estimated SDF components provide first insight into the amount of motion within
observation window associated with sensitivity of J(w) at different frequencies associated
with spin transitions occurring concurrently to reorientation of peptide units allowing
for initial evaluation of correlation times corresponding to conformational fluctuations
of polypeptide fragments. Reorientation rates of polypeptide units may be represented
by SDFs at different frequencies associated with different spin transitions as a function
of SDF at zero frequency, corresponding to the longest correlation time (integral of the
correlation function), which within adiabatic approximation is defined by a sum of prod-
ucts of amplitudes and timescales characterizing modes of distributions with respect to
experimental sensitivity. Values of SDF at different frequencies evaluated as a function
of overall correlation time represent reorientation rate of rigid rotator featuring unimodal
distribution of timescales of motions. The comparison of SDF values from RSDM allows
to obtain a first insight on dynamics exhibited by macromolecular fragments. Values of
SDF within and beyond the region enclosed by J(wy) as a function of J(0) point to domi-
nance of intermediate (single ns) and slow (several ns) motions in reorientation processes

of polypeptide units respectively (199, 200).
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Another approach in modeling of unfolded protein dynamics is Interpretation of Mo-
tions by Projection on an Array of Correlation Times (IMPACT), (201). Assuming that
the stochastic processes leading to loss of memory function of spatial part of spin-lattice
interaction tensor may be represented by a correlation function modeled as a sum of
exponential functions with corresponding coefficients (amplitudes) and timescales of mo-
tions, one may represent backbone motions by projecting SDF components on an array of
logarithmically spaced correlation times typically sampled by the reorienting polypeptide
fragment (ranging from tens of ps to tens of ns). A number of Lorentzian contributions
is optimized as a function of the longest correlation time 7,,,,, which is in turn connected

to the separation between the timescales a:

1

& = (Timin/Tmaz) "1 (3.42)

with n typically oscillating between 5 and 6, so that the ratio between proximal timescales
of motions is on the order of 4 to 5 times satisfying adiabatic approximation. In the analy-
sis, one optimizes amplitudes of motions with respect to predefined timescales of motions
exhibited by polypeptide units, which represent relative input of polypeptide fragment
reorientation rates to SDF components with assumed correlation times yielding an overall
idea on distribution of timescales of motions. If sensitivity of J(w) to different decades of
timescales represented by L(w) is comparable and oscillates within 0.9-1.0, the resultant
amplitude profile should directly inform on distribution of timescales represented by a
sum of exponentially decaying components. The analysis has convincingly shown, that
NH-backbone dynamics in folded region of Engrailed 2 is dominated by longer timescales
of motions (above several ns), while in unfolded region reorientation dynamics is domi-
nated by motions occurring on timescales with distributions spanning range of tens of ps

and single ns.

Alternatively, by considering that SDFs represent probability of observing motions
at different frequencies, one may determine relative contributions of dynamic processes
represented by SDFs to relaxation rates at the maximum sensitivity of the latter (202).
In the spirit of assumption that each relaxation rate experiment is dominated by SDF
at frequency at which spin interactions for certain system occur (0, wy, wgy for °’N-1H
spin pair), one imposes that correlation times of internal motions are defined as inverse

of linear combination of Larmor frequencies of interacting nuclei (which approximately
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corresponds to Larmor frequencies of the nuclei), so that relaxation rates are described

by modes to which the experiment is the most sensitive to:

2
J(w;) = ES’% (S?{S]QVJ(M, ) + (1 — S%)J(w;, 7)) + S5 (1 — %) J (wi, TN)) (3.43)

Tk 1 1
where J(wi,Tk) = TW»QT]?; TH = m; T™N = _E (344)

Sacrificing optimization of timescales of internal motions allows to reduce the number
of optimized parameters and more precisely determine the order parameters. Follow-
ing this approach, one may obtain an insight on distribution of timescales of motions
per relaxation rate experiment (202). If the stochastic processes may be represented
by a sum or a product of correlation functions with average decay rates equal to the
inverse of Larmor frequencies of interacting nuclei, the order parameters determined
from the analysis represent relative populations of conformational transitions reflecting
loss of memory function due to the reorientation process. If distributions of correlation
times representing conformational fluctuations feature modes at timescales distant from
inverse frequencies associated with spin interaction (Larmor frequencies or their linear
combination), estimated populations may be influenced by relative proximity of modes
to timescales for which maximum sensitivity of relaxation rate experiment is achieved.
For instance, dominance of slower reorientation processes with distribution of correlation
times at timescales beyond sensitivity window of relaxation rate experiment described
by normalized SDF may lead to underestimation of population of distribution describing
slower motions, in turn influencing estimated values of populations of remaining distri-

butions by virtue of normalization of amplitudes of motions.

Instead of focusing on single values of timescales of motions corresponding to the
mode or the maximum probability of observing spin transition due to the reorientation
process, one may describe the polypeptide dynamics from NMR relaxation rates following
estimation of distribution of correlation times. Modig and Poulsen proposed to evaluate
statistical properties of distributions estimated from their central moments (203). In the
approach, one decomposes information encoded within relaxation rates represented by
SDFs (i.e. Fourier transform of correlation functions) into distribution of correlation times
and estimates their central moments: mean, standard deviation, skewness, 71/, (time af-

ter which correlation function decays to a half) and A (ratio between integrals of latter
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part of correlation function from 7,5 to oo, and entire correlation function). The ap-
proach has been applied to bovine acyl-coenzyme A binding protein (ACBP), and allowed
to distinguish sequence specific features of distribution of timescales of motions. Simi-
larly, application of Lorentzian distribution of correlation times to model reorientation
processes of polypeptide fragments allowed to represent dynamic modes of NH-backbone
of D2 annexin I as a continuous distribution instead of discrete values with a mode at
single ns timescales, which value coincides with timescale of intermediate mode estimated
from extended Model-Free analysis. The slowest timescales of motions observed in the
Model-Free analysis are found in slower tail of the distribution. Faster timescales are
represented by a long and relatively flat contribution on a range of timescales from ps to
hundreds of ps. The apparent variance of the distribution shows minor correlation with
estimated from independent extended Model-Free analysis order parameters. The com-
parison suggests that order parameters are representative of parameters characterizing

distribution of motions in relation to sensitivity of SDF (204).

An ambitious task proposed by Arthur G. Palmer III and co-workers is to represent an
entire distribution of timescales in a form of inverse Gaussian distribution of timescales
(205). In general, the distribution is defined as:

202t

p(T):( e )1/26Xp (—M) (3.45)

where p and o define mean and standard deviation of distribution of timescales p(7). The
Fourier transformed distribution function allows to directly encode moments of distribu-
tion of timescales into SDF, and provides more direct insight into dynamics of the system
of interest. The approach has been successfully applied to the analysis of NH-backbone
dynamics of GCN4 with quality of reproduction of relaxation rates indistinguishable from
extended Model-Free formalism. In the analyzed example, the identified mean of the dis-
tribution corresponds to value identified as slower internal correlation time (around single
ns) with a mode in the range of quarter of value suggesting an asymmetric distribution
skewed towards longer timescales. The slow ns dynamics featured by the protein oscillate
within several to tens of ns with smaller values featured by residues located in the termini

of protein and characteristic profile coinciding with S? values.
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The moments of distributions of correlation times characterizing reorientation rates
of fragments of macromolecules, their variances, shape (represented by skewness) and
composition in terms of reorientation processes exhibited by peptide units and segments
thereof resultant from stochastically modulated motions are still under debate. In order
to evaluate them, a quantitative framework relating sensitivity of the experiment to the
timescales associated with underlying reorientation processes is needed. The efforts in
that vein have been made by Meier, Ernst, Ferrage and Smith, who proposed detectors
of dynamics approach. It relies on estimation of relative sensitivity of combination of
relaxation rates to an arbitrary distributions of timescales of motions. In the approach,
one defines a detector of dynamics, which is characterized by sensitivity and its response
(206-209). By taking into an account that internal motions of peptide plane occur in-
dependently from global reorientation of a protein, one may estimate the underlying
distribution of timescales of internal motions, by finding respective detector sensitivities
and their responses (eigenvectors and eigenvalues of the relaxation rate matrix). The
detector sensitivity to internal motions is defined as a linear combination of relaxation

rate sensitivities at given magnetic field strength (Rg(z)):
p(e,s) = (1 — 52)/ 9(2) <Z akRk<z)> dz (346)
oo -

where 6(z) is a distribution of correlation times, and Ry (z) is defined by a linear combina-
tion of SDFs representing sensitivity of the experiment to different decades of timescales

of motions. In that case, one may define a relaxation rate as:

R®9 = S?R(2) + (1 — 5?) / h 0(2)R(zet(2))dz (3.47)

—0o0

of which Ry (z) or Rg(zer(2)) is assumed to be characterized by a mono-exponential decay
with correlation time 7. = 107, s or 7o = (7;7.)/(7; + T.) respectively. The detectors

response is then equal to linear combination of relaxation rate constants:

p8:9) = Z akR,(f’S) (3.48)
k
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In practice, the approach leads to optimization of relaxation rate matrix to find the
detectors sensitivity and response in relation to underlying distributions of timescales of
motions. It allows to gather a deeper insight into sensitivity of experimental measure-
ments to an arbitrary distribution of timescales of motions, to which a given combination
of relaxation rates is sensitive to rather than focusing on sensitivity of particular com-
ponents of SDF. Originally applied to analysis of dynamics from NMR relaxation data
in solid-state (206, 207), the approach has found its application in solution state NMR
(208, 209). The potential issues associated with interpretation of dynamics from detec-
tors approach are related to finite variance of distributions of timescales in relation to
the detectors sensitivity. In pursuit of maximizing relative sensitivity window and num-
ber of detectors obtained by normalization of relaxation rates sensitivities at different
decades of timescales, one may obtain redundant information on underlying distribution
of timescales of motions as a result of the detector overlap. For instance, distribution
of timescales characterizing the detector sensitivity to timescales of motions occurring
on one decade (i.e. centered at 150 ps) will be detected majorly by detector spanning
timescale window of 20-200 ps with small degree of contribution to the response of the
neighboring one (i.e. 150-750 ps). The resultant redundancy of detectors may lead to
difficulties with determination of underlying distribution of timescales of motions neces-
sitating further improvements in the definition of detectors sensitivity to experimentally

accessible relaxation rates.
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3.2 Methods

Model-Free analysis, numerical simulations

Model-Free analysis of NMR relaxation rates estimated from simulated arbitrary dis-
tributions of correlation times representing reorientation rates of polypeptide fragments
have been performed assuming sets of Gaussian-shaped distributions centered at tens of
ps (fast, 10 - 200 ps), 1 ns (intermediate), and several ns (slow, 1.5 to 30 ns). The pop-
ulations of distributions were either equal (Aggse: Ainter:Asiow = 1:1:1) or with population
of one of the distribution twice greater than the other two (1:2:1 or 1:1:2). Variances
of the distributions (€2) were set to 0.1, 0.3, 0.6 or 0.9 of distribution mode value (e.g.
for intermediate distribution centered at 1 ns, variance of 0.3 determines full-width at
half maximum of 300 ps). Each distribution was divided in 33 bins, adding up to 99
timescales and amplitudes of motions from which average relaxation rates was calculated
assuming a simple sum of correlation times with amplitudes corresponding to the pop-
ulation for magnetic field strength ranging from 14.1 to 22.3T. For averaging purposes,
relaxation rates estimated for each set of distributions were estimated 100 times with
Gaussian noise contribution within 2% of the relaxation rate value. Model-Free analysis
of the relaxation rates was performed assuming three statistically independent compo-

nents (adiabatic approximation).

MD simulations of unfolded proteins

MD simulations of unfolded proteins have been performed with TIP4P-2005 water
model and RMSFF2+ and Charmm36* force field at constant temperature of 278 and
298K for MKK4 and NTail respectively. Starting conformations for simulations were
chosen from ASTEROIDS-ensemble on the basis of experimentally accessible RDCs and
chemical shifts. Equilibration steps involved NVT and NPT or NVE and NPT simula-
tions spanning 100 ps and 1 ns respectively followed by 100 and 200 ns NVE and NVT
trajectories for MKK4 and NTail respectively. Correlation functions of rank 2 spherical
harmonics were estimated from 50 and 100 ns blocks (starting at 0 nd 50 or 0, 50, and 100
ns). A cutoff of 9A has been used for the Lennard-Jones and electrostatic interactions,
while smoothing functions have been applied to electrostatic and Van der Waals forces
beyond 7.5A for NTail and MKKA4 respectively. To calculate long-range electrostatic in-
teractions, particle-mesh Ewald summation with a grid spacing of 1A has been used. A
Langevin thermostat with damping constant of 0.1 ps was used to keep the temperature

of the system at 298K. During the NPT equilibration a Berendsen barostat with a relax-
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ation time of 400 fs was used to control the pressure at target value of 1.01325 Bar. The
dynamic modes derived from MD trajectories result from fit of average auto correlation
functions (ACFs) of rank 2 spherical harmonics of all of the trajectories composed of 24
and 54, 50 and 100 ns blocks for MKK4 and NTail respectively. The ACFs have been es-
timated following Tikhonov regularization of ACFs projected on a grid of 128 timescales
logaritmically spaced timescales between 1 ps and 25 ns. The MD simulations have been
performed by Dr. Nicola Salvi (138-140).

Experimentally accessible dynamics from NMR relazation rates

The intrinsically disordered regulatory domain of MKK4 (residues 1-86, UniPro-
tKB accession number P45985) and C-terminal domain of Sendai Virus Nucleoprotein
(residues 401-525 UniProtKB accession number Q07097, here referred as residues 1-125)
has been expressed and purified as described previously (68, 70). Samples for NMR re-
laxation measurements have been prepared in Hepes buffer equilibrated at pH 7.0 with
150 mM NaCl and 10% D,O. Data for modeling of NH-backbone dynamics was recorded
on 4 spectrometers (magnetic field ranging from 14.1 to 22.4T) and 273K. The N auto-
relaxation experiments have been performed with HSQC-type pulse sequences with water
suppression achieved with Echo-Antiecho detection scheme (210). The delays for Ry and
R1p experiments ranged from 40 ms to 1.4 s and 1 to 200 ms respectively. The spin-
lock field strength in »N R;p experiment has been adjusted to approximately 2.0 kHz
with adiabatic half-passage hyperbolic tangent pulses with 3 ms ramps and tempera-
ture compensation of up to 300 ms. Amide proton decoupling during relaxation decay
of R; experiment was achieved using iBurp pulse of 2 ms centered at 8.5 ppm. Het-
eronuclear nOe measurements were performed with saturation and recovery periods of
6-8 s. "N CSA-dipole-dipole interference experiments (7, and 7,) have been performed
with Echo-Antiecho detection scheme with delays of 60 and 100 ms for transverse and
longitudinal cross-correlated cross-relaxation respectively (195, 211, 212). In all of the
relaxation experiments the interscan delay was set to 1.5-2.5 s. Model-Free analysis have
been performed with two or three apparent dynamic modes. Constant value of CSA-DD
angle of 25°, fast timescales of motions equal to 45 ps, amide nitrogen-proton bond vector
length was set to 1.015A and N CSA magnitude of -172 ppm has been assumed. The

optimization of the parameters has been performed with Levenberg-Marquardt algorithm.
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3.3 Distributions of timescales of motions,

numerical simulations

To evaluate limits of statistical independence of correlation times associated with
conformational averaging within limits imposed by adiabatic approximation implicit in
Model-Free analysis of ®N relaxation rates applied for estimation of apparent dynamic
modes from experimental data, a set of numerical simulations of NMR relaxation rates
was performed. For demonstration purposes, simulated data constituted sets of three
Gaussian-shaped distributions of timescales of motions centered at tens of ps (fast, 10 to
200 ps), 1 ns (intermediate), and a few ns (slow, 1.5 to 30 ns). In the first set of examples,
well defined distributions of timescales of motions with equal populations were considered
(©Q = 0.1, figure 3.2). As expected, when timescales of motion are well separated - ratio
between proximal modes ((7;) and (7;41)) is at least 5, the average timescales estimated
from Model-Free analysis of relaxation rates yields values which are in close comparison
to modes of underlying distributions and amplitudes correspond to their populations, as
long as the distributions are within sensitivity of SDFs. The impact on timescales and
amplitudes of motions estimated from relaxation rates is apparent, when modes of proxi-
mal distributions are roughly within ratio of 2. The most severe example may be observed
when all three of the distributions overlap - information on intermediate mode is repre-
sented by parameters characterizing neighboring distribution with resultant amplitude
in a range twice greater to initially assumed average value, while estimated timescales of
motion are situated on outer borders of the distributions, so that the estimated apparent
modes become as much separated as possible, as it is allowed by sensitivity of J(wy) and
J(wn). As a result, the estimated amplitudes of motions are influenced leading to repre-
sentation of a part of 'timescale information’ by amplitude of motion so that estimate of
the relaxation rate is the most accurate. Therefore, even though the original distribution
of timescales did not posses 7s in a certain range, the Model-Free averaging of timescales
of motions allows for them. As long as ratio between proximal modes of the distribu-
tions ((7;) and (7;11)) is at least five and the distributions do not overlap significantly
(2 < 0.3), influence on the estimated values of amplitudes and timescales of motions
is very small (figures App.1 - App.11, appendix). For intermediate motions centered at
single ns, the proximity of modes of underlying distributions leads to similar values of

transverse and longitudinal relaxation rates in a manner that depends on the populations.
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Figure 3.2: Comparison of simulated values of distributions of timescales of motions used for
calculation of relaxation rates with values estimated from Model-Free analysis of relaxation rates
calculated on the basis of simulated ones (Population ratio: 1:1:1, Q2 = 0.1). Blue points represent
distribution of simulated correlation times for each motion with average represented by blue
bar. Orange points and bars represent average and standard deviation of estimated apparent
dynamic modes on the basis of Model-Free analysis of relaxation rates calculated from simulated
distributions of correlation times.
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Figure 3.3: Comparison of simulated values of distributions of timescales of motions used for
calculation of relaxation rates with values estimated from Model-Free analysis of relaxation rates
calculated on the basis of simulated ones (Population ratio: 1:1:1, Q = 0.3). Blue points represent
distribution of simulated correlation times for each motion with average represented by blue
bar. Orange points and bars represent average and standard deviation of estimated apparent
dynamic modes on the basis of Model-Free analysis of relaxation rates calculated from simulated
distributions of correlation times.
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Figure 3.4: Comparison of simulated values of distributions of timescales of motions used for
calculation of relaxation rates with values estimated from Model-Free analysis of relaxation rates
calculated on the basis of simulated correlation times (Population ratio: 1:2:1, Q = 0.6). Blue
points represent distribution of simulated correlation times for each motion with average repre-
sented by blue bar. Orange points and bars represent average and standard deviation of estimated
apparent dynamic modes on the basis of Model-Free analysis of relaxation rates calculated from

simulated distributions of correlation times.
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Figure 3.5: Comparison of simulated values of distributions of timescales of motions used for
calculation of relaxation rates with values estimated from Model-Free analysis of relaxation rates
calculated on the basis of simulated ones (Population ratio: 1:2:1, Q = 0.9). Blue points represent
distribution of simulated correlation times for each motion with average represented by blue
bar. Orange points and bars represent average and standard deviation of estimated apparent
dynamic modes on the basis of Model-Free analysis of relaxation rates calculated from simulated
distributions of correlation times.
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For equal populations of correlation times, the estimated values of amplitudes corre-
spond to populations of underlying distributions, as long as timescales of intermediate
distribution do not exceed 2.2 ns (€2 < 0.3), which corresponds to the average of wy' in
the applied magnetic field range. The contribution to amplitudes of slow motions from
intermediate motions is apparent, when variance of intermediate distribution reaches 0.6,
leading to small (less than 5%) number of correlation times exceeding 2.8 ns (1.05wy" at
14.1T). In other words, for broad or overlapped distributions of timescales of motions, the
estimated amplitudes of slow motions may over-represent their populations as a result
of sensitivity of J(wy). When distribution of timescales is broad (£2 = 0.9) one can think
about the distributions of timescales as representative of a quasi-continuum of correlation
times rather than separate distributions. The estimated average timescales of motions
are remarkably similar to the ones used for calculation of relaxation rates reaffirming
the assumption of representation of relaxation rates by a finite number of (apparent)

dynamic modes (figure 3.5).

The similarity of information provided from overlapping distributions of correlation
times leads to a greater range of allowed values for amplitudes of motions able to re-
produce the relaxation rates represented by standard deviation of resultant distributions
from noise-based simulation of relaxation rates. A complete set of numerical simulations
containing remaining combinations of variance and populations of distributions (fast,
intermediate and slow) may be found in appendix. In order to compare accuracy of
Model-Free analysis in reconstructing the information on distributions of timescales of
motions in a concise manner, one can evaluate changes in the root-mean-square and
standard deviation of the estimated timescales of motion as compared to the average
timescale of primary distribution as a function of ratio between modes of proximal dis-
tributions (figure 3.6). As should be expected, as long as degree of overlap between the
distributions and sensitivity of relaxation rates (represented by normalized SDF) is large
enough, the larger separation of the modes, the greater degree of accuracy and precision
with which the underlying distribution is estimated. The relative RMS and standard
deviation (between estimated and underlying average timescales and amplitudes of dis-
tributions) changes in an exponential-like manner as a function of separation between the
modes with suggestive minimum ratio between proximal modes of underlying distribu-
tions of at least 5 for reasonable estimation of timescales. For overlapping distributions
of timescales featuring variances greater than 60% value of the mode and for separation

between centers of the distributions in range of 5 and above, accuracy with which one
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can estimate the dynamic modes from relaxation rates decreases, yielding up to 25-50%

deviation in average timescale of motion from the mode of primary distribution.
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Figure 3.6: Comparison of RMS and standard deviation of distributions of timescales determin-
ing accuracy and precision of estimation of apparent dynamic modes obtained from Model-Free
analysis of simulated relaxation rates relative to modes of underlying distribution with different
variances ranging from 0.1 to 0.9 of the mode value.
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From application perspective, it is instrumental to investigate limiting cases associ-
ated with estimation of dynamic modes from experimentally accessible relaxation rates.
It is however, a non-trivial task to predict issues associated with interpretation of dynamic
parameters a priori. Typically, a first step to any Model-Free analysis is Reduced Spectral
Density Mapping (RSDM), which subjected to a combination of three relaxation rates
measured at single magnetic field allows to gauge relative input of motional processes
occurring on different decades of timescales to SDF. Although, one typically investigates
only absolute values of SDFs, in order to draw meaningful conclusions it is more useful to
consider relative input of each of the components to the longest correlation time which
may be estimated from NMR relaxation rates dominated by J(0), representing integral of
the correlation function of the spatial parts of spin-lattice interaction tensor. Comparison
of SDF components with quality of representation of dynamic modes and populations
of distributions by average correlation times (apparent dynamic modes) and associated
amplitudes from Model-Free analysis of relaxation rates allows to dissect combinations
of SDFs, which may be troubling in terms of accuracy of representation of the former
as obtained from Model-Free analysis (figure 3.7). It appears, that slow dynamic modes
are perturbed whenever intermediate distribution has a major contribution to ’N-SDF
(J(wn) to J(0) ratio of at least 0.5) and J(0) values are rather small (approximately sin-
gle ns). In that case, the entire SDF appears flatter leaving very narrow range of values
between J(0) and J(wy) for accurate estimation of remaining apparent dynamic modes.
The predicted from numerical simulations relative error in estimation of 7., values may
range from 0.5 to 1.5 with maximum deviations for simulated timescales of motions ob-
served for the set of most compact distributions, i.e. with dominant intermediate motion
component and very small contribution of fast and slow motions (high J(wy) to J(0) ratio
and low J(0)), visible experimentally in the form of low Ry and high R; values. Upon
estimation of dynamic modes from relaxation rates the combination of SDFs leads to a
relatively shallow 2 surface in parameters space composed of amplitudes and timescales,
in turn making it difficult to accurately (and precisely) estimate slow and intermediate
modes (figure 3.7). One could expect a similar outcome for intermediate or fast modes,
when their contribution to SDF is small - experimentally, this is visible for high Ry cou-
pled with low R; values, and typically high heteronuclear nOes. When overall dynamics
of NH-backbone is fast (J(0) values below 500 ps), the distributions of correlation times
corresponding to slow and intermediate motions begin to overlap (figure App.5) yielding
estimation of apparent slow dynamic mode representing correlation times at boundaries

of the distribution (away from the intermediate one). In that case, information about
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timescale or amplitude of motion may carry a degree of error, which is difficult to esti-

mate (on the order of 50%, figure 3.7).
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Figure 3.7: Comparison of SDF components estimated for simulated relaxation rates at char-
acteristic frequencies (at magnetic field strength of 14.1T) which dominate values of slow, in-
termediate and fast motions with relative root-mean square deviations of obtained distributions
with respect to modes of originally imposed distribution of timescales.
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3.4 From relaxation to dynamic parameters

NMR relaxation rates are a rich source of information on dynamics of the system.
In this section, I will present an analysis workflow of relaxation rates leading to inter-
pretation of complex dynamics exhibited by an unfolded protein. I begin my consider-
ations with ®N backbone relaxation rates acquired at magnetic field ranging from 14.1
to 22.3T. Figure 3.8A shows !°N relaxation rates of a model system Map kinase kinase
4 (MKK4) recorded at 273K revealing non-uniform sequence dependence profile. The Ry
values (dominated by J(0)) for residues at the termini are relatively small (approximately
2 s71), concurrently with low values of R; and heteronuclear nOes point to dominance
of intermediate motions with population of correlation times representing slow motions
increasing gradually. The field-dependence of R; suggests that the majority of correlation
times representing intermediate motions (single ns) is within window of maximum sen-
sitivity of J(wy) for the N-terminal part of the protein (represented by a relatively small
degree of field dependence with slowest intermediate timescales faster than 2.5 ns). The
relative increase of nOe values with magnetic field in the N-terminal part of the protein
suggests significant influence of hundreds of ps dynamics to NH-backbone fluctuations
with significant population of correlation times in a range of 200-300 ps (corresponding to
sensitivity maxima of J(wy)). The central part of the protein posseses dynamics, which
contribution to J(wy) and J(wy) represented by R; decreases gradually with magnetic
field suggesting greater contribution of slower than 2.5 ns dynamics, or smaller popula-
tion of hundreds of ps to single ns motions. A more direct insight into conformational
fluctuations of the polypeptide fragment may be obtained by performing RSDM, which
directly informs on relative population of correlation times at timescales equal to inverse
of frequencies associated with nuclear spin interactions, which corroborates initial inter-
pretation of the relaxation rates (196, 198). Comparison of SDF values (figure 3.8B)
allows to realize that J(0) is quite small for residues situated in the termini of the protein
(residues 1-18, 80-86), hinting potential issues with accurate and precise estimation of
the NH-backbone dynamics (figure 3.7). To separate parameters representing effective
memory loss due to the stochastic processes and rate at which the processes occur con-
tributing to the J(w) values, one may perform Model-Free analysis starting with a model

of lowest complexity - featuring smallest number of dynamic modes.
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Figure 3.8: Residue resolved > N backbone relazation rates of MKK/ at 278K (A) and associated
with it SDF values estimated from RSDM (B) at frequencies associated with spin interactions

(B).

Interpretation of dynamics for residues dominated by fast to intermediate correlation
times does not change drastically, since population of the slowest component is close
to zero. Model-Free analysis of the relaxation rates with varying number of apparent
dynamic modes representing statistically independent timescale separated motions (adi-
abatic approximation) has been applied. Figure 3.9 shows comparison of reproduction of
experimental data with Model-Free analysis assuming two and three apparent dynamic
modes. Model-Free analysis with two modes clearly under-represents the relaxation rates
for major part of the polypeptide sequence. With an exception of several residues in
the N-termini, the estimated from Model-Free analysis values assuming two independent
contributions to NH-backbone dynamics do not correspond to the relaxation rates - as-

sumption of third independent reorientation process is necessary.
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Figure 3.9: Reproduction of the experimental data (bars) using Model-Free analysis assuming two
(orange) or three (green) statistically independent, timescale separated reorientation processes.

The transition from Model-Free analysis assuming two to three independent contri-
butions to relaxation rates seems to occur without major differences in reproduction of
the relaxation rates describing reorientation dynamics of residues in the ultra-flexible
N-terminus, with an exception of additional information on relative population of corre-
lation times in a range five times greater than the average intermediate correlation time.
The apparent convergence of the analyses with two and three modes is a direct conse-
quence of (slow and intermediate) distributions overlap represented by relatively small
J(0) values. Comparison of experimental and calculated data additionally suggests that
distribution of slow motions is relatively broad, effectively contributing to intermediate

motions amplitude.
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3.5 Distributions of correlation times

in unfolded proteins

Reproduction of dynamic modes of distributions of correlation times from numerical
simulations spanning tens to hundreds of ps, single ns and several ns reaffirms equivalence
of representation of conformational fluctuations in terms of ensemble averaged correla-
tion times, i.e. derived from MD simulations without losses on information content with
regard to the NMR relaxation rates, as long as dynamic modes in the underlying distri-
butions may be distinguished. The averaging of experimental relaxation rates informing
on distributions of timescales of motions centred at multiple decades of timescales leads
to at least three apparent dynamic modes obtained from Model-Free analysis (figure
3.9). Considering an idealized set of relaxation rates calculated directly from a fit of
auto-correlation function (ACF) of nitrogen amide spin-lattice tensor fluctuations rep-
resented by correlation times, without experimental uncertainties associated with traces
of contribution from exchange, sample to sample variations, differences in temperature
calibration between spectrometers and spectral noise, Model-Free analysis is limited only
by dynamic range (experimental sensitivity) of relaxation rate experiments characterized
by L(wy) and L(wy), which depends on magnetic field strength at which relaxation rates
are acquired. If reorientation of polypeptide units is characterized by a distribution of
correlation times with more than three dynamic modes in absence of additional contri-
butions associated with experimental limitations, Model-Free analysis of relaxation rates
in magnetic field strength ranging from 14.1 to 22.3T should lead to accurate estimation
of apparent dynamic modes (their timescales and amplitudes) with distributions span-
ning range of tens of ps to tens of ns. Figures 3.10 and 3.11 exemplify comparison of
dynamic modes accessible from ACF fit representing average fluctuations of polypeptide
unit orientation derived from 50 to 100 ns long MD simulations of MKK4 and NTail with
dynamic modes estimated on the basis of Model-Free analysis of relaxation rates calcu-
lated from ACF-derived dynamics assuming three or four dynamic modes with imposed
adiabatic approximation. Within magnetic field range of 14.1 to 22.3T and timescale
range not exceeding 10-12 ns above which L(wy) becomes less dependent on timescale
at which the motion occurs (figure 3.1), Model-Free analysis with four dynamic modes
performed on the simulated relaxation rates dataset accurately reproduces all of the cor-
relation times exhibited by the reorienting polypeptide units. For timescales longer than
10 ns, the sensitivity of Ry experiment at 600 MHz is relatively small and information

on timescales of motion is hidden within amplitudes of slow motions (Chapter 3.3).
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Figure 3.10: Comparison of dynamic modes for MKK/ (amplitudes and timescales of motions
as well as their product - J(0) components, starting from the slowest one (s)) obtained from the
fit of average NH-backbone correlation function representing average over 40, 50 ns blocks of
trajectories, and Model-Free analysis with three or four apparent dynamic modes of relaxation
rates calculated on the basis of MD-derived NH-backbone dynamics with magnetic field strength
ranging from 14.1 to 22.3T, at 278K.

The estimated apparent timescale of slow dynamic mode sets the limit on the ap-
parent mode of intermediate distribution, so that motions represented by the estimated
(average) correlation times are statistically independent, which from practical point of
view leads to a minimum ratio between modes of proximal distributions of five. As
the amplitudes of motions represent relative memory loss due to n-th motional process
within assumption of exponential decay of correlation functions with respect to sensi-
tivity of SDF at frequencies associated with allowed spin transitions, they are subject

to normalization with sum of their components equal to 1. Therefore, an increase in
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Figure 3.11: Comparison of dynamic modes for NTail (amplitudes and timescales of motions
as well as their product - J(0) components, starting from the slowest one (s)) obtained from the
fit of average NH-backbone correlation function representing average over 54, 100 ns blocks of
trajectories, and Model-Free analysis with three or four apparent dynamic modes of relaxation
rates calculated on the basis of MD-derived NH-backbone dynamics with magnetic field strength
ranging from 14.1 to 22.3T, at 298K.

amplitudes of slow motions will lead either to a decrease in amplitudes of intermediate

or fast motions. The optimization of parameters space performed by d’Auvergne and

Gooley for models constituting three timescales, two amplitudes of motion (order pa-

rameters) reveals high degree of correlation between order parameters for slow and fast

motions within range of timescales of fast motions not exceeding 100 ps for combination

of relaxation rates acquired at magnetic field strength of 11.8 and 14.2T. The correla-

tion disappears for fast motions with timescales exceeding 100 ps. In other words, the

bigger degree of overlap of timescales of fast motions with L(wy) influencing accuracy of
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estimation of average correlation times, the smaller degree of correlation between slow
and fast order parameters. If timescales of intermediate motions are underestimated
due to lower limiting value of 7y, arising due to timescale separation associated with
adiabatic approximation, the value of intermediate timescales of motions contributing
to J(wy) will correspond to population-weighted average correlation time of distribution
spanning range of hundreds of ps to single ns, in turn influencing values of faster apparent
dynamic mode, which contributes to J(wyg). On the other hand, if the system may be
characterized by dynamics with significant population of slow intermediate motions on
timescales exceeding w;,l, the average values of Tiyer and 7o Will influence amplitudes
of slow motions leading to underestimation of population of fast motions (213). Inclusion
of relaxation rates at lower magnetic field strengths should allow to increase the dynamic
range of the relaxation rates by allowing J(wy) and J(wg) to probe motions at hundreds

of ps, single and several ns more accurately (209, 214).

Inspection of the quality of fit of the experimental relaxation rates (figure 3.9) allows
to conclude that three apparent dynamic modes are satisfactory to describe the relax-
ation rates within the experimental precision. The purity of relaxation rates in terms of
contributions from dipolar mechanism to relaxation of '°N located within amide plane,
i.e. from water protons in vicinity of peptide planes, which magnitude is comparable
with experimental precision with which one can estimate the relaxation rates (215). The
phenomenon in turn leads to difficulties in estimation of four dynamic modes from exper-
imentally accessible relaxation rates following Model-Free analysis. In other words, the
fourth mode, which could allow estimation of information on the reorientation processes
occurring on hundreds of ps timescales is hidden within the experimental sensitivity of
R; and nOe, precision with which they are measured and potential relaxation rate im-
purities. Temporal averaging of timescales of motions with three dominant contributions
leads to partial representation of information on correlation times spanning range of sin-

gle and tens of ns by amplitude of slow motions.

Secondary contributions to the estimated values of amplitudes of motions from Model-
Free analysis assuming three dominant components arise due to sensitivity of different
SDFs (J(wy) and J(wy)) to different decades of timescales exhibited by reorienting pep-
tide units (figure 3.1). To evaluate the phenomenon, consider an arbitrary peptide unit
(NH), which reorientation process produces distribution of correlation times with modes

at 50 and 500 ps corresponding to apparent fast and fast intermediate motions, which
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amplitudes and timescales derived from Model-Free analysis are estimated with similar
precision due to similar sensitivity of J(wy) and J(wx) (NHI1). If the peptide unit is
reorienting faster due to transient changes in its molecular architecture or increase in
temperature, the respective profile of amplitudes of motions might change (NH2). The
distribution of fast timescales of motions is expected to be centered at smaller values -
i.e. between 20 and 200 ps instead of 50 and 500 ps. In that case, the shift from NHI to
NH2 to a very small extent will decrease amplitude of fast motions by a factor associated
with ’acceleration’ of the fast mode (to 20 ps) and increase as a result of contribution of
correlation times with distribution now centered at 200 ps. The same peptide unit pairs
NH1 and NH2 might possess distributions with modes at longer timescales, i.e. 2.5 and
10 ns (NH1) and 1 ns and 4 ns (NH2). Motions represented by conformational transi-
tions distributions centered at 1 and 10 ns should contribute to apparent intermediate
mode in a similar manner, while motions at 4 ns (NH2) should be estimated with smaller
accuracy than the 2.5 ns motions (NH1), in both cases due to the sensitivity of J(wy)
(figure 3.1). In Model-Free analysis with three apparent dynamic modes, the NH1 is
expected to posses intermediate dynamic mode in a range of approximately 2.0 to 2.5 ns
and slower dynamic mode in a range of 8 to 12 ns, while the NH2 should posses modes
centered at 700-800 ps and 3.5-4.5 ns, with partial timescale dependent compensation of
slow and intermediate apparent dynamic mode values by amplitudes of slow and inter-
mediate motions respectively. The overall shift of distributions from NH1 to NH2 should
cause redistribution of amplitude profile resulting in greater amplitudes of fast motions
and smaller amplitudes of slow motions. The expected changes in amplitudes of motions,
due to acceleration from NH1 to NH2 might stem from shift or changes in population of
reorientation rates spanning range of hundreds of ps (500 to 200 ps), now detected to a
greater extent by J(wn) instead of J(wy), that would not be compensated by increase in
J(wn) associated with acceleration of slower motions (from 10 to 4 ns and 2.5 to 1.0 ns).
An example of the dynamics may be found for residues 40 and 10 of MKK4 (figure 3.10)
for NH1 and NH2 respectively.
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3.6 Conclusions

Model-Free analysis of Gaussian-shaped distributions of correlation times spanning
three orders of magnitude (from tens of ps to tens of ns) confirms observed in the analysis
of experimental data necessity of assumption of three apparent dynamic modes corre-
sponding to statistically independent dominant components of correlation function rep-
resenting reorientation processes encapsulated within ensemble and time-averaged spin
relaxation rates. As long as ratio between modes of proximal distributions of timescales
is at least five, independently on variances of distributions (with up to 90% of the mode),
the obtained from Model-Free analysis timescales of motions are representative of modes
of the underlying distributions. With increasing span of the distributions, represented
by its variance (beyond 30% of its average value), information encoded in amplitudes of
motion is perturbed in a manner that depends on ratio between averages of proximal dis-
tributions of timescales and difference between apparent dynamic mode and that of the
underlying distribution. In that case, a portion of information originating from timescales
of slowest motions is represented by the apparent amplitude of slow and intermediate mo-
tions for high and low ratios between modes of proximal distributions respectively. When
ratio between modes of distributions is smaller than five - the distributions are more likely
to overlap and the resultant from Model-Free analysis timescales of motions represent
which values may be found in the tails of the joint distribution. Instances of the phe-
nomenon may be observed for systems under experimental investigation in the study,
i.e. ultra-flexible N-terminal fragment of MKK4, and are possible to predict a priori
Model-Free analysis from RSDM. Peptide units exhibiting small J(0) and large J(wy)
to J(0) ratio suggest overlap of distributions spanning single and several ns timescales.
As long as the distributions do not overlap significantly, Model-Free analysis (within the
bounds of adiabatic approximation) informs on apparent dynamic modes representative
of correlation function describing reorientation processes of polypeptide fragments. The
additional comparison between dynamic parameters derived from Model-Free analysis of
NMR relaxation rates (calculated on the basis of MD trajectory dynamics) with three
and four apparent dynamic modes points to averaging of timescales of motions, and their
semi-equivalent representation as amplitudes of motions for fast and slow intermediate
motions occurring on hundreds of ps and single ns, as a result of sensitivity of different

J(w) contributing to the experimentally accessible relaxation rates.
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CHAPTER 4

Temperature dependence of
unfolded protein dynamics

from NMR relaxation rates

Stochastically modulated motions acting on polypeptide units cause their reorien-
tation on multiple length and timescales. The observed by NMR relaxation ensemble
of spin transitions allows to estimate parameters characterizing reorientation processes
occurring on ps to ns timescales, which for unfolded proteins are coincident with in-and-
out of balance movement of bond vectors (librational motions), as well as dihedral angle
fluctuations limited by internal and external degrees of freedom associated with reorien-
tation of several peptide units. Observation of NMR relaxation rates as a function of
temperature allows to modulate distributions of correlation times of polypeptide fragment
reorientation processes allowing to more efficiently probe their dynamics. The presented
previously temperature-dependent analysis of NMR relaxation rates has been applied to
an unfolded system featuring relatively broad or overlapped distributions of correlation
times spanning range of single to several ns. Temperature dependent analysis of ampli-
tudes of motions representing number of correlation times associated with polypeptide
reorientation occurring concurrently to the allowed spin transitions allows to gain initial
insight on their distribution(s). Characteristic temperature coefficients calculated from
the analysis have been parametrized leading to a general estimate of correlation times
distributions exhibited by reorienting peptide units of an unfolded protein of interest on

different decades of timescales.
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4.1 Introduction

Stochastically modulated fluctuations lead to variations in interatomic distances be-
tween fragments of polypeptide chains. When grouped together, the fluctuations cause
modulations of internal and external degrees of freedom of peptide planes resulting in
changes in ¢t angles which may be represented by transitions within and between min-
ima of Ramachandran space. These collective motions require larger energetic investment
than sole back-and-forth movement of a backbone vector. Depending on molecular archi-
tecture of a macromolecule, the motions may be associated with larger scale polypeptide
fluctuations resulting in segmental motions as typically observed in unfolded proteins
and polymeric materials or in overall reorientation for globular proteins (126, 136, 139,
140, 216-219). The transitions may be described using a so-called energy landscape of
conformational space. The concept first described by Eyring in 1935, has its beginning in
defining transitions between accessible states, and is typically used to describe reaction

rates based on interdependence of kinetic and thermodynamic information:

kgT AH AS

where k is rate of reaction, which in the view of conformational fluctuations may be
represented by a rate of transition from one state to another, while AH and AS repre-
sent thermodynamic parameters associated with changes to interaction strength within
or between molecule fragments, as well as medium and the latter (enthalpic term), as
well as changes in its number of degrees of freedom associated with transtion (entropic
term), allowing to estimate energy difference associated with the transition - effective
barrier height between accessible states (220-222). The equation may be understood
as follows: the lower energetic barrier, the higher probability of transition between two
states, the faster reorientation process. Translating kinetic rate theory to protein dy-
namics, low complexity and very fast motions, i.e. NH-backbone bond librations, which
occupy low energetic states are similar in nature and may be represented by a relatively
flat potential. The motions are encapsulated within a minimum describing energy-state
dependence of more complex motion (e.g. reconfiguration within and between Ramachan-
dran basins) requiring more time to occur. For motions of greater complexity, one can
observe transitions between Ramachandran minima, which depending on composition of

a macromolecule, here defined by peptide bond geometry and steric hindrance of protein
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residues, may be represented by similar differences between energetic states. Beyond sin-
gle residue level, one can expect much broader energetic landscape representing collective
transitions of groups of atoms (125, 126, 139, 201, 217). These concerted motions, first
observed in polymers during heat activated processes, such as glass transitions are result
of large-scale reconfiguration of entire macromolecule of interest (126, 136, 216). Overall,
the reorientation processes give an idea of hierarchical ordering of protein dynamics rang-
ing from small to large scale motions featuring gradient of complexity (107, 223-225).
The ensemble of these processes has been observed experimentally for folded proteins
from an analysis of solid-state NMR relaxation rates of different nuclei located in dis-
tinct polypeptide fragments of monocrystalline GB1, which motions have been gradually

awakened by systematic increase of temperature of the system (226).

The majority of monomeric folded proteins posses tight molecular architecture featur-
ing a number of intramolecular hydrogen bonding and electrostatic interactions between
polypeptide units, which lead to their correlated reorientation resulting in an overall
tumbling of entire macromolecule (125, 126). The dynamic modes representing reorien-
tation rates of polypeptde fragments and relative population of correlation times with
respect to sensitivity of NMR relaxation experiment feature clear timescale separation,
with slower timescales representing reorientation processes occurring on timescales of few
to tens of ns, and faster dynamics, which observation is possible for protein fragments
exhibiting greater number of degrees of freedom, i.e. residues located in loops and close
to the protein termini occurring on tens to hundreds of ps (79, 123). The collective
nature of motions exhibited by folded proteins leads to dominance of slow dynamics
in reorientation processes leading to the allowed spin transitons sets the limit on ac-
curate estimation of all of the parameters characterizing distribution(s) of correlation
times representing them from NMR relaxation rates. The information on local dynamics
exhibited by folded protein fragments is in turn represented by so-called order param-
eters, which defined analogously to amplitudes of motions (with S? equal to A,,) are
proportional to number of correlation times with respect to sensitivity window of SDF
components at linear combination of Larmor frequencies of interacting nuclei (typically
1N and 'H for backbone amide order parameters). In terms of stochastic reorientation
of macromolecule fragments, estimated from NMR relaxation order parameters delin-
eate intermediate plateau of the correlation function representing relative memory loss of
spatial part of spin-lattice interaction tensor due to slower reorientation processes with

respect to sensitivity of SDFs at applied magnetic field strengths. In other words, S?
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is associated with limiting value of timescales of slow motions estimated from NMR re-
laxation rates and denotes their relative contribution to SDFs. Since faster motions are
associated with more localized fluctuations of polypeptide unit fragments than the slow
ones, for proteins featuring similar size (with similar reorientation rate), order parameter
may represent limitations imposed on the reorientation of peptide unit(s) (125, 126). In
turn, *N-backbone and '3C’ order parameters have been linked to relative degrees of
freedom of reorienting peptide plane(s) - the smaller the order parameter, the greater de-
gree of mobility of polypeptide fragment containing the nuclei which NMR relaxation is
evaluated (107). One of the oldest and most popular model allowing to estimate relative
degree of mobility of polypeptide fragments from Model-Free analysis of NMR relaxation
rates approximates internal motions of peptide plane(s) by diffusion of a bond vector in
a cone with semi-angle 6. More advanced approaches propose to model order parame-
ters by application of Gaussian probability distribution in three orthogonal planes with
variances representing relative angular degrees of freedom of peptide plane (GAF) (113,
114, 227).

The modifications to reorientation dynamics of isotropically tumbling folded proteins
associated with changes in parameters describing molecular and macromolecular envi-
ronment of the medium may be represented by Stokes-Einstein equation with temper-
ature dependent changes to overall reorientation rates proportional to relative changes
in solvent viscosity. The timescales of motions occurring on tens to hundreds of ps esti-
mated from Model-Free analysis do not reveal marked temperature dependence, or the
latter is obscured due to dominance of slow dynamics in reorientation process of the
macromolecule. In turn, information on temperature dependence of internal motions
is represented by relative changes in order parameters, which in turn may be linked to
conformational entropy following application of a potential energy function representing
relative number of degrees of freedom characterizing capability of polypeptide unit frag-
ment to reorient (99, 228-233). Temperature dependence of order parameter is relatively
flat and may be approximated by a linear or exponential function, the latter defining a
rate coefficient (A), which may be connected to inter or intramolecular restrictions lim-
iting peptide plane reorientation in a variety of energetic potentials. As the description
of thermodynamics of folded proteins in square potentials is limited to relatively small
rates of change of order parameter with temperature, more complex potentials basing on
maximum entropy principle have been invoked, which define contribution to reorientation

rates in arbitrary potentials restricted by equilibrium probability distribution of polypep-
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tide fragment orientation (99). The latter allows to describe temperature dependence of
local mobility represented by order parameters smaller than 0.5, with an arbitrary degree
of mobility defined by cone with semi-angle ranging from 0 to 7/2. The parameter A
for NH-backbone order parameters typically ranges from 0.5 to 5 in structured parts of
proteins leading to estimation of relative degrees of freedom on the order of 1 to 45°with

a potential well minimum of approximately 5 to 12 kT (98, 229).

Although, modeling of NH-backbone thermodynamics described by diffusion of the
vector in a cone model posses several limitations associated with accuracy of estimation
of influence of local librational motions and slow correlated dynamics on reorientation
rates of polypeptide fragments, its application allowed to characterize temperature de-
pendence of relative number of degrees of freedom of peptide units for a number of folded
proteins, which may be further related to heat capacity associated with its reorientation.
The estimated heat capacity proportional to number of degrees of freedom is expected to
yield greater values in unfolded parts of the chain and smaller values in the ones featuring
stable secondary structure (230). Temperature-dependence of order parameters defined
by A for Villin Headpiece HP36, B1 domain of protein G and FE. coli derived Ribonu-
clase H is similar for folded and unfolded parts of the protein with limited influence of
secondary structure on estimated heat capacity of the peptide planes. The latter may
be associated with a relatively high propensity for intramolecular interactions between
protein fragments (segments of peptide units counting up to ten residues) influencing the
relative degrees of freedom of more flexible polypeptide units (99, 228, 231, 232). Fur-
thermore, application of temperature-dependent Model-Free analysis of NMR relaxation
rates in studies of NH-backbone dynamics Basic Leucine Zipper GCN4 described by re-
orientation of vector in a cone model allows to estimate relative contribution of backbone
reorientation rates to changes in conformational entropy associated with binding to DNA.
The estimated value of 0.5 kJ mol~* K~ is in close comparison with values obtained from
calorimetric data combined with analysis of relative contribution of backbone motions to
entropy based on Monte Carlo and MD simulations. The analysis of SDF components at
Larmor frequency of 'H representing magnitude of observed fast motions reveals a degree
of correlation with changes in the a-helical populations of the polypeptide fragments in
the basic region of GCN4 represented by relative similarity to 3C’ chemical shift tem-

perature dependence (234).
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The complexity of motions exhibited by unfolded proteins precludes straightforward
application and interpretation of analyses available for folded proteins. An elegant ex-
ample of an extension of Model-Free analysis with respect to temperature dependence
of apparent apparent dynamic modes (with respect to sensitivity of relaxation rates) of
unfolded protein fragments has been provided by Abyzov et al. (2016) who estimated
the modes from Model-Free analysis of more than 100 N spin relaxation rates of C-
terminal part of Sendai Virus Nucleoprotein (NTail) at four different magnetic fields and
six temperatures ranging from 268 to 303K (235). This wealth of experimental data
allowed to approximate parameters characterizing reorientation processes of polypep-
tide units across ps-ns timescales and their temperature dependence with single residue
resolution. Very fast motional timescales (tens of ps) are both sequence and temperature-
independent, while their amplitudes are modulated by both experimental temperature
and position along the macromolecular chain. Consequently, the fast modes were as-
signed to librational motions in flat energetic basins. Motions occurring on intermediate
timescales (at approximately single ns) were highly dependent on their position in the
sequence and their apparent energies of activation exhibit marked differences between
structured and unstructured parts of the protein suggesting their association with local
backbone dihedral sampling (126, 216). The amplitudes, timescales and energies of acti-
vation associated with the slowest component (spanning range of several ns) featured a
bell-shaped profile along the sequence similar to the one expected for a random polypep-
tide. If the dynamic modes occurring on slow timescales are associated with reorientation
of segments composed of several peptide units, considering that moments of inertia of
reorienting polypeptide unit(s) are directly proportional to its size, shorter constructs
should exhibit faster reorientation rates (21, 22, 236-238), which has been observed ex-
perimentally (235). The ensemble of experimental observations has been confirmed from
decomposition of correlation functions of rank 2 spherical harmonics for peptide planes
originating from ensemble-averaged 100 ns long MD trajectories of NTail into a product

of three correlation functions describing the reorientation processes (136, 139).
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4.2 Methods

Estimation of temperature-dependent dynamics accessible from NMR relaxation rates

The intrinsically disordered regulatory domain of MKK4 (residues 1-86, UniPro-
tKB accession number P45985) and C-terminal domain of Sendai Virus Nucleoprotein
(residues 401-525 UniProtKB accession number Q07097, here referred as residues 1-125)
has been expressed and purified as described previously (68, 70). Samples for the NMR
spectroscopy measurements have been prepared in Hepes buffer of pH 7.0 with 150 mM
NaCl and 10% D,0. N relaxation rates for modeling of NH-backbone dynamics were
recorded on four spectrometers (with magnetic field strength ranging from 14.1 to 22.4T)
and four temperatures covering range of 273 to 288K. N auto-relaxation experiments
have been performed with HSQC-type pulse sequences with water suppression achieved
with Echo-Antiecho detection scheme (210). The delays for R; and Ryp experiments
ranged from 40 ms to 1.4 s and 1 to 200 ms respectively. The spin-lock field strength
in 1°N R;p experiment has been adjusted to approximately 2.0 kHz with adiabatic half-
passage hyperbolic tangent pulses with 3 ms ramps and temperature compensation of up
to 300 ms. The amide proton decoupling during relaxation delay of R; experiment was
achieved using iBurp pulse of 2 ms centered at 8.5 ppm. Heteronuclear nOe measurements
were performed with saturation and recovery periods of 6-8 s. >N CSA-dipole-dipole in-
terference (7,, and 7,) have been performed with Echo-Antiecho detection scheme with
delays of 60 and 100 ms for transverse and longitudinal cross-correlated cross-relaxation
respectively (195, 211, 212). In all of the relaxation experiments, interscan delay length
was set to 1.5-2.5 s. Model-Free analysis have been performed with two or three apparent
dynamic modes for a total of 56 relaxation rates - four temperatures ranging from 273 to
288K, optimizing 12 parameters. Constant value of CSA-DD angle of 25° fast timescales
of motions of 45 ps, backbone amide NH bond vector length equal to 1.015A and N
CSA magnitude to -172 ppm have been assumed. The optimization of parameters has

been performed with Levenberg-Marquardt algorithm.
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4.3 Temperature-dependent

analysis of NMR relaxation

As a follow-up to the work of Abyzov et al. (2016), I have undertaken efforts to apply
the developed methodology to another system - fully disordered N-terminal fragment
(residues 1-86) of cancer-associated protein Map kinase kinase 4 (MKK4) (235). The
system offers a few advantages: high stability of samples, well dispersed >N-'H spectra
allowing for quick and error-minimized relaxation data processing, while providing large
differences in observed values of relaxation rates across the polypeptide sequence (figure
4.2). The latter fact is associated with several features in the protein sequence: pres-
ence of ultra-flexible N-termini (residues 7-20) composed mainly of serines and glycines,
followed by mixed sequence of apolar, flexible and charged residues, ending on high
molecular-weight and polar residues (70-80), with several secondary structure-breaking
PXP repeats (where X is any other residue) populating multiple sites of the sequence
(figure 4.1).

IMAAPSPSGGG !GSGGGSGSGT 2'PGPVGSPAPG 3'HPAVSSMQGK
URKALKLNFAN S'PPFKSTARFT S'LNPNPTGVQON 7‘PHIERLRTHS 8'IESSGK

Figure 4.1: Sequence of N-terminal fragment of MKK/: blue and green mark residues belonging
to docking motif and KIS domain respectively (70).

Highly heterogeneous response of NH-backbone dynamics to temperature is rep-
resented by systematic changes in »N backbone relaxation rates (figure 4.2). The
temperature-dependent decrease in J(0)-dominated 7,, is associated with overall acceler-
ation of backbone dynamics associated with reorientation of polypeptide units occurring
on tens of ns timescales. The relatively invariant R; for majority of magnetic fields as
a function of temperature for central part of the protein suggests small degree of per-
turbation to intermediate motions with respect to sensitivity of R; experiment. The
correlated with temperature changes in R; and heteronuclear nOes for residues in the N-
terminus for magnetic field strength range from 14.1 to 22.3T suggest overall acceleration
of fast intermediate motions with distribution of correlation times centered at single ns

towards hundreds of ps, giving rise to the temperature dependence of the relaxation rates.
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Figure 4.2: >N backbone relazation rates of MKK4 at multiple field strengths (ranging from
14.1 to 22.3T here marked with respect to the proton Larmor frequency at which spectrometer
operates) and temperatures (ranging from 273 to 288K).
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The relatively small amount of dynamics on timescales longer than single ns for the
N-terminal part of the protein suggests relatively collapsed distribution of correlation
times spanning range of several ns. The C-terminal part of the protein reveals greater
population of slower conformational transitions represented by correlation times spanning
range of several ns, as observed in 7,,. The changes to R; with temperature at magnetic
fields beyond 20T for the protein region suggest dominance of reorientation processes
with correlation times beyond 2 ns. As in the previous study, several models of SDF
featuring different number of apparent dynamic modes have been evaluated on datasets
acquired at a single temperature (in the range of 273 to 288K) before modeling the entire
dataset. Model 1, assuming two apparent dynamic modes included optimization of two
timescales and one amplitude of motion. Model 2, with three dynamic modes included
optimization of two timescales and two amplitudes of motions with fast timescales of
motions set to a constant value of 45 ps. Model 3 included additional optimization of

fast timescales of motions.
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Figure 4.3: Comparison of different models for SDF at 273K. Quality of reproduction of ran-
domly removed 30% of MKK}/ relazation rates dataset and back-calculated using remaining 70%
in the analysis using different models of SDF.
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Models containing only two components (1 and 2, figure 4.3) were not able to re-
produce the data within experimental uncertainty, while the model with three dynamic
modes reproduced the relaxation rates for all of the protein residues in the temperature
range. The off-diagonal points in cross-validation analysis observed for models 1 and 2
suggest insufficient representation of reorientation rates of peptide planes leading to over
or underestimation of experimentally accessible relaxation rates as has been discussed in
the preceding Chapter (section 4). At 288K amplitude of slow motions is close to zero for
residues 8-11 suggesting relatively small contribution of reorientation process to the ps-ns
dynamics exhibited by the system. Inspection of the data reproduction from model 2 at
273K reveals quite good representation of experimental relaxation rates by the apparent
dynamic modes at all of the magnetic fields for residues of the unfolded protein (Chapter
3.4). It is possible, that at temperature equal to and above 288K, contribution of slow
motions to the ps-ns dynamics in the region is negligible and two modes would sufficiently
describe the dynamic behavior of the polypeptide fragment. Similarly to analysis in the
previous study, one of the timescales (representing fast motions) was constrained to a
constant value within range of tens of ps (45 ps) (235), while the other two (representing

slow and intermediate motions) were connected via pseudo-Arrhenius dependence:

Eaz' .
Model 3 with 7;,(T") = 7; o €xp (ﬁ) where i = 1,2 (4.2)

where E,; and 7; o, correspond to i-th energy of activation and timescale at infinite
temperature respectively, while R denotes gas constant (8.314 J mol™! K~!). The cal-
culated parameters describing apparent dynamic modes of the system are in a range
of values observed for NTail with fast timescale of motions exhibiting little dependence
on temperature or molecular architecture (bulkiness and polarity of the side-chains),
while significant modulations to amplitude of motions with respect to the parameters
are observed (figure 4.4). Timescales of intermediate motions are in a range of single ns
with marked sequence-dependent profile, while correlation times representing slow mo-
tions span range of single to few ns, and apart from the ultra-flexible N-terminus their

sequence-dependence profile reminds of a bell-shaped curve.
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Figure 4.4: Result of the Arrhenius Model-Free analysis of >N backbone relazation of MKKJ.
All 56 relaxation rates were analyzed using Model 3 with equation 4.2 as described previously
(235). This results in determination of site-specific activation energies along the sequence (E,)
for slow and intermediate timescales of motions, amplitudes of the three components (Asiow,
Ainter, and Agyst) and timescales of each component as a function of temperature.
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As observed in the previous study, the estimated values of E, g0 are range from 20
to 25 kJ/mole and apart from two residues in the C-terminus - their sequence-dependent
profile is similar to the one exhibited by timescales of slow motions (bell-shape) featuring
local minima in vicinity of PXP repeats. Values of E, jnter are within range spanning 8
to 10 kJ/mole and posses much flatter profile to the one observed for NTail, especially
around the termini (235). Amplitudes of slow and fast motions tend to exhibit overall
linear dependence on temperature throughout the protein sequence with negative and
positive slopes respectively. Amplitude of intermediate mode varies significantly across
the protein sequence, and with increasing temperature changes overall profile from more
oblique to more horizontal. Values of the amplitudes of motion estimated from the
Arrhenius Model-Free analysis do not deviate significantly from the ones determined

from independent Model-Free analysis (figure 4.5).
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Figure 4.5: Comparison of order parameters (SQ 18 Agiow, S?c is equal to 1-Agqs) estimated using
independent or Arrhenius Model-Free analyses.
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4.4 Temperature dependence of dynamic modes

Considering that timescales of motions occurring spanning range of ps to ns exhib-
ited by the unfolded MKK4 which are within range of sensitivity of relaxation rates in
the applied range of magnetic field strengths (with 7y, faster than 10 ns, figure 4.6),
sequence-dependent profile of amplitudes of motions estimated from Model-Free analysis
is directly influenced by distribution of reorientation rates of polypeptide fragments and
restrictions imposed in Model-Free analysis requiring statistical independence of motions,
as well as, normalization of amplitudes of motions. If intermediate motions dominate the
overall correlation function, limiting values of 74, are determined by apparent mode of
intermediate distribution of correlation times relative to the L(wy) maximum and ratio
between proximal modes associated with adiabatic approximation. If distribution of slow
correlation times is relatively broad with ratio between dynamic modes of distributions
representing the two slower reorientation processes exceeding five, estimated value of
timescales of slow motions set by the limiting value of 7, Will point to faster tail of dis-
tribution of slow timescales of motions due to the characteristics of L(wy). If distribution
of slow timescales of motions is relatively narrow, but intermediate timescales of motions
dominate, value of the apparent timescales of slow motions corresponds to mode of the
distribution. For distribution of correlation times with major influence of slow motions
with correlation times significantly overlapping with L(wy) and high J(0) values, its in-
tegral of correlation function represented by J(0) which sets the limiting value of 744y in
turn influencing value of 7 to be in a range five times smaller. For relatively broad
distributions of intermediate timescales of motions it is value of L(wy) maximum and
limiting value of Ti,ter associated with adiabatic approximation that determines the slow
apparent mode. The sensitivity of relaxation experiments and statistical independence
of motions imposes that for collapsed distributions of correlation times estimated appar-
ent amplitudes characterizing joint distributions might compensate difference between

apparent timescales and that of modes of the distributions.
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Figure 4.6: Sensitivity of different J(w) terms to different timescales of motions at magnetic
field strengths ranging from 14.1 to 22.8T defined by value of SDF at different timescale and
frequency with respect to value of SDF at timescale of inverse of linear combination of Larmor
frequencies associated with spin interaction. Orange and blue lines represent the values of L(wg)
and L(wp) respectively.
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Estimated amplitudes of slow motions for N-terminal part of MKK4 and the appar-
ent dynamic modes suggest minor population of slower correlation times on timescales
exceeding wgl. Motions exhibited by peptide units in central and C-terminal part of the
protein, however, due to greater bulkiness of side-chains found therein are expected to
be slower and feature distribution spanning single ns timescales of motions, which should
be better separated from distribution of correlation times representing intermediate mo-
tions. Averaging of correlation times results in observed modulation of relative amplitude
profile stemming from relatively small sensitivity of J(wy) to motions at timescales longer
than tens of ns and shorter than hundreds of ps (figure 4.6). Range of timescales esti-
mated from Model-Free analysis for fast motions have its origin in population-weighted
average of correlation times over range spanning tens and hundreds of ps. Separation
of J(wn) contributions from J(wy) for timescales of fast motions leads to correlation
between Agow and Apg (213). As a result, timescales of fast motions feature relative
insensitivity to molecular architecture and temperature, and their relative contributions
to SDF represented as Ag. In other words, Ag increases as a function of additional
correlation times at hundreds of ps, which overlaps with the sensitivity range of J(wy) to
an extent that is allowed by variation in Ay, due to incomplete representation of slow or
intermediate motions combined with normalization of amplitudes of motions condition.
To estimate timescales of fast motions with greater accuracy, one would have to perform
Model-Free analysis presumably with an arbitrary number of distributions of correlation
times on a relaxation rate dataset free from contributions due to additional dipolar or
scalar couplings with surrounding water protons with relative magnitude of the contri-

bution comparable to precision of the experiment.

Upon increase of temperature, stochastic fluctuations leading to reorientation of pep-
tide units are expected to accelerate, and, consequently change relative magnitude of
observed SDFs contributing to the experimentally accessible relaxation rates. Faster in-
termediate motions occurring on hundreds of ps timescales contributing to, or rather, to
which both J(wy) and J(wy) are sensitive to, are expected to shift towards smaller values
increasing population of the fast apparent mode, and respective values of SDFs at wy,
observed as an increase in estimated value of A and concomitant decrease in Aggy. If
distributions of intermediate and slow reorientation rates overlap significantly, the values
of Agow should decrease as a result of proximity of the distribution to L(wy) maximum,

or in other words, its degree of overlap with L(wy).
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The statistical independence of motions coupled with an increase in the values of A,
imposes limitations on the rate of change of apparent dynamic modes with temperature.
If the estimated apparent modes are well separated, the activation energies may vary to
a greater extent yielding high activation energies with values ranging from 8 to 10 and
20 to 25 kJ/mole for intermediate and slow motions respectively. The difference between
activation energies of apparent dynamic modes in the protein termini, or rather values
estimated for entire flexible N-terminal part of the protein might originate from that
condition. In other words, the difference between the activation energies in the studied
case is negatively correlated with the degree of overlap between the distributions of the
timescales of motions. Temperature dependent increase observed for amplitudes of fast
motions in the N-terminal part of the protein suggests significant population of faster
motions occurring on hundreds of ps contributing to J(wy) (100-500 ps), much greater
than in the latter part of the unfolded chain. If reorientation rates spanning range of
hundreds of ps have similar temperature dependence, rate of increase of Ay with tem-
perature should depend on relative proximity of the mode to maximum sensitivity of the
J(wn), or in equivalent terms, to degree of overlap between the normalized SDF L(wy)
and distribution of timescales of fast motions, as well as on relative population of cor-
relation times spanning single to several ns timescales, leading to apparent dominance
of distribution of correlation times spanning range of hundreds of ps. The increase in
fast amplitudes of motions is accompanied by a decrease in amplitudes of slow motions
to an extent limited by non-redundant J(0) leading to temperature dependent decrease
in values of Aj.er, Which is associated with overlap of distribution of intermediate and
slow reorientation rates. On the other hand, the C-terminal part of the protein features
smaller temperature dependence of Ay, which might be associated with positioning of
hundreds of ps distributions further away from maximum sensitivity of J(wy) with values
above 500 ps, leading to its overlap with intermediate distribution centered around single
ns. The relative increase of Ay With temperature in the protein region might be asso-
ciated with acceleration of slow ns motions, so that the slower correlation times posses
values corresponding to greater L(wy). Overall, this gives an impression of quite broad
intermediate distribution with correlation times ranging from 500 ps to 2 ns. Comparison
of rates of change of amplitudes of motions with temperature should inform on relative
span of the distributions. Correlated changes in slow and fast amplitudes of motions with
temperature across the central part of the protein imply similar range of timescales sam-
pled by hundreds of ps motions, or that relative span of the distributions in comparison

to sensitivity of J(wy) is similar. Following similar considerations, one may interpret rela-
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tive changes of amplitudes of motions of NTail. Increase in temperature leads to increase
in accessibility of motions occurring on hundreds of ps timescales to J(wy) resulting in a
flat increase of fast amplitudes of motions as a function of temperature within the entire

studied range.
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Figure 4.7: Result of the Arrhenius type Model Free analysis of > N backbone relazation of NTail.
Reproduced on the basis of Abyzov et al., 2016. All 64 relaxation rates were analyzed using Model
3 with equation 4.2 as described previously (235). The determined site-specific activation energies
along the protein sequence (E,) for slow and intermediate motions, amplitudes of the three SDF
components (Agow, Ainter and Agast) and apparent dynamic modes of the two slower components
as a function of temperature.
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The high values of amplitudes of intermediate and fast motions, as wells as, relatively
low values of apparent intermediate and slow dynamic modes suggest existence of signifi-
cant population of fast intermediate motions occurring on a range of hundreds of ps with
average value oscillating between 200 and 300 ps for residues in the protein termini and
in the main chain respectively. Residues in the helical element and in-between two tryp-
tophan residues W41-W49 exhibit remarkably low amplitudes of fast motions implying
representation of intermediate and slow reorientation rates in a form of amplitudes of slow
motions due to relatively small sensitivity of J(wy) to slower reorientation rates (Chapter
3.5). The magnitude of absorption of information on slow intermediate correlation times
representative of difference between mean timescale and mode of the distribution to Aggy
is inversely correlated with temperature. The latter occurs presumably due to accelera-
tion of slow intermediate and fast intermediate motions towards maxima of L(wy) and
L(wn) respectively. The amplitudes of intermediate motions in central part of the chain
exhibit temperature-dependent trends observed for the C-terminal part of MKK4 and in-
crease with temperature until 288K. The latter is coupled with a decrease in amplitudes
of slow motions suggesting temperature dependent increase in the degree of overlap of
distributions representing slow intermediate (single ns) and slow (several ns) motions.
As a result of the increase of the two amplitudes (fast and intermediate), amplitudes of
slow motions decrease until 288K. If reorientation rates spanning range of hundreds of
ps accelerate leading to increase in amplitudes of fast motions due to greater amount
of motions within experimental sensitivity, and population of distribution representing
slow motions does not decrease their value, the amplitudes of intermediate motions are
expected to decrease if all of the motions occurring on slow intermediate timescales are
within sensitivity of J(wy). In other words, above 288K apart from the residues located
in MoRE, the observed relaxation rates informing on slow intermediate distribution of
timescales are already in sensitivity window of J(wy) with corresponding timescales of

! at magnetic field strength accessed experimentally in the

motions in a range below wy
study (figure 4.6). Temperature dependence of the dynamic modes for protein residues
located in termini reminds of trends observed for GS-rich region of MKK4 with overall
increase in amplitudes of fast motions and decrease in amplitudes of slow and interme-
diate motions. The values of intermediate and slow energies of activation for residues
located in the termini suggest a significant degree of overlap of intermediate and slow dis-
tributions of reorientation rates. The energies of activation in the MoRE suggest partial
overlap of slow intermediate and slow timescales of motions changing with temperature

much faster leading to increase in E, ity With maintained separation between E,.
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4.5 Temperature dependence of motional amplitudes

As discussed above, the estimated amplitudes of motions depend on extent of aver-
aging of correlation times with respect to sensitivity of J(wy) and J(wy) contributing
to values of experimentally accessible relaxation rates, and accuracy of representation of
motions occurring on slow intermediate timescales as apparent dynamic modes relative to
dynamic modes of underlying distributions and their populations, imposed conditions as-
sociated with statistical independence of reorientation processes and normalization condi-
tions of amplitudes of motions. The temperature dependence of fast motions is associated
with relative number of correlation times representing fast and intermediate motions in
comparison to the slow ones, and degree of proximity of fast intermediate modes occurring
on hundreds of ps to maximum sensitivity of J(wy). The rate of change of amplitudes of
motions should contain information on activation energy and number of correlation times
associated with reorientation of polypeptide fragments on fast timescales (up to several
hundreds of ps). The temperature dependence of slow motion amplitudes on the other
hand, features more complexity due to changes in slow intermediate reorientation rates
with respect to L(wy), while being directly affected by concurrent changes in correlation
times not exceeding several hundreds of ps. Therefore, the rate of change of amplitudes
of slow and fast motions should depend on rate of approach of apparent dynamic modes
representing motions occurring on slow ns and hundreds of ps to values associated with
maximum sensitivity of SDFs with 2.7 ns (J(wy)) and 300 ps (J(wn)) for relaxation rates

measured at magnetic field of 14.1T.

If relative acceleration of fast intermediate motions (occurring at hundreds of ps)
does not significantly depend on molecular architecture of polypeptide side-chains, then
rate of increase of amplitudes of motions with temperature should inform on variance
of distribution of intermediate timescales of motions, or rather, the rate of approach
of fastest motions in fast intermediate distribution towards L(wy) maximum and their
degree of overlap with the sensitivity function. The rate of change of amplitudes of slow
motions is a bit more complex, since its value depends on the rate of change of amplitudes
of fast motions with temperature, which might be increased by amount proportional to
acceleration of slow intermediate reorientation rates and changes in its population, so that
the correlation times feature intermediate timescales observed as contribution to J(wy).
In the temperature range under investigation, one can easily observe that the amplitudes

exhibit linear temperature dependence decreasing for slow and increasing for fast motions
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respectively. To interpret the phenomena, the temperature dependence of amplitudes of

motions estimated from Arrhenius-type Model-Free analysis was represented by a simple

two parameter linear function:

Ai(T) = ;T +b; (4.3)
0.4 e 0.4 -5 0.4 o I B S et e P P
,,,,, - : 0.4fg-""" e e e P ——
- e 0.4fg--"" b= Are
0.3f¢ 03l 03] 0.4 0.4 «
02 02 02 0.2 02 0.2 0.2h 0.2
e S 01 o 0.1 } e N N P PO [ — e
ook, T T ] 09 oop T il X S 0.0 " X A
275 280 285 275 280 285 275 280 285 275 280 285 275 280 285 275 280 285 275 280 285 275 280 285
g P L — 0.4 J— =] %4 P L—]035 .
0af o.4r i o4 i . T . 04 e -
G o 03l 0.3 " . - 0.30| -
0.3F 03 . . 0.3 -
0.3- 0.250¢
0.2 0.2- 0.2 0.2 0.2 . e
- 0.2 0.2, 0.20| -
,,,,, N -
»»»»» TS RS | 0.1 —— - RN “ T *
oo + 2 04l o e 3| 0] ~0.15] -
275 280 285 275 280 285 275 280 285 275 280 285 275 280 285 275 280 285 275 280 285 275 280 285

775

775

760 265 275 280 265 775 280 2865

275

Figure 4.8: Temperature dependence of amplitudes of motion of MKK4. Black and grey points
denote values derived from Arrhenius Model-Free analysis of MKKJ4, brown and blue lines rep-
resent fit to two parameter linear equation for fast and slow motions respectively. The fits have

been performed in temperature range of 273 to 288K.
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Figure 4.9: Temperature dependence of amplitudes of motion of NTailj. Black and grey points
denote values derived from Arrhenius Model-Free analysis of MKKJ4, brown and blue lines rep-
resent fit to two parameter linear equation for fast and slow motions respectively. The fits have
been performed in temperature range of 274 to 298K.
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Figure 4.10: Comparison of parameters characterizing rate of change of amplitudes of motions
with temperature for MKK4 and NTail model systems in temperature range of 273 to 288K and
274 to 288K for MKK4 and NTail respectively, brown and blue points represent parameters for
fast and slow motions respectively.
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The linearity of the amplitudes seems to be maintained over temperature range of
273-288K for both of the proteins and dynamic modes. For NTail, which temperature
range was greater by 10K, it is more difficult to put a straight line through amplitudes
of slow motions with the last point (at 298K) diverging from the linear trend. There-
fore, the fit has been performed on a similar range of temperatures (274-288K). Overall,
the rates of change of amplitudes of motions exhibit values in the similar range, of ap-
proximately 3 to 10, 1072 K~ for fast motions and from -5 to -20, 1072 K~ for slow
motions. The similar rate of change of amplitudes of motions suggest, that motions oc-
curring on timescales closer to the L(wy) maximum will saturate the sensitivity window
faster than intermediate motions on hundreds of ps leading to decrease in amplitudes of
intermediate motions. The latter is compensated with increase in A associated with
deceleration of slow intermediate to slow correlation times representing motions occurring
on timescales ranging from single to several ns leading to a decrease in slow amplitudes
of motions instead of intermediate ones. Further acceleration of fast timescales to values
below 50 ps might lead to a relative deceleration of rate of change of amplitude of mo-
tion with temperature, due to a decrease in number of fast correlation times within the
sensitivity window (50 - 350 ps). The high value of as,, may represent either greater
activation energy of the mode allowing for its faster approach to the maximum sensitivity
of normalized SDF, or a well defined distribution centered around hundreds of ps, which
sufficiently fulfills the sensitivity window without significant losses due to acceleration of
fast tens of ps timescales. If the motions posses similar activation energies, the values
of at.s should be directly proportional to population of fast intermediate reorientation
rates and inversely proportional to difference between the mode of underlying distribu-

1 w) and variance of distribution of fast motions

tion and maximum sensitivity (L(w~
with limiting values of 10 and 500 ps. In other words, at.s is directly proportional to
the rate of increment of overlap between distributions of fast timescales of motions and

sensitivity window (L(wn)).

The sequence dependence of af,s for MKK4 exhibits profile observed for amplitudes
of fast reorientation rates suggesting that motions exhibited by peptide units in the
flexible N-terminal part of the protein are dominated by distribution with mode close
to timescales spanning range of 150 to 250 ps, and increase in temperature gradually
increases their availability to J(wy). Similar observations cannot be made for rate of
acceleration of fast intermediate motions for residues located in the termini of NTail

possibly due to greater number of fast motions with significant population of motions
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occurring on tens of ps timescales, which will accelerate with temperature leading to
decrease of Ap. The central parts of the polypeptide chain of both proteins features
similar afqs implying similar values of modes, populations and variances of fast and fast
intermediate motion distribution exhibited by peptide units with presumed correlation
times oscillating between 300 to 400 ps and 20 to 50 ps respectively. In other words, the
increase in number of reorientation rates in sensitivity window due to fast intermediate
motions is partially compensated by decrease in number of correlation times representing
distribution of timescales of motions occurring on tens of ps. Residues featuring fast
exchange between folded and unfolded conformations of NTail belong to the category.
The relatively low values of az.q for the C-terminal part of MKK4 featuring apolar and
aromatic residues suggest slower reorientation rate and well defined distribution on hun-
dreds of ps timescales of motions further away from the L(wy) possibly separate from
tens of ps timescales leading to loss of Agq with temperature, as a result of acceleration

of fast motions faster than saturation of L(wy) by fast intermediate motions occurs.

The rate of change of amplitudes of slow motions with temperature is dependent on
changes in amplitude of fast motions. Therefore, evaluation of rate of change of slow
intermediate correlation times with respect to temperature should be performed after
subtraction of relative rates of amplitude increment with temperature. The difference
between af,s and ag,, should take into an account temperature dependent decrease in
Agow associated with increase in Ag,g, and allow to evaluate relative acceleration of fast
intermediate correlation times, or rather degree of overlap of fast intermediate distri-
bution of timescales of motions with L(wy) in relation to slow intermediate correlation
times, the latter contributing more to J(wy) values. If difference between afqs and agey, is
positive, the relative increase in number of fast intermediate reorientation rates in L(wpy)
window is faster than that of slow intermediate ones in L(wy) suggesting relatively small
difference between average activation energies of the two apparent modes, that would
not be compensated by increment of slow intermediate correlation times in the sensi-
tivity window. In that case, the relative number of correlation times in the sensitivity
windows defined by L(w) dictates estimated values of amplitude of slow motions and
relative changes of amplitudes with respect to temperature, the phenomenon observed
for the N-terminal part of MKK4. The negative values of a4 s imply greater activation
energy of slower intermediate motions, or rather suggest that greater rate of L(wy) satu-
ration by correlation times in comparison to L(wy). The latter is observed for the central

part of MKK4 and NTail with values of relative increment of amplitudes slow motions
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of NTail in a range twice greater than for MKK4 suggestive of greater degree of overlap
distribution representing slow intermediate motions with L(wy) for NTail. The respective
sequence dependence of ag; ¢y points to the greater acceleration of slow intermediate mo-
tions in the central part of the protein with greater values for fragments featuring greater
moments of inertia acting on reorienting chain (i.e. WW motif and helical residues) -
motions in that range are expected to be dominated by correlation times spanning range
of several ns, and relative decrease in amplitude of slow motions suggests their greater
rate of the distribution overlap with L(wy) as a function of temperature in comparison

to the motions exhibited by residues located close to the termini.
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4.6 Discussion

The application of a recently developed Model-Free analysis based method for estima-
tion of apparent dynamic modes of distributions of polypeptide fragments reorientation
rates from NMR relaxation rates to an unfolded protein (MKK4), featuring distinct
sequence-dependent conformational features compared to previously studied intrinsically
disordered protein (NTail) allows for comparison of associated dynamic parameters and
an assessment of genera applicability of the approach to studies of ps-ns unfolded pro-
tein dynamics. Extensive set of relaxation rates interpreted in terms of amplitudes and
timescales reveals at least three dominant contributions to SDF featuring different de-
grees of complexity: fast fluctuations of bonds and small groups of atoms (vibrations
associated with stretching and deformation of backbone vectors), backbone dihedral an-
gle motion (represented by fluctuations within and between the Ramachandran minima)
and correlated fluctuations of several residues in a row (segmental chain-like dynamics).
The observed temperature dependence of amplitudes of motion for both proteins (NTail
and MKK4) is in a similar range to the one observed generally for unfolded fragments
of proteins (107 K~!) and apart from residues involved in transient formation of helix
of NTail and those located in ultra-flexible N-termini of MKK4 suggests rather compact
distributions of polypeptide fragments reorientation rates (228, 230, 239, 240).

The average rate of acceleration of slower motions with temperature approaches en-
ergy of activation of bulk solvent reorientation (around 20 kJ/mole) with greater E,
values in center of the unfolded chain and smaller values observed for residues situated
in the termini. The latter is likely associated with number of degrees of freedom in the
segment and molecular architecture of side-chains influencing energetic balance between
inter or intramolecular and solvent interactions. Without stable secondary structure el-
ement, the activation energies of apparent dominant intermediate modes are uniformly
distributed around 10 kJ/mole, and do not exceed 15 kJ/mole limit, as it occurs for
parts of the sequence of NTail featuring transiently formed a-helical recognition motif.
The E, inter for residues in the protein termini is associated with imposed statistical in-
dependence of timescales of motions - the slow intermediate motions cannot approach
smaller values faster then the minimum ratio of four to five between proximal averages
of dominant distributions would allow for it. The intermediate timescales of motions of
MKK4 as a function of protein sequence exhibit systematic increase of Ty, towards more
bulky part, where steric hindrance of side-chains slows down the reorientation rate (241,

242). Observation of significantly lower values of 7y for the N-terminal part and higher
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values for more bulky residues of MKK4, as well as, comparison of timescales of motions
between unfolded parts and helical element of NTail suggests that their distribution is
associated with moments of inertia acting on the reorienting peptide unit(s) associated
with inter and intramolecular hydrogen bonding, electrostatic and van der Waals inter-
actions contributing to transient formation of so-called segment. The interpretation is in
agreement with observation of highly correlated reorientation of peptide units constitut-
ing polypeptide segments in MD simulations of NTail coinciding with greater values of
Tslow fOr the residues. In a similar manner, the reorienting folded elements or polypep-
tide segments of greater collectivity of the motion feature longer timescales of motions,
which has been observed previously for a number of proteins i.e. GCN4, Engrailed 2,
a-synuclein or JRNAP (125, 127, 136, 137, 201, 230, 243, 244).

With increase in temperature, slow and slow intermediate correlation times occurring
on single to several ns shift towards smaller values with minor modifications to relative
degree of overlap of fast intermediate and intermediate distributions of correlation times
with timescales ranging from several hundreds of ps to single ns defined by L(wy). The
latter is reflected in relatively similar rate of changes of amplitudes of fast and slow
motions with temperature and almost invariant amplitude of intermediate motions for
central part of the protein. The observation of highly positive agss in the N-terminal
part of MKK4 is associated with acceleration of highly abundant fast intermediate mo-
tions in an absence of significant population or relatively broad distribution of motions
featuring high degree of collectivity occurring on slower timescales. The phenomenon is
presumably associated with relatively large number of degrees of freedom available to the
peptide units located in the flexible N-terminus of MKK4 composed majorly from serines
and glycines. Similar observations can be made for the residues located in the termini of
both proteins. The remaining NH-backbone sites of NTail and bulky C-terminal part of
MKK4 (residues 70-80) feature negative values of ag; s suggesting increase in number of
slow intermediate motions with decrease in temperature resultant from increase in coop-
erativity of polypeptide unit reorientation. The latter presumably originates from rela-
tively lower interaction energy associated with binding between neighboring side-chains
with respect to the one for solvent-side-chain interaction. In order for that to happen,
decrease in enthalpic term must overcome entropic penalty associated with decrease in
number of degrees of freedom due to intramolecular interaction, the phenomenon pre-
sumably originating as a result of changes in hydrogen bonding interaction energy both

between water molecules (reflected in differences in water clustering propensity) and with
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polar side-chain atoms of unfolded polypeptide chain (125, 126, 140, 245). The increase
in temperature causes acceleration of intermediate and fast intermediate distributions of
timescales of motions (occurring on hundreds of ps), which are presumably associated
with limitations to reorientation of peptide planes due to internal degrees of freedom
(127, 217, 235).

The unfolded chain of MKK4 possesses several sequence features which give rise to
the observed profile of timescales and amplitudes of slow and intermediate motions re-
flecting significant degree of overlap of distributions of timescales occurring within L(wy)
due to faster reorientation rate of peptide units with resultant distributions centered at
tens of ps, hundreds of ps and single ns. The N-terminal part of MKK4 featuring a
stretch of serines and glycines separated by PXP repeats at both ends of the polypeptide
unit is characterized by rather broad distribution of slow correlation times with average
corresponding to farther shoulder of distribution rather than its mode. The latter sug-
gests conformational heterogeneity of the unfolded protein fragment allowing the chain
fragment to form an array conformers from very compact to very extended ones. The
distribution of slow correlation times for residues in the C-terminal part of the protein
featuring more bulky peptide units composed of charged and apolar residues is better
defined with greater separation of slow correlation times from the intermediate ones, due
to greater moments of inertia of the reorienting polypeptide units allowing for smaller
degree of conformational variability (236, 246). Central part of the protein exhibits
distributions of slow correlation times in-between the two extremities. Timescales of in-
termediate motions are relatively similar throughout the sequence and oscillate within
several hundreds of ps to single ns with differences in region of the polypeptide featur-
ing greater populations of S-proline and a-helical conformations, which are expected to
yield slower reorientation rates on single ns timescales due to hydrogen bonding between

side-chains of neighboring residues (41).

As reorientation rate of polypeptide units depends on its conformational sampling,
exchange between conformational states on intermediate timescales may be represented
by jumps within and between the Ramachandran minima. In that case, intermediate
motions are expected to be sensitive to populations of conformational states (222, 247).
Presence of several proline residues placed in consecutive manner leads to reduction in
number of degrees of freedom of neighboring peptide planes, their slower reorientation

and more defined distribution represented by local maxima in 7yow, Tinter aNd Agow Ob-
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served for 20TP and 26SP. Additionally, Ty, exhibits greater values in regions coinciding
with enhanced [-proline sampling, i.e. in polypeptide region encompassing 39KRKA43
and 47NF with values greater by up to 20% in comparison with neighboring polypep-
tide fragments. The region (39K-48F) encompasses so-called docking motif and KIS
domain, which are involved in binding to the folded p38a allowing for regulation of the
MAP kinase cascade (70). The relative reorientation rates of peptide units on single to
several ns timescales and its distribution associated with intramolecular hydrogen bond-
ing propensity, which represented by significant population of S-proline conformations
might facilitate binding of unfolded MKK4 to p38a with former maintaining the un-
folded state upon binding. The relative deceleration of motions occurring on timescales
spanning range of several ns in the region suggests presence of strained conformations
possibly due to charge repulsion between consecutively positioned charged and bulky
apolar side-chains in the subsequent part of the motif (44LKLN47). The combination
of local backbone conformation and preferences for polypeptide topology in the region
may facilitate binding of the unfolded MKK4 to p38a and modulate residence time of
the bound state necessary for the regulatory domain to achieve its function. The re-
gion encompassing 67GVQNT0 features consecutive local minima and maxima in Tiger
suggesting conformational heterogeneity in the peptide fragment, which might be associ-
ated with repulsion of positively charged side-chains of 69Q and 70N, in turn influencing
proximity of Q69 to V68 consequently leading to increase in values of Tyow and Tipger as
high as 20% with respect to the neighboring residues. Similarly, consecutive placement of
negatively and positively charged residues 74E-75R enclosed by apolar residues 731-75L
in the 72-79 region increases probability of forming intramolecular contacts due to charge
and steric interactions of neighboring side-chains leading to slower reorientation rate of

the fragment on multiple timescales visible in the form of relatively greater 740 and Tigger-

Similar characteristics in terms of distribution of timescales of motions to the ones
found in the C-termini of MKK4 may be found for WW-motif and a-helical recognition
element (MoRE) with relatively well-defined distributions of slow and slow intermediate
timescales of motions ranging from single to tens of ns, which high populations repre-
sented by amplitudes of slow motions presumably originate from intra and intermolec-
ular hydrogen bonding, electrostatic and van der Walls interactions resulting in highly
correlated motions of the polypeptide fragments. Additional features associated with
differences in distributions of fast and fast intermediate motions may be observed for
NTail residues spanning region 30-40 (EAHADQDARG) featuring positively and nega-
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tively charged residues interspaced with apolar ones leading to oscillatory pattern in the
amplitude of fast motions. The latter represent minor differences in degree of overlap of
fast intermediate distribution of reorientation rates with L(wy), which is associated with
varying populations or variances of the distributions presumably resultant from varying
(internal) degrees of freedom of the reorienting peptide planes associated with molecular

architecture of their side-chains.
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4.7 Conclusions

The discussed here approach, allows to uniformly describe apparent dynamic modes
of an unfolded or transiently folded system across a range of temperatures in the same
time reducing number of parameters necessary for accurate description of experimental
relaxation rates. Additionally, the approach facilitates description of apparent dynamic
modes under conditions which are challenging to record and analyze, i.e. high tempera-
ture influencing moments of distributions of timescales leading to their overlap, high pH
increasing the amide proton exchange rate and its contribution to transverse relaxation
rates effectively broadening the line shapes and limiting accuracy and precision of the
measurement. The analysis allows to gain an initial insight on distributions of timescales
of motions, rather than focusing on population-weighted average timescales of motions.
Consequently, the analysis reveals well defined distributions of timescales of motions for
NTail and MKK4 for majority of residues with dominant slow and intermediate dynamic
modes in central part of the chain, and fast to fast intermediate in less bulky regions of
the protein and in the termini. The temperature dependence of amplitudes of motions
for residues featuring less bulky side-chains suggests partial overlap of slow and slow
intermediate distributions of timescales of motions featuring either smaller population
or greater variance of the former one, resultant from relatively fast reorientation rate of
peptide units on longer length-scales. The latter implies relatively greater conformational
heterogeneity of the reorienting peptide fragments associated with greater number of de-
grees of freedom in the flexible part of the protein than in the central part. The central
part of the chain, which conformational heterogeneity allows for greater separation and
more defined (of smaller variance) distributions of slow and slow intermediate timescales
of motions. The apparent properties of the distributions are reflected in relatively high
difference between energies of activation of the apparent modes and temperature depen-
dence of amplitudes of slow and fast motions with significantly greater rates of decrement
of the former ones. The temperature dependence of slow and fast amplitudes of motions
represented by negative ag¢y suggests relative increase in population of slow and slow
intermediate motions with respect to L(wy) for all of the NH-backbone sites of NTail and
central to C-terminal part of MKK4 suggesting increase in the degree of cooperativity of

motions with decrease in temperature.
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CHAPTER 5

A unified description of unfolded
protein dynamics

under native conditions

Reorientation of peptide planes strictly depends on their neighborhood and limita-
tions imposed by steric and electrostatic interactions, as well as hydrogen bonding. Un-
folded protein dynamics observed in macromolecular settings reveal marked differences
in comparison to dilute phases. Additional limitations imposed on reorienting peptide
plane due to presence of macromolecules lead to the slow-down of reorientation rate of its
polypeptide unit(s) on different timescales directly representing stochastically modulated
reorientation of peptide units limited by internal and external degrees of freedom. The
chapter presents a systematic study on viscogen-induced solvent-mediated modifications
to reorientation rate of peptide units from NMR spin relaxation. Model-Free inspired
interpretation of N relaxation rates within bounds of adiabatic approximation presents
a direct evidence on coupling between stochastically modulated motions occurring on
relaxation active ps-ns timescales and opposing it friction arising due to the limitations
associated with intramolecular interactions between neighboring side-chains, as well as
intermolecular interactions of polypeptide units with viscogen macromolecules. Limits
and potential benefits of developed methodology allowing to predict viscogen-induced,
solvent-mediated changes to the dynamic modes estimated from !°N relaxation rates have

been discussed.
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5.1 Introduction

Reorientation of peptide plane depends on local degrees of freedom which may be
defined by range of fluctuations of side-chains limited by hydrogen bonding, as wells as
steric and electrostatic interactions with neighboring peptide units, which are encoded in
their molecular architecture. According to the central limit theorem, probability distribu-
tion of distances between consecutive peptide units, which may be defined by separation
between centers of their masses, increases by a factor associated with variance of distri-
bution of distances between adjacent carbon alpha atoms. The latter depends on local
degrees of freedom of polypeptide units. Therefore, steric and electrostatic interactions,
as well as, hydrogen bonding contribute to modulation of degrees of freedom of pep-
tide planes and segments thereof. The magnitude of fluctuations, which increases as a
function of distance is inversely proportional to correlation between polypeptide units
fluctuations of subsequent residues. The range over which motional correlations persist

defines polypeptide segment length (248).

Fluctuations of a vector may be represented by its diffusion at a finite distance -
the larger distance, the longer will be timescale associated with vector diffusion. The
probability of vector displacement by a distance d = |x—x¢| is described by a diffusion
propagator, which defines a probability amplitude of vector displacement over a distance
d during time interval At. If distribution of these fluctuations may be described by a

Gaussian, for unrestricted motion in three dimensions the propagator is defined by:

2+ xd — a:xocosﬁ) (5.1)

(x,z Ht)—;ex (—
p\x, Xo, 0, g W(Dt)3 p ADt

For restricted motions additional factors are necessary to describe diffusion process
(249). According to fluctuation-dissipation theorem, the diffusion coefficient is defined
by energetic balance between parameters describing stochastic fluctuations giving rise
to the motion in relation to opposing it viscous drag of the solvent. For a finite size
spherical particles in a liquid medium D = kT /m/3, where ( defines friction coefficient
of particles with medium in which the particles are immersed in. In principle, frictional
forces acting on reorienting peptide plane to large extent should be proportional to size
of its side-chains and the ones of neighboring residues reflecting solvent dependent and

independent contributions to (macro)molecular friction respectively.
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Any mammalian cell carries within its interior hundreds of g/L of macromolecules,
which constantly interact with each other transiently modifying their properties and those
of surrounding medium. The ensemble of the processes is typically described in terms of
biophysical interactions on the basis of sticking and crowding, both of which contribute
to maintenance of cellular homeostasis and take part in formation of a so-called quinary
structure of protein(s) macromolecular ensemble, or rather, of the native in-cell envi-
ronment (250). Sticking and crowding describe enthalpic and entropic contributors to
thermodynamic equilibrium of the macromolecule-medium system, with the former being
dominated by charge-charge, van der Waals and hydrogen bonding interactions, while the
latter are described from the point of view of work necessary to incorporate a macro-
molecule in already existing molecular environment (179, 180, 251). As concentration
of macromolecules increases so does viscosity of surrounding medium and likelihood of
modifications of protein conformational fluctuations and associated with them function
(252-254). The ensemble of processes is typically described either with aid of thermo-
dynamical arguments, which show general influence of viscostiy on stability of folded or
unfolded proteins (255, 256), or on physicochemical grounds with viscosity and friction
used as main indicators of inter and intramolecular interactions in the crowded milleu

(20, 178, 181).

Unfolded proteins have been extensively studied from point of view of crowding-
mediated modifications to their size, shape and functional properties using single molecule
fluorescence approaches with interpretation guided by polymer physics (178, 181). In
addition to describing dynamic behavior of the solute, the studies show an impact of
macromolecular concentration for a variety of viscogens on viscosity of the solution,
which directly reflects frictional properties of polypeptide fragments represented by in-
teractions between solvent, protein, as well as solvent and solute. In addition, a plethora
of computational studies demonstrates role of hydration in protein functional dynam-
ics. Within the scope, one may find relationships between the solute surface topology,
polarity of its fragments and relative effects thereof on interactions with the solvent,
and coupling between reorientational dynamics of the solvent and the solute (142, 143,
257-259). NMR spectroscopy has also contributed to these endeavors in a significant
way providing an insight into crowding mediated slow-down of proteins such as GBI,
a-synuclein from different macromolecular environments with complexity scaling up to
the in-cell (260-269). An elegant example of modifications to reorientation potential

of NH-backbone fluctuations by complex macromolecular environment is presented by
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Theillet et al. (2016). Following application of several viscogens of different physico-
chemical nature leads to relative deceleration of NH-backbone dynamics of a-synuclein
observed in form of modifications to >N backbone relaxation rates. Pronounced changes
in unfolded chain dynamics for residues in the termini observed from Model-Free analysis
of the relaxation rates is presumably associated with crowding induced compaction and
potential inter and intramolecular interactions with the surrounding medium. The extent
of changes seems to be more pronounced in the native environment (mammalian cells)
suggesting additional impact of intermolecular interactions on the relative deceleration of
the NH-backbone fluctuations (243). The complexity of interactions found therein, rang-
ing from steric interactions, hydrogen bonding and electrostatic interactions in different
media makes it difficult to devise a single expression, that would enable a description of

specific and non-specific effects on protein dynamics associated with crowding.

From physicochemical point of view, it is useful to assume that the non-specific inter-
actions between macromolecules of protein and crowder will lead to viscosity-mediated
deceleration of protein dynamics (270). When a macromolecule is immersed in a solution,
it first modifies the properties of surrounding medium leading to deceleration of the sol-
vent molecules, and with increase of the macromolecule concentration, the surrounding
medium begins to influence dynamics of the (bio)polymer itself. Overall, the crowder-
induced modifications to the flow around the macromolecules is represented by increase in
viscosity, which then stipulates slow-down of overall reorientation of the macromolecules,
the latter being typically described by one of the forms of Einsteins diffusion equation
(271, 272). More specifically, viscosity effects associated with crowding are related to
relative size of crowding agent and that of the solute, or rather effective mesh size of
macromolecular network defined by interstitial space for the solute to rotate and trans-
late freely. A framework covering crowding-associated modifications to medium viscosity
is encapsulated within a so-called length-scale dependent viscosity model describing at
least two additional limiting cases: nano and micro-viscosity (174). As concentration
of crowding agent increases, viscosity of any solution to a first approximation increases
linearly as long as the amount of macromolecules does not cause permeation of each
others hydration layer. Beyond a certain concentration (C*) associated with approach-
ing so-called semi-dilute limit, average distance between macromolecules is so small that
hydrodynamic volumes of the macromolecules begin to permeate each other leading to
more frequent intermolecular interactions and slow-down of their reorientation rates. At

the same time, each viscogen molecule reduces amount of free solvent, defined by ensem-
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ble of water molecules not associated with macromolecules at given time point, further
enhancing inter and intramolecular interactions, which beyond C* are reflected in more

abrupt changes in viscosity-concentration dependence (252-254).

As has been observed previously, incorporation of significant amount of macromolecules
into solution containing an unfolded protein leads to perturbation of its dynamic behavior.
The highly heterogeneous response of backbone dynamics to viscosity precludes estima-
tion of a general trend with which one could describe the ensemble of processes shaping
dynamics of unfolded proteins in crowded native-like environment. Herein, an effort has
been made to characterize viscosity dependence of apparent dynamic modes representing
average reorientational dynamics of unfolded protein fragments probed by NMR relax-
ation rates by systematically increasing concentration of viscogen macromolecules. The
system (NTail - a 125-residue long domain of Sendai virus Nucleoprotein), which ap-
parent dynamic modes temperature dependence has been studied previously, possesses
a transiently folded recognition element (MoRE) alongside with diverse conformational
fingerprint associated with compositional heterogeneity of amino acid residues across the
sequence (68, 235).
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5.2 Methods

Preparations of the viscogen solutions

Concentration of Dextran40 (BioChemica, AppliChem A2249) was estimated by mea-
suring absorbance at 270 nm (A270) on a ThermoScientific Genesys 10uv Scanning spec-
trophotometer in UV-Cuvettes micro 70 puL. The extinction coefficient of Dextran4( was
estimated by probing absorbance of its equilibrated solutions at 270 nm (A270). The
solutions have been prepared by dilution of Dextran4(0 stock with known concentration
of the polymer. Briefly, 3 g of the polymer was dissolved in 25 mL of buffer of interest
in a volumetric flask overnight at approximately 318K and subsequently diluted to 120
g/L. The obtained stock was diluted to reach concentrations ranging from 12 to 120 g/L
of Dextran40. The estimated extinction coefficient yielded 4.96 ml cm™! g™, so that 100
g/L of Dextran40 corresponded to approximately A270 of 0.5. Highly concentrated solu-
tions of Dextran4( were prepared by dissolving 0.5 g of the polymer in 1 mL of buffer of
interest in a water bath (318 K) followed by vigorous mixing and overnight equilibration
at room temperature. An analogous dissolution procedure was applied to PEG 10 kDa
(Sigma 81280); however, as PEG does not have a clear absorption band above 240 nm,
concentration of equilibrated stock of the polymer could not be determined exactly and

its value was assumed to yield approximately 400 g/L.

Estimation of viscosity-dependent dynamics from NMR relaxation rates

The intrinsically disordered C-terminal domain of Sendai Virus Nucleoprotein (residues
401-525 UniProtKB accession number 07097, here referred as residues 1-125) was ex-
pressed and purified as described previously (68). Samples for NMR spectroscopy mea-
surements have been prepared in 50 mM phosphate buffer equilibrated at pH 6.0 with 500
mM NaCl and 10% D,O (NTail). '®N relaxation rates for viscosity-dependent modeling of
unfolded protein dynamics was recorded on 3 spectrometers (with magnetic field strength
ranging from 14.1 to 22.4 T) and 2 temperatures: 288 and 298K. °N auto-relaxation ex-
periments have been performed with HSQC-type pulse sequences with water suppression
achieved following Echo-Antiecho detection scheme (210). Delays for Ry and Ry p experi-
ments ranged from 40 ms to 1.4 s and 1 to 250 ms respectively. Spin-lock field strength in
15N R, p experiment has been adjusted to 1.5 kHz, with adiabatic half-passage hyperbolic
tangent pulses with 3 ms ramps and temperature compensation of up to 300 ms. Amide
proton decoupling during relaxation delay of Ry experiment was achieved using iBurp

pulse of 2 ms centered at 8.5 ppm. Heteronuclear nOe measurements were performed
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with proton saturation and recovery delays in range of 6 to 8 s. N CSA-dipole-dipole
interference (7, and 7,) have been performed with Echo-Antiecho detection scheme with
delays of 60 and 100 ms for transverse and longitudinal cross-correlated cross-relaxation
respectively (195, 211, 212). In all of the relaxation experiments value of inter-scan delay
set oscillated between 1.0 to 2.5 s. Ry, water has been measured using simple saturation
recovery pulse sequence with 1000 (1 ms) Sinc saturating pulses centered at water res-
onance following recovery delay ranging from 1 ms to 12 s and small flip-angle readout
pulse (500 ns).

Model-free analysis as a function of temperature and viscosity in dilute to semi-dilute
regime for SeV Ntail has been performed for a Model assuming with three dominant con-
tributions to SDF optimizing two amplitudes of motions per temperature, two timescales
of motions at infinite dilution and temperature, two activation energies and two pro-
portionality constants relating viscosity-associated slow-down of polypeptide units with
relative deceleration of water molecules in presence of the crowder (friction coefficients).
In Model-Free analysis of NTail, constant value of fast timescales of motions equal to
50 ps has been assumed, while angle between the long axis of the CSA tensor and the
NH-backbone vector (f) has been optimized for all of the conditions simultaneously. In
all cases, NH bond vector length has been assumed to be equal to 1.015A and *N CSA
magnitude to -172 ppm. Model-Free analyses have been conducted for a total of 105
relaxation rates acquired at four temperatures ranging from 274 to 298K and four ad-
mixtures with Dextran4( with final concentration of viscogen of 50, 95, 145 and 195 g/L
optimizing 15 to 17 parameters - the two additional parameters denote optimization of
parameters describing fast apparent dynamic mode and its relative changes with regard
to viscosity of the solution. The optimization of parameters has been performed with

Levenberg-Marquardt algorithm.
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5.3 Viscosity dependence of dynamic modes

To begin considerations on viscosity-dependence of apparent dynamic modes char-
acterizing ps-ns conformational fluctuations of unfolded proteins, I turn my attention
to the HSQC spectra of the protein under investigation at increasing concentrations of
the crowder. As shown in the figure 5.1, relative changes of chemical shifts are within
0.025 ppm for the highest concentration of viscogen used, suggesting limited influence
of potential specific interactions on unfolded chain reorientation dynamics of the studied
system. Remaining non-specific interactions depend on reorientation rate of the crowder,
population of bound state and extent of modifications to relaxation rates and chemical
shifts of reorienting peptide units influenced by inter and intramolecular interactions of
the polypeptide fragments, which are reflected in *N relaxation rates alongside with their
modifications associated with changes to viscosity of the medium. To determine extent
of modifications to apparent dynamic modes associated with incorporation of viscogen
macromolecules to the medium, a set of '°N backbone relaxation rates of NTail in ad-
mixtures with 50 to 195 g/L Dextran40, at two temperatures (288 and 298K) and three
magnetic fields (with operating 'H Larmor frequency of 600, 700 or 850 MHz) has been
acquired. Figure 5.2 convincingly shows heterogeneous response of spin relaxation rates
to crowding for both transverse and longitudinal rates of auto (R and Ry) and cross-

correlated cross-relaxation (7).

The observed changes in Ry profiles point to crowder induced deceleration of slowest
detectable nanosecond conformational fluctuations represented by J(0). Comparison of
R; at 850 and 600 MHz and 298K as a function of concentration of viscogen suggests
relatively little changes to slow intermediate motions occurring on timescales above 2.7
ns (J(wn) at 600 MHz) with greater changes occurring within timescale window of ap-
proximately 1.7 - 2.0 ns (J(wn) at 850 MHz), implying rather compact distribution of
intermediate motions with minor influence of reorientation processes with rates slower
than 2.7 ns and faster than 5-6 ns for majority of peptide units of the protein. Viscos-
ity mediated deceleration in the WW motif and MoRE leads to changes on timescales
above 2.7 ns visible in Ry profile at 600 MHz suggestive of greater population of correla-
tion times in the timescale window. The crowder-associated decrease in R; and increase
in nOe values implies deceleration of fast and fast intermediate correlation times with
distributions ranging from tens to hundreds of ps, from 50 and 150 ps, towards L(wy)
maximum at 14.1T. Comparison of rate of change of heteronculear nOes with respect to

viscogen concentration at 14.1 and 20T suggests greater sensitivity to fast intermediate
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motions to the medium viscosity to the one observed for fast motions - L(wy) sensitivity
window at 14.1T is filled faster than the one at 20T.
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Figure 5.1: Y N-YH HSQC spectra of NTail in admiztures with Dextran0 (0 - 195g/L) measured
at 298K and 20T.
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Figure 5.2: >N backbone relazation rates of NTail measured in range of admixtures with Dea-
tran40 (0 - 1959/L) at three magnetic fields and two temperatures.

Since friction opposing stochastically modulated conformational fluctuations leads
to response of the system dependent on size of reorienting probe (in the studied case
represented by polypeptide unit), one needs to find a suitable measure representative
of viscogen-associated modifications to the medium. Following derivations of Abragam,
longitudinal relaxation rate of water protons is proportional to reorientation rate of water
molecules. At certain conditions R yater may become biased by contributions from chem-
ical exchange of bound and unbound to macromolecules water molecules, as well as by
contributions from translational diffusion which are expected to become more significant
at lower magnetic fields with rotational diffusion dominating at higher magnetic fields

(77, 273). Therefore, changes in nanoscale viscosity with crowder concentration were
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evaluated by inspection of Ry yater using a saturation-recovery experiment (figure 5.3).
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Figure 5.3: Upper panel: exemplary evolution of water proton intensity during saturation recov-
ery experiment. Lower panel: changes of Ri water as a function of concentration of Dextrang(
at three temperatures (278, 288 and 298K) recorded at 600 MHz.
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The changes of Ry water With viscogen concentration may be gauged using expres-
sion for relative increment of viscosity with crowder concentration (p(C)), which is ap-
proximately proportional to relative deceleration of water molecules reorientation rate
(equation 5.2):

C — R T C - R T
p(C) _ 77( ) Mo _ 1,wate ( ) 1,water,co (52>

Mo Rl,water,oo

where Rj water(C) and Ry ywaterco identify longitudinal relaxation of water protons at
given concentration and infinite dilution respectively. Admixtures containing up to 145
g/L of Dextran40 reveal linear concentration dependence with similar slope at any studied
temperature (278-298K). Above 145 g/L, R ywater reflecting relative changes to nanoscale
viscosity of the system increases signifying transition to semi-dilute limit at concentration

of approximately 180 g/L of Dextran40.

The initial evaluation of viscosity-induced modifications of backbone amide dynamics
has been performed with Model-Free analysis of >N backbone relaxation rates optimiz-
ing four parameters for each backbone amide site at each condition separately (7;, A; g,
where i identifies the dynamic modes (1 and 2) and k identifies crowding conditions (0,
50, 95 and 145 g/L) using data recorded at two magnetic fields (600 and 850 MHz) at
298K (eight relaxation rates per condition). Values of estimated amplitudes of motions
in different admixtures are very close to the ones estimated for NH-backbone dynamics in
conditions approaching infinite dilution (figure 5.4) and vary within range not exceeding
0.1 between different admixtures. The amplitudes describe relative number of correlation
times within sensitivity window represented by L(w). As reorientation decelerates, degree
of overlap of distributions of timescales of motions exhibited by polypeptide fragments in
relation to the sensitivity at frequencies associated with spin transitions for >N-'H spin
pair, represented by linear combination of Larmor frequencies of the two nuclei, for fast
and slow intermediate motions lead to perturbations in amplitudes of motions (Chap-
ter 3.5). Considering distribution of L(w) within magnetic field strength ranging from
14.1 to 22.3T, deceleration of slow and slow intermediate motions beyond 2.7 ns should
decrease amplitudes of intermediate motions with respective amount of information on
the distribution now represented by parameters characterizing slow motions (amplitudes
and timescales). Similarly, deceleration of fast and fast intermediate motions (occurring
on tens and hundreds of ps) beyond 250-300 ps should lead to decrease in amplitudes of

fast motions, and respective increase in amplitudes (and timescales) of intermediate mo-
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tions. The limited influence of viscosity on the estimated amplitudes of motion suggests
concerted deceleration of slow and intermediate motions reflecting proportional loss of
overlap of the distributions with L(w) in a manner that would lead to relatively small

perturbation of motional amplitudes as a function of viscosity (202, 208).
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Figure 5.4: Amplitudes of slow and intermediate motions estimated from independent Model-
Free analyses for different admiztures with Dextrand0 ot 298K, each optimizing two timescales,
two amplitudes of motions with timescales of fast motions equal to 50 ps and CSA-DD angle 0
to 25°.

Therefore, in the subsequent analysis, amplitudes of motions were optimized jointly
for all of the admixtures and timescales of motion separately for each of the crowding
condition yielding a total of 11 parameters (7;x, A; and 6 where i = 1, 2; k = 0, 50, 95,
145 and 195 g/L). As concentration of the crowder increases, so do average timescales
of slow and intermediate motions. One could expect that the relative loss of degree of
overlap of the distributions with L(wy) will be much greater for intermediate correlation
times, due to vicinity of the latter to the sensitivity window maximum. Maintaining

the relative amplitudes of motions invariant between the admixtures allows to represent



A UNIFIED DESCRIPTION OF UNFOLDED PROTEIN DYNAMICS
140 UNDER NATIVE CONDITIONS

relative loss of degree of overlap of the intermediate distributions with L(wy) in a form
of average (apparent) intermediate dynamic mode and its rate of change with respect to
viscosity of the system. Additionally, it allows to minimize number of parameters allowing
for more precise estimation of the apparent dynamic modes. The relative influence of
viscosity on timescales of slow and intermediate motions suggests that correlation times
representing slow motions (occurring on timescales longer than wy') are perturbed much
more significantly than the intermediate ones. The overall deceleration of slower motions
leads to greater population-weighted average slower correlation time and increase in the
limiting value of 7y, set by J(0) and statistical independence of motions on estimated
apparent intermediate dynamic mode. The phenomenon, in turn gives an impression of

increase in separation between the modes of reorientation rates distributions (figure 5.5).

Assuming similar similar loss of sensitivity of J(wy) to slow and intermediate timescales
of motions due to increase in viscosity of the medium, rate of change of apparent slow and
intermediate dynamic modes with respect to concentration of viscogen is in distinct range
with intermediate motions mirroring behavior of the solvent, and crowding-associated
changes to correlation times represented by apparent slow dynamic mode are in range
three times greater (figure 5.5). Beyond 180 g/L p becomes non-linear with concentra-
tion and the phenomenon is mirrored by both apparent amide backbone dynamic modes.
Considering observations and derivations of Holyst, Cukier and Zwanzig, one may re-
late relative changes in viscosity of the medium with a site and mode-specific friction
coefficient (¢;), which relates reorientation rates of polypeptide fragments with relative

deceleration of water molecules (equations 5.2 and 5.3):

7(C) = 7/ (p(C)e; + 1) with i = 1, 2 (53)

4,00

where 7]  is amide backbone rotational correlation time at infinite dilution. Relating
the backbone dynamics to changes in dynamics of the solvent rather than to concentration
of the viscogen allows to model relative changes in backbone amide correlation times with
viscosity beyond the linear concentration regime (174, 272, 274). To evaluate validity
of two independent friction coefficients in representation of crowder-associated modifica-
tions to the apparent dynamic modes, Model-Free analysis of the relaxation rate dataset
optimizing 6 or 7 parameters (7], A;, €; and § wherei = 1,2 and j = 1orj =1 and 2)

has been performed.
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Figure 5.5: Comparison of relative changes of backbone amide correlation times as a function
of viscogen concentration with changes in solvent reorientation rate for a few chosen residues
within the range 20-40 and 100-120: solid line p+1, dotted line: 3p(C)+1.

Comparison of estimated x? suggests that two different friction coefficients for appar-
ent dynamic modes (representing intermediate and slow motions) are required to best
explain the experimental data (figure 5.6). The assumption of the same friction coef-
ficient for the two dynamic modes leads to priority of optimization of J(0)-dominated
relaxation rates, leading to similar data reproduction to the one featuring single friction
coefficient (only for 74y ). The values of €goy, and €yer 0scillate around 2.5 + 0.8 and 1.0
+ 0.3 respectively. Model-Free analysis optimizing additionally €g.q yields values lower
than the ones observed for €, and does not significantly influence quality of the data
reproduction. Additional comparison of heteronuclear nOes between the admixtures sug-
gests that changes with viscosity in the apparent dynamic modes occurring on fast tens
to hundred ps timescales in dilute to semi-dilute regime are negligible. Therefore, the
impact of viscosity on fast motions with average correlation times of approximately 50
ps has been ignored. Encouragingly, in spite of simplicity of the Einstein model (Model
3 with eq. 5.2 and 5.3), the comparison of dynamic parameters at 298K and 0 g/L with
results of Arrhenius Model-Free analysis at equivalent conditions yields close comparison

with small discrepancies in values of Tyo and Ajyer (figure 5.7).
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Figure 5.6: Comparison of x? for Einstein Model-Free analysis of relaxation rates of NTail at
298K, 600 and 850 MHz in admiztures with Dextran0 ranging from 0 to 195 g/L, optimizing
two amplitudes, two timescales of motions at infinite dilution, CSA-DD angle 0 and one or two
€ for slow and intermediate motions.

As the conformational fluctuations slow down, the apparent dynamic modes repre-
senting slow intermediate motions (occurring on single ns) are expected to contribute less
to J(wn) resulting in greater amplitudes or timescales of slow motions. In the same time,
a portion of correlation times within sensitivity range of J(wy) seems to be perturbed to
a smaller extent with apparent dynamic mode remaining within range of single ns, which
is contrary to the expectation of greater average timescale allowed by the lower limit
imposed by J(0) and adiabatic approximation. The changes are accompanied by deceler-
ation of the fast intermediate motions (occurring on hundreds of ps), as observed for the
residues in termini of NTail, likely influencing average value of timescales of intermedi-
ate motions leading to smaller degree of perturbation of apparent intermediate dynamic
mode and modification to its amplitude. The differences between amplitudes of motions
derived from independent Einstein and Arrhenius analysis stem from the accuracy of
determination of 7y, and T from the approaches leading to a relative difference in
Ainter 0f 0.05 to 0.1. The latter is presumably associated with difference in number of
slow correlation times within sensitivity window of J(wy) for conditions featuring differ-

ent stimuli - temperature or viscosity (figure 5.7).



Aslow

Ainter

5.3. VISCOSITY DEPENDENCE OF DYNAMIC MODES 143

0.8
| mmm 4 fields, Arrhenius
064 T~ 2fields, Viscosity
n)
] c
0.4 ‘_%
| e
0.2 1
0.0 -

Tinter» NS

Seguence Seguence

Figure 5.7: Comparison of apparent dynamic modes and associated amplitudes obtained from
FEinstein (viscosity-dependent) and Arrhenius (temperature-dependent) analysis at 298K and 0

9/L.

The presence of two different friction coefficients may be associated with differences
in characteristic length-scale exhibited by reorienting polypeptide fragments, or rather
their relative size, opposing the frictional forces acting on them. A body of experimental
evidence corroborates relationship between dimensions of the probe and effective vis-
cosity effects, which the probe experiences (219, 275). In the limit, where size of the
probe is much smaller than dimensions of viscogen, effective viscous drag experienced
by the probe depends linearly on its size. The relative deceleration of water molecules
in vicinity of an unfolded chain arising due to hydrogen bonding between polypeptide
side-chains and backbone amide protons, as well as surrounding water molecules directly
affects reorientation of peptide planes (141, 276). If the intermediate motions are domi-
nated by conformational fluctuations of single peptide planes (represented by transitions
within and between Ramachandran minima), the characteristic length-scale associated
with their reorientation is comparable to that of water molecules or water clusters, which
may explain observation of similar rate of deceleration of polypeptide fragments reorien-

tation with regard to concentration of viscogen to the one observed for water molecules,



A UNIFIED DESCRIPTION OF UNFOLDED PROTEIN DYNAMICS
144 UNDER NATIVE CONDITIONS

which corresponds to friction coefficient close to unity. As friction between polypeptide
units and the solvent should depend on spatial extent of the motion, which may be repre-
sented by moments of inertia of the reorienting polypeptide fragment, the slowest motions
presumably dominated by reorientation of several residues in a row (segmental motions)
experience greater frictional forces opposing its reorientation (272). The picture in turn,
suggests that the conformational fluctuations of polypeptide fragments and viscosity or
temperature induced effects influencing its rate are associated with external and internal

limitations on reorientation of peptide plane(s).

5.4 Einsten-Arrhenius Model-Free analysis

The established viscosity dependence of the apparent dynamic modes representing
conformational polypeptide dynamics probed by the °N backbone relaxation rates has
been combined with previously established pseudo-Arrhenius relationship for timescales
of motion. As estimated from longitudinal relaxation of water protons (figure 5.3), the
relative changes of solvent viscosity with crowder concentration to a good extent do
not significantly depend on temperature within the studied range (278 - 298K). The
contribution from heat-activated processes to viscosity is expected to be small, in range
of 3-4 kJ/mole, depending on concentration of macromolecules in the medium (277).
Together with observation of very similar values of apparent dynamic modes estimated
from independent Einstein or Arrhenius Model-Free analysis within a small range of
temperatures, one may make an assumption of orthogonality of changes to the modes
with respect to viscosity and temperature. The latter allows for combination of viscosity
and temperature-dependent datasets to model apparent dynamic modes using Model-Free
analysis from '?N-backbone relaxation rates and their viscosity-temperature dependence

jointly using Einstein-Arrhenius relationship (equation 5.4):

E .
7i(C,T) = 7/ (p(C)e; + 1) exp (%) withi =1, 2 (5.4)

where 7/ identifies the i-th apparent dynamic mode at infinite dilution and infinite

temperature.



5.4. EINSTEN-ARRHENIUS MODEL-FREE ANALYSIS 145

15N-backbone relaxation rates dataset encompassing all of the admixtures at 288 and
298K was combined with previously characterized temperature-dependent dataset of 1°N-
backbone relaxation rates acquired for NTail. Equation 5.4 has been implemented into
Model 3 to optimize 15 parameters for a total of 105 relaxation rates (A;y, Toor €is Baji
and 0, where i identifies i-th mode and k identifies different temperatures). The calculated
dynamic parameters from joint viscosity and temperature-dependent analysis (figure 5.8)
are very similar to the ones obtained from separate Arrhenius or Einstein analysis. The
energies of activation of the apparent dynamic modes representing slowest motions oscil-
late within range of 20-30 kJ/mole and its sequence dependence reminds of bell-shape,
while the intermediate E, reaches local maxima in the transiently folded helical element
and in the protein termini, phenomena previously observed in the temperature-dependent
analysis of NTail (235). The values of ¢; oscillate within previously determined range in
separate viscosity-dependent analysis with intermediate mode deceleration rate mirror-
ing increment of water molecules reorientation rate with concentration of the viscogen,
while for the slower mode, friction coefficients exhibit marked sequence dependence with

values in a range three times greater.

The distribution of €4, across the polypeptide sequence reminds of bulkiness profile
of the protein with local minimum for N-terminal fragment of the protein constituting
three glycine residues in a row (residues 13 - 15), while increasing in the central and a-
helical part of the protein featuring residues of greater moments of inertia or contributing
to transient formation of so-called segments as a result of frequent intramolecular inter-
actions (125, 126, 136). The remaining parameters (amplitudes and timescales of mo-
tion) are almost indistinguishable from the previous independent Einstein or Arrhenius
Model-Free analyses. The overlay of timescales and amplitudes of motions at 288K, 0 g/L
and 298K, 95 g/L suggests small-range equivalence of temperature and viscosity-induced
modifications to the reorientation rates on both intermediate and slow timescales. The
corresponding p values for the two comparisons with regard to infinite dilution conditions
at 298K yield 1.3 and 1.1 for 288K and 298K, 95 g/L respectively, suggesting greater in-
fluence of temperature on water reorientation dynamics than viscogen macromolecules
that would lead to similar perturbation to reorientation dynamics of unfolded polypep-

tide chain on many length-scales.
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Figure 5.8: Result of the combined viscosity and temperature-dependent analysis: friction coeffi-
cients (€), energies of activation (E,), amplitudes of motion at different temperatures (A;) and
timescales of motion (1;). Timescales of motion are presented in the ascending order: 298K, 0
g9/L; 298K, 50 g/L; 298K, 95 g/L; 288K, 0 g/L; 298K, 145 g/L; 288K, 50 g/L; 288K, 95 g/L;
278K, 0 g/L; 27/K, 0 g/L; 298K, 195 g/L
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If p represents change to the overall reorientation rate of water molecules propor-
tional to its rotation rate and exchange between free and bound states with the macro-
molecules and inverse of dwell time spent in the cavities formed by the macromolecule,
the temperature-dependent deceleration of water molecules cannot be the only factor
determining the timescale of motion of reorienting peptide units. In that case, one could
expect that water molecules slow-down in a manner that depends on relative reorientation
rate of peptide units proportionally to the dwell time in the bound state. In other words,
it is rather unlikely that water molecules would influence reorientation rate of polypeptide
units to a major extent, which is direct consequence of the difference in mass between
water molecules maintaining contact with polar groups of the macromolecules and mass
of the latter. The temperature associated slow-down of peptide units reorientation is
associated with increase in frequency or decrease in exchange rate describing intramolec-
ular interactions between neighboring side-chains, due to differences in energetic balance
between intramolecular interactions of unfolded polypeptide chain fragments and hydro-
gen bonding between the former and water molecules in hydration monolayer allowing to
observe more abundant motions of correlated nature (segmental motions). The greater
response of p to temperature than to the concentration of macromolecules implies mod-
ifications to the hydrogen bonding propensity between water molecules, i.e. visible in
the form of temperature dependence of their clustering propensity, influencing hydro-
gen bonding with polar fragments of macromolecules (278). The correspondence of the
temperature-viscosity trends suggests influence of crowder on the overall unfolded chain
dimensions, and the resultant deceleration of conformational fluctuations is correlated
with intermolecular interactions between macromolecules of the crowder and the protein
of interest, as well as, compaction of the polypeptide. The extent of the modifications is
reflected in reorientation rate of water molecules, as has been observed previously (178,
243, 251). At greater crowder concentrations and lower temperatures (i.e. 298K and 195
g/L and 274K, infinite dilution), the relative populations of correlation times representing
slow and intermediate motions are expected to be perturbed to a greater extent due to
increase in collectivity of the polypeptide fragment reorientation, which may be equally

represented by length-scale of the motion (140, 245).

In order to verify the assumptions on the tight coupling between the apparent dy-
namic modes and reorientation rates of water molecules, one may modify composition of
the medium by incorporation of viscogen featuring different size, molecular weight and

relative polarity of polypeptide side-chains. To pursue this endeavor, eight more relax-
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ation rates were recorded for 2 different admixtures with 90 and 135 g/L of PEG 10 kDa,
298K at 600 and 850 MHz respectively. Having optimized the 15 parameters per residue
representing dynamic modes and their changes associated with modulation to viscosity
or temperature encapsulated within the »N-backbone relaxation rates of NTail in admix-
tures with Dextran40 (figure 5.8), and knowing values of p for the additional admixtures
with PEG (yielding 0.16 and 0.25 for 90 and 135 g/L respectively), the relaxation rates
were predicted and compared with values at infinite dilution (figure 5.9). If the esti-
mated friction coefficients from Model-Free analysis of »N-backbone amide relaxation
rates of NTail in admixtures with Dextran40 represent relative slow-down of peptide
units associated with binding of the unfolded chain to macromolecules of the crowder,
one should expect modifications to the extent of modulation of polypeptide reorientation
rates associated with intermolecular interactions with crowder of different size influencing
rotational correlation time of the latter. Given the four times smaller molecular weight of
PEG in comparison to Dextran40, and considering partially branched architecture of the
latter, allowing for smaller perturbation in degrees of freedom associated with potential
binding to the protein, assuming equal binding affinity between protein and crowder (due
to relatively similar polarity of the macromolecules) with binding equilibrium remaining
in fast exchange, one could expect up to four times smaller extent in modulation of
J(0)-dominated relaxation rates with respect to relative concentration of the viscogen,
or, viscosity represented by p. The predicted values at any given concentration are al-
most indistinguishable from the experimental ones, but significantly different to the ones
at zero concentration of viscogen. The comparison suggests that deceleration of water
molecules is influenced by their interaction with viscogen macromolecules to a similar
extent as the relative slow-down in reorientation of polypeptide units on multiple length-
scales, and the influence of potential non-specific interactions between macromolecules
of unfolded polypeptide chain and the crowder is negligible in the studied range of ad-
mixtures. At greater concentration of viscogen, one could expect additional contribution
to J(0)-dominated relaxation rates associated with changes in the relative population
of slow motions and overall slow-down of reorienting peptide units stemming from their
non-specific or specific binding to the macromolecules of the crowder, due to greater ro-
tational correlation time of the latter one associated with small spatial separation (and

more frequent collisions) between the macromolecules in semi-dilute or concentrated limit.
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Figure 5.9: Comparison of relaxation rates recorded at two different admiztures of NTail with
PEG 10 kDa at 298K (90 g/L at 600 MHz and 135 g/L at 850 MHz; brown and black bars
represent relaxation rate values and errors estimated from noise based Monte Carlo simulations
within relative uncertainty of peak intensity) with prediction at infinitely dilute condition p = 0
(blue dotted line) or at p estimated from Ry yater (0.16 and 0.25 for 90 and 135 g/L of PEG
respectively; orange line).
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To evaluate robustness of the Einstein-Arrhenius Model-Free analysis, 30% of the
relaxation rates have been randomly removed and back-calculated using result of the
analysis with remaining 70% in the fitting routine (data not shown). Additionally, the
model is capable of estimating dynamic modes as a function of viscosity, at different tem-
perature at which none of the remaining relaxation rates from the crowded dataset are
present (figure 5.10). The quality of reproduction of data in the passive fit (figure 5.10B)
is virtually identical to the one in the active one (figure 5.10A). In order to determine
the minimum dataset required for estimation of all 15 parameters, a significant part of
the dataset was selectively removed from the minimization protocol and the resultant
dynamic parameters were compared with parameters obtained using full dataset (105 re-
laxation rates per peptide unit). The reduced datasets featured relaxation rates recorded
only at two magnetic fields (600 and 850 MHz) with two crowding conditions (50 and 95
g/L or 145 and 195 g/L) at single temperature (298K) and four or three temperatures at
infinite dilution (figures 5.11 - 5.13). Removal of relaxation rates for admixtures at lower
concentrations of viscogen does not affect the estimated parameters significantly (figure
5.11) even without half of the temperature-dependent dataset (maximum of 50 relaxation
rates per residue). Additional removal of relaxation rates recorded at 274K and infinite
dilution (maximum of 38 rates per residue, figure 5.13) does not influence the accuracy
of estimation of site and mode-specific friction coefficients, however, significantly over-
estimates values of the energies of activation of the intermediate mode. The latter is
associated with smaller separation between the apparent modes representing intermedi-
ate and slow motions in temperature range exceeding 20K, leading to modification in
accuracy and precision of determination of intermediate timescales of motion at infinite
dilution and temperature. Thus, for an accurate description of the dynamic modes as
a function of temperature and viscosity approximately 50 relaxation rates are required.
However, reproduction of the dynamic parameters seems to be poor for the dataset con-
taining only admixtures with small amounts of viscogen (figure 5.12). The observation
should be rather intuitive and is most likely associated with quality of determination of
a slope for linear trend, which is expected to be more accurate on bigger variable range.
Application-wise, it is advisable to construct the system with as high concentration of
viscogen as it is experimentally possible, that still produces resolvable peak line shapes.
In other words, as the apparent dynamic modes approach the values at infinite dilution,
the accuracy of estimation of friction coefficients ¢; deteriorates. As a rule of thumb, one
should aim to characterize polypeptide dynamics as a function of viscosity represented

by relative deceleration of water molecules using admixtures with p exceeding 0.10.
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Figure 5.10: Comparison of active fit of >N backbone relaxation rates of NTail in admiztures
with Dextran 0 with concentrations ranging from 50 to 145 g/L at 288K (A) with prediction of
the same relaxation rates from analysis of data composed of relaxation rates at dilute conditions
(0 g/L) at four temperatures, and in admiztures with Dextran4 0 concentrations ranging from 50
to 195 g/L at 298K (B). Bars represent experimental values, red and green lines mark calculated
values from active fit and prediction respectively.
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Figure 5.11: Accuracy of determination of apparent dynamic modes and site and mode-specific
energies of activation (E,) and friction coefficients (e;) with less than half of the dataset: re-
laxation rates at infinite dilution at four temperatures, relazation rates at 145 and 195 g/L of
Dextran4 0 at 298K. In all cases only data at two magnetic fields was used (600 and 850 MHz).
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Figure 5.12: Accuracy of determination of apparent dynamic modes and site and mode-specific
energies of activation (E,) and friction coefficients (e;) with less than half of the dataset: re-
laxation rates at infinite dilution at four temperatures, relaxation rates at 50 and 95 g/L of
Dextran4 0 at 298K. In all cases only data at two magnetic fields was used (600 and 850 MHz).
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Figure 5.13: Accuracy of determination of apparent dynamic modes and site and mode-specific
energies of activation (E,) and friction coefficients (e;) with less than half of the dataset: re-
lazation rates at infinite dilution at three temperatures (278-298K), relaxation rates at 145 and
195 g/L of Dextran40 at 298K. In all cases only data at two magnetic fields was used (600 and

850 MHz).
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5.5 Discussion

The analysis of viscosity mediated deceleration of the apparent dynamic modes reveals
pronounced changes to correlation times representing slow and intermediate motions ex-
hibited by polypeptide units of unfolded proteins. The overall rate of slow-down appears
to decrease with the rate at which the motions occur with greatest deceleration rates ob-
served for the slowest motions. The values of the rate of deceleration of polypeptide unit
reorientation are encoded in the so-called friction coefficients, which relate the relative
slow-down of reorientation rates associated with conformational fluctuations of polypep-
tide fragments with relative average deceleration of water molecules. The observed mini-
mal changes in the amplitudes of motions as a function of viscogen concentration suggest
limited impact of viscosity on distributions of fast and fast intermediate timescales of
motions, or rather, that the overall deceleration of motions occurs in a manner that
would compensate the degree of saturation of sensitivity windows (defined by normal-
ized SDFs) of relaxation rate experiments. The importance of dynamic coupling between
the solvent and unfolded protein dynamics has been observed in multiple experimental
and MD-simulation studies (279-283). The relative proportionality of deceleration of the
slow dynamic modes exhibited by polypeptide units of unfolded proteins with respect
to deceleration of water molecules re-emphasizes previous observations of high degree of
correlation between solvent and unfolded protein segmental dynamics (140, 284-286).
The determined friction coefficients sample range of approximately 1.0 for intermediate
motions almost without any specific sequence dependence directly mirroring the average
slow-down of water molecules, while marked sequence dependence is observed for slower
motion friction coefficients. It should be expected that motions exhibited locally, which
spatial reorientation does not cause significant displacement of water molecules will ex-
perience viscosity-associated slow-down to a lesser extent than more spacious correlated
motions of several consecutive residues (125, 136, 218). Indeed, probes of smaller dimen-
sions when compared with size of the viscogen, experience smaller magnitude deceleration
associated with friction opposing the thermally modulated stochastic motions, leading

to separation of viscosity-concentration dependence into nano, micro and macro regimes

(174, 271, 272).
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As has been observed for folded proteins, the average slow-down of water molecules
in vicinity of the macromolecule is highly dependent on polarity of the polypeptide frag-
ment, and degree of confinement of water molecules within range of its hydration defined
by the first hydration shell (143, 144, 287-289). Water molecules in vicinity of a hy-
drophobic patch will behave differently from those surrounding extended conformations
of unfolded chains or protein termini. More precisely, in the first case scenario, one could
expect lower probability of finding hydrogen bonding partner with a protein, in turn
leading to modifications in hydrogen bond network of the water cluster and slow-down
of its rotation and translation (276, 290, 291). In the systems composed of unfolded
proteins, reorientation of water molecules in vicinity of polypeptide fragment depends on
molecular architecture of unfolded chain, including polarity of atoms belonging to neigh-
boring side-chain groups and size of the latter influencing local topology of the unfolded
chain, which is dependent on relative number of degrees of freedom of polypeptide units.
The reorientation of water molecules associated with their rotation (without exchange
associated with binding to macromolecules) occurs on timescales two to three orders of
magnitude faster than reorientation of single peptide unit. Looking through the per-
spective of water molecules, unfolded chain does not change its topology at timescales
associated with hydrogen bonding and reorientation of water molecule (1-100 ps) (142,
145, 278, 292). The reorientation of peptide plane strictly depends on its neighborhood.
Thermodynamically, one can think about the stochastically modulated motions as re-
orientation processes restricted by steric clashes, electrostatic interactions and hydrogen
bonds, the latter of which contribute to the tendency of peptide units to form segments.
The limitations of peptide segments to execute motion due to frequent intramolecular
contacts occurring between and within the polypeptide segment(s) lead to slow-down of
motions occurring on different decades of timescales. Limitations to fluctuations over
short distances represented by a relative degree of mobility of neighboring peptide units
side-chains are encapsulated within friction coefficients (236, 293). The rate of length-
scale modulation, which concomitantly increases with number of atoms taking part in the
fluctuation seems to be associated with probability of forming hydrogen bonds between
polar atoms of side-chains and surrounding water molecules yielding sequence-dependent
profile of slower motion friction coefficients similar to the average bulkiness of polypeptide
fragments (246, 294). The interpretation reinforces previous assignment of intermediate

motions to dihedral angle backbone fluctuations, and slower to segmental motions.
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Evaluation of reproduction of the data across different conditions appeals to origin
of the orthogonality of the Eisntein and Arrhenius Model-Free analysis of !N relaxation
rates. It would seem intuitive to assume that the frictional effects would be more pro-
nounced at lower temperatures, while the activation energies of the NH-backbone motions
should be perturbed by the viscous medium (248, 295). The incorporation of equation
5.4 to Eyrings rate theory predicts that viscosity scaling of reorientation rates of peptide
units is temperature dependent with low activation energy for viscous flow over the one
for infinitely diluted conditions, on the order of 3-4 kJ/mole for PEG aqueous solutions
(277). The temperature dependence of water molecules deceleration rate with respect to
the concentration of viscogen (representing so-called nanoscale viscosity), which is effec-
tively probed by water 'H longitudinal relaxation rates is barely visible and does not
allow for any quantitative interpretation of the phenomenon. For instance, comparing
activation energies of the bulk part of solvent estimated from R, yater across different ad-
mixtures one may find that they are relatively similar, ranging from 19.1 to 20.5 kJ /mole
in crowding regime from 0 to 195 g/L. Similarly, the rate of change of water retardation
with crowder gains relative values not exceeding 1.05 in the temperature range of 278
to 298K. Therefore, in the applied temperature and crowding range, from the point of
view of water molecules, which reorientation rates seem to be a reference of choice (vide
infra), the relationship connecting the rate of NH backbone reorientation across differ-
ent temperatures and viscosities is relatively orthogonal. In the methodology one is not
obliged with choice of a single (inert) crowding agent and routine of accurate concentra-
tion measurements, which precision of estimation and preparation thereof is troublesome
for highly viscous samples. Instead, one can rely on a short, 20 minute measurement
of Ry, water, Which effectively acts as a ruler for nanoscale viscosity of the system, and
allows to directly asses relative average slow-down of the solvent. This, in turn allows
to change the crowding agent depending on its solubility in the medium of interest or
in the presence of undesirable specific interactions at higher concentrations (e.g. above
C*) to another system, while still being able to describe the entire dataset with the same
formalism. Consequences of the tight coupling between solvent and protein backbone mo-
tions are potentially far-reaching. Knowledge of average perturbation of water molecules
in a medium of interest and the dynamic parameters characterizing reorientation rates
of polypeptide fragments in a distinct, more measurement-friendly conditions allows to

obtain a direct information on the unfolded chain dynamics in more complex scenarios.



A UNIFIED DESCRIPTION OF UNFOLDED PROTEIN DYNAMICS
158 UNDER NATIVE CONDITIONS

5.6 Conclusions

The presented results show first, direct experimental evidence of the tight coupling
between the backbone motions of unfolded protein and that of the solvent. The developed
methodology seems to be highly consistent and orthogonal to the existing ones and allows
to couple multiple timescales of motion for dynamic parameters estimated at different
temperatures. The addition of viscogen does not specifically modify the reorientation dy-
namics of polypeptide units that could not be incorporated into the description of relative
deceleration of motions with friction coefficient formalism and relative deceleration rate
of water molecules. The incorporation of relative changes in number of correlation times
with respect to sensitivity of experimental measurement to timescale of motion allows
to gather initial insight on distributions of correlation times representing intermediate,
slow intermediate and slow polypeptide fragment reorientation rates. Viscosity medi-
ated deceleration of polypeptide units reorientation allows to separate the distributions
providing additional insight into partially overlapped distributions of rates of conforma-
tional transitions. The relative proportionality of water retardation to average slow-down
of reorienting polypeptide units represented by the apparent dynamic modes allows to in-
corporate perturbation to conformational landscape representing temporal modifications
to degrees of freedom of reorienting polypeptide units. The range of values of estimated
friction coefficients is related to spatial extent of motion exhibited by the probe, or in
other words, conformational restrictions acting on the polypeptide units associated with
steric hindrance, hydrogen bonding and electrostatic interactions between neighboring
peptide units, in turn influencing the dynamic interplay between polar groups of atoms
of the unfolded chain and water molecules within the hydration layer. The possibility
of prediction of NH-backbone dynamics occurring on ps to ns timescales as a function
of viscosity knowing only one additional parameter, namely the relative increment of
solvent deceleration (p), presents promising application for quantitative interpretation of
protein dynamics in more complex systems, such as reconstituted complexes, membrane-

less organelles or live cells.
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CHAPTER 6

Applications of the unified

description

Complex macromolecular environment found in cells, as well as in concentrated phases
representing separate macromolecular compartments, significantly modifies dynamics of
proteins on multiple length and timescales. The high concentration of macromolecules
found therein leads to significant compaction of macromolecular chains of unfolded pro-
teins and greater probability of collisions between them resulting in overall deceleration of
their dynamics. The observed from Model-Free analysis of 1°N-backbone relaxation rates
pico to nanosecond timescales associated with reorientation of polypeptide fragments are
therefore expected to be significantly perturbed in the concentrated phases composed of
proteins, sugars, as well as fatty and nucleic acids. The developed methodology allows
to represent viscosity and temperature-associated changes in conformational fluctuations
of unfolded proteins, and has been applied to model systems featuring distinct dynamic
fingerprints. The coefficients describing relative deceleration of polypeptide fragments
with regard to relative slow-down of water molecules obtained for the model systems
corroborate previous observations of the tight coupling between reorientation rates of
polypeptide fragments and dynamics of surrounding it solvent. The apparent dynamic
modes estimated on the basis of combined Einstein-Arrhenius Model-Free analysis of re-
laxation rates in dilute phase and overall deceleration of water molecules allow to predict
changes to reorientation rates of polypeptide fragments of Map kinase kinase 4 in live

Xenopus oocytes and Measles Virus NTail in concentrated phase.
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6.1 Introduction

In the native environment, any protein is constantly engaged in a myriad of interac-
tions effectively modifying their size, shape, structure and functional dynamics. Advance-
ments in NMR allowed for application of more sophisticated techniques to observe the
dynamic processes, functional states and protein binding equilibria in their native envi-
ronment. Proteins over-expressed in bacterial F. coli, micro-injected to Xenopus oocytes,
electroporated or fusion constructs with cell penetrating peptides are evaluated with re-
gard to their functional state and dynamics in cellulo (296-298). Secondary structures
of folded proteins, in general, are not perturbed by the concentrated macromolecular
environment found in cell, and apart from minor case-specific observations of their sta-
bilization, their rate of conformational fluctuations in-cell does not deviate significantly
from the Stokes-Einstein predictions (250, 270). Disordered proteins, however, stem-
ming from their inherent flexibility and lack of stable secondary structure are expected
to experience more pronounced changes to their time-dependent topology represented by
conformational sampling on multiple length- and timescales in response to the complex
macromolecular environment (299-301). Additionally, the presence of multiple binding
partners allows unfolded proteins to engage in a variety of binding equilibria, in turn
affecting their dynamics on multiple timescales and regulating their function (302). For
instance, Parkinson’s related a-Synuclein retains its disordered nature in F. coli and
mammalian cells, yet, the intracellular environment renders changes in conformational
sampling of the proteins leading to restriction of their reorientation potential on multiple
length and timescales, represented by slow-down of ps to ns backbone motions reflected
in changes to °N relaxation rates, as well as, significant reduction in their size observed
via paramagnetic relaxation enhancement. The differences between relative slow-down
of local backbone motions in the cellular environment in comparison to macromolecu-
lar settings in vitro with equivalent concentration of viscogen suggest involvement of not
only weak non-specific binding effects to other biomacromolecules located within crowded
cellular interior (quinary interactions), but also potential binding effects with other cel-
lular proteins or membranes as has been observed in a myriad of studies in vitro (243,
303). Similarly, tau protein retains its disordered nature in oocytes, where severe line
broadening effects testify to the complexity of binding equilibria exhibited by the protein
native environment (260, 304). Pronounced changes in ps to ns dynamics are observed
for MutX and MutY mutants of GB3 overexpressed in E. coli, distinct from those ob-
served in Dextran-buffered solution or cell lysate with up to five fold slow down of the

slowest reorientation rates with respect to viscogen-free buffered solution. The deceler-
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ation seems to go on a par with significant changes in the folding-unfolding equilibrium
rendering minute increase in population of the protein’s unfolded state and slow-down
of the exchange rate associated with intermolecular interaction (305). In-cell environ-
ment is not only crowded, but also rich in other protein binding partners, specific ions
and compartments allowing for proper functioning of biomolecular machineries found
therein. The functional state of a protein is thus highly impacted by the native environ-
ment, as has been shown in a number of studies. For instance, superoxide dysmutase 1
(SOD1), mitochondrial intermembrane space import and assembly protein 40 (Mia40),
as well as copper chaperone for cytochrome ¢ oxidase (Cox17), proteins involved in reg-
ulation of the redox potential of mitochondria, crucially show diminished capabilities of
binding ions necessary for their function in-cell as compared to in wvitro studies. The
differences seem to originate either from misfolded state of the protein in vivo or lack of
regulator proteins, which shift the dynamic ion binding equilibrium towards free states
(306-308). Analogically, some post-translational modifications require binding partners
(chaperones) and co-factors found in very small concentrations in cell in order to allow
their proper functioning (309-311). The complexity of binding equilibria in cell and the
extent to which functional dynamics of proteins is perturbed by heterogeneous intracel-

lular environment still remains unknown (304, 312).

An important aspect of proper functioning of biomolecular machineries is liquid-liquid
phase separation of proteins (LLPS), which allows for diverse inter and intramolecular
interaction equilibria, whereby physicochemical properties, dynamics and conformational
state of a protein is effectively modulated by local concentration of binding partners (313,
314). These spontaneously formed concentrated phases allow for membraneless compart-
mentalization of proteins allowing for optimal control of physicochemical environment
and subsequently stimulate complex biological processes (314-316). An instance, where
high concentration of proteins plays a role in cell functioning is nuclear pore complex
machinery, where almost gel-like architecture of FG-rich nucleoporins (Nups) allows for
fast, coordinated transport through nuclear envelope in spite of remarkably weak binding
affinities (K, on the order of mM) to importins which mediate the transport (72, 317).
The binding between the Nups and karyopherins is remarkably specific and undergoes
without major conformational changes to the Nups with highly localized perturbations
in ps to ns dynamics of residues belonging to and surrounding the FG repeats as revealed
by N relaxation experiments. Many viral proteins phase separate together with nucleic

acids allowing for formation of viral factories, which accelerate nucleocapsid formation
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(318, 319). In more specific cases, binding of proteins or nucleic acids may trigger or
block phase separation of proteins. For instance, binding of Kapb2 (nuclear transport
protein) to tyrosine-repeats, RGG motifs of FUS PY-NLS abrogates its phase separa-
tion allowing for its efficient transport to cellular nucleus. The inter and intramolecular
interactions of FUS family proteins may further affect dynamic equilibrium of miRNA
silencing complex (miRISC) allowing for efficient sequestration of miRNA targets and ac-
celeration of their deadenylation (187). High local protein concentration allows for forma-
tion of glass-like states of tardigrade-associated proteins allowing to increase their survival
probability throughout hydration-dehydration cycles, assembly of functional biopolymers
(e.g. elastin) and mitigates formation of neurotoxic proteinaceous species (e.g. tau and
a-synuclein) (320-328). Further, RG-rich Ddx4 (DEAD-box helicase) engaged in RNA-
processing and regulation undergoes LLPS with significant perturbation of translational
diffusion with up to one hundred fold slow-down as compared to the one observed in
dilute phase, and modification to local backbone dynamics with average slow-down of
tumbling rates of up to five times as estimated from integral correlation time of the slow-
est motions (S? 7¢) (329). This assembly possesses significant population of excited state
(up to 30%), formation of which occurs without major changes to conformational space
spanned by the protein in either of states, yet with additional significant deceleration
of excited state dynamics as observed in modifications to ®N R likely arising due to
intra and intermolecular interactions within the concentrated phase (330). Formation of
these assemblies, seems to be amino acid sequence dependent with major contributors
to onset of phase separation and integrity of the phase originating from cation-m and
-7 interactions, where appropriate spacing of aromatic and positively charged residues
seems to be one of the selection rules for observation of the phenomenon for unfolded
proteins (183-185, 331).

The observation of dynamics for proteins involved in formation of the complex envi-
ronments by NMR is challenging for a number of reasons. The concentration of protein
inside droplet reaches astounding numbers of 300 to 400 g/L, which necessitates use of
considerable amount of material for its production, while formation of a liquid droplet
itself may occur in conditions for which protein aggregation may be thermodynamically
favorable due to sufficiently high (local) protein concentration. Similarly, viability of
cells in standard NMR tubes is limited by availability of nutrients and hampered gas
exchange due to high local concentrations of cells per unit volume (332-334). NMR

spectra of phase separated proteins with mixtures of concentrated proteins interspersed



6.1. INTRODUCTION 165

in surrounding dilute medium, as well as collapsed, concentrated phases or those coming
from in-cell exhibit pronounced inhomogeneous broadening due to presence of paramag-
netic ions or magnetic susceptibility differences. The (macro)molecular environment in
concentrated phases and in-cell, featuring variety of binding partners allows proteins to
engage in multitude binding events causing deceleration of their reorientational motions
and interaction-associated chemical exchange. The latter occur on multiple timescales
and contribute to transverse relaxation rates, in turn leading to severe line broadening
and diminished peak intensities. Combined with finite concentration of protein of interest
in the cellular environment and finite packing volume of cells in NMR tubes, estimation
of the apparent dynamic parameters describing unfolded protein conformational fluctu-
ations in-cell becomes a challenge (270, 316). Ability of prediction of intrinsic dynamics
of proteins in the highly complex environments should in principle allow for fast and
efficient interpretation of more complex protein binding equilibria in cell. Herein, the
proposed in the previous chapter unified description has been applied to quantify and
predict the local dynamics of unfolded proteins both in cellulo (Map kinase kinase 4) and

in concentrated phase (Measles Virus NTail).
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6.2 Methods

Unfolded protein dynamics in cellulo

The intrinsically disordered regulatory domain of MKK4 (residues 1-86, UniProtKB
accession number P45985) was expressed and purified as described previously (70). C-
terminal fragment of Measles Virus Nucleoprotein (residues 400-520, UniProtKB acces-
sion number Q89933) was expressed and purified as described previously (335). Xenopus
oocytes were prepared as reported previously. Briefly, after surgical retrieval, oocytes
were defolliculated enzymatically with type 1A collagenase (2 mg/mL) for approximately
2 hours in modified Barth’s solution without calcium (1 mM KCI, 0.82 mM MgSOy,, 88
mM NaCl, 2.4 mM NaHCO3, 16 mM Hepes and pH 7.4). Cells were then washed several
times and for at least 20 minutes with the same buffer without collagenase and stored
in the modified Barth’s solution with calcium (0.41 mM CaCly and 0.3 mM Ca(NO3),).
Oocytes in stage V and VI were manually selected and stored overnight at 292 K in
the modified Barth’s solution with calcium supplemented with 100 U mL~! of penicillin,
streptomycin and 100 mg/L of gentamycin. After overnight incubation at 292K, selected
oocytes were placed in a small Petri dish containing a grid for injection. Oocytes were
oriented with the animal pole upward for injection of labeled proteins in this pole. Mi-
croinjection was performed manually using a Nanoject II (Drummond), and 250 oocytes
were each injected with 50 nL of protein solution. Concentrated solution of MKK4 (4
mM) has been micro-injected to the animal part of oocytes leading to a final concen-
tration of approximately 50 - 80 puM in the observation volume. The injections have
been performed by Justine Magnat (336). in vivo measurements were performed in 5
mm Shigemi tubes on spectrometers with 600, 700 and 850 MHz operating 'H frequency
equipped in TCI or QCI Bruker cryoprobes. Prior to each experiment, supernatant of the
oocyte suspension was collected and single-increment N HSQC and R, water Were mea-
sured. For in-cell NMR, MKK4-injected oocytes were gently transferred into a Shigemi
tube within a minimal volume of oocyte buffer containing approximately 10% D,O in
the final volume. Static field homogeneity was optimized on buffer in the same Shigemi
tube. The NMR experiments started four to five hours post-injection at 292K to ensure
optimal conditions for live oocytes. Typical set of experiments included single increment
15N HSQC for detection of overall protein signal, water proton saturation recovery (30
min), N-'H CSA-DD transverse cross-correlated 7,, (16 scans, 1.5 s interscan delay,
128 increments per plane, acquisition time 9h), and *H-1°N heteronuclear NOE (8 scans,

8 s saturation and recovery delays, 128 increments per plane, acquisition time 9h). The
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length of dephasing gradients was shortened from 1 ms to 500 us to decrease losses due to
static field inhomogeneity. Experiments were only analyzed from the time window where
the cells were viable - within the first fifty hours post-injection. MKK4 assignments were
transferred from 7, spectra of in wvitro samples recorded at 288K. Upon calculation of
relaxation rates, peak intensities from interleaved experiments were boot-strap averaged
between three subsequent experiments from the same preparation to yield 7, of a single
biological replica. The obtained values of n,, were additionally averaged over two bio-

logical replicas giving the final in-cell relaxation rates.

Effect of viscosity and temperature on the apparent unfolded

chain dynamics estimated from Model-Free analysis of NMR relazation rates

Ri, water Was measured using a saturation recovery sequence with 1000 Sinc1.1000 1
ms saturating pulses and 20 relaxation delays in range of 1 ms to 12 s. Data was analyzed
using NMRPipe, and integrals fitted to exponential recovery using in-house software. In-
cell Ry, water data were fitted to a bi-exponential function assuming that the observed
water peaks comprised two components corresponding to intra and extracellular water.
One of the components was assumed to have the same relaxation rate as buffer measured
a posteriori from the same preparation. MKK4 sample for dilute phase measurements has
been prepared in Hepes buffer equilibrated at pH 7.0 with 150 mM NaCl and 10% D-O.
Data for the joint viscosity-temperature-dependent relaxation modeling was recorded on
four spectrometers with magnetic field strength ranging from 14.1 to 22.4T and four
temperatures covering range of 273 to 288K. °N auto-relaxation experiments have been
performed with HSQC-type pulse sequences with water suppression achieved using Echo-
Antiecho detection scheme (210). Delays for Ry and Ry p experiments ranged from 40 ms
to 1.4 s and 1 to 300 ms respectively. Spin-lock field strength in »N R, p experiment has
been adjusted to 1.5-2.0 kHz with adiabatic half-passage hyperbolic tangent pulses with
3 ms ramps and temperature compensation of up to 300 ms. Amide proton decoupling
during relaxation delay of R; experiment has been achieved using iBurp pulse (2 ms)
centered at 8.5 ppm. Heteronuclear nOe measurements were performed with saturation
and recovery periods of 6 to 8 s. N CSA-dipole-dipole interference (1, and 7,) have
been performed with Echo-Antiecho detection scheme with delays of 60 and 100 ms for
transverse and longitudinal cross-correlated cross-relaxation respectively (195, 211, 212).
In all of the relaxation experiments interscan delay was set to value oscillating within
range of 1.0 to 2.5 s. N backbone relaxation rates of Measles Virus (MeV) NTail ac-
quired under crowded conditions with 0, 37.5 or 75 g/L of Dextran4( equilibrated in
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50 mM phosphate buffer at pH 6.0 with 150 mM NaCl and 10% D,O at 278 and 298K
at 600 and 850 MHz. MeV NTail concentrated phase has been obtained by concentra-
tion of MeV NTail solution in 3 mm NMR tube. '°N relaxation rates and Ry yater in
droplet have been measured on continuous concentrated phase at 298K. The samples
for estimation of dynamics in dilute and concentrated solutions of MeV NTail, as well

as the relaxation experiments have been prepared and performed by Dr. Serafima Guseva.

Model-Free analysis of N relaxation rates performed as a function of temperature
and viscosity in dilute regime for MKK4 and MeV NTail has been performed with three
dominant contributions to SDFs; optimizing two amplitudes of motions per temperature,
two timescales of motions at infinite dilution and temperature, two activation energies
and two proportionality constants relating viscosity associated deceleration of polypep-
tide fragments with relative slow-down of water molecules in presence of crowder (friction
coefficients). In Model-Free analysis of MKK4 CSA-DD angle has been set to constant
value of 25° and fast timescales of motions to 45 ps. Model-Free analysis of MeV NTail
(in dilute phase) additionally included optimization of fast timescales of motions and
CSA-DD angle. In all cases, the amide nitrogen-proton vector length has been assumed
to be equal to 1.015A and N CSA magnitude to -172 ppm. For MKK4, the EA-Model-
Free analyses have been conducted for a total of 80-83 relaxation rates optimizing 14
parameters - four temperatures ranging from 273 to 288K and two or three admixtures
with Dextran40 reaching concentrations of 50, 95 and 180 g/L. For MeV NTail, the EA-
Model-Free analyses in dilute phase have been conducted for a total of 32 relaxation
rates optimizing 12 parameters - two temperatures (278 and 298K) and two admixtures
with Dextran40 (37.5 and 75 g/L). Additionally, independent Model-Free analysis of MeV
NTail in concentrated phase has been performed, optimizing 5-6 parameters (two ampli-
tudes, two timescales of motions and CSA-DD angle, or magnitude of CSA tensor) with
fast component constrained to a constant value of 50, 75 or 100 ps, for 6 °N relaxation
rates. The prediction of in-cell dynamic modes of MKK4 has been performed with linear
extrapolation of amplitudes of motions to 292K and combined extrapolation of reorienta-
tion rates using Einstein-Arrhenius formalism. Optimization of the parameters has been

performed with Levenberg-Marquardt algorithm.
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6.3 Protein dynamics in cellulo

The successful application of the model across different macromolecular settings in-
spired examination of its applicability to complex macromolecular settings. Application
of Model-Free analysis with the EA formalism has been performed following addition of
12 N backbone relaxation rates of MKK4 in admixtures with Dextran40 (50 and 95
g/L) at 273 or 278K (600 or 700 MHz, figure 6.1) to the temperature dependent relax-
ation rate dataset (273 - 288K, 600 - 950MHz) acquired for samples in dilute conditions.
The observed increment of solvent viscosity (p) is about 50% greater at equivalent con-
centrations of Dextran4( in comparison to the one observed for admixtures with NTail
and might be associated with different buffer composition (pH 7.0, 50 mM Hepes for
MKK4 admixtures, whilst pH 6.0, 500 mM NaCl, 50 mM phosphate buffer for NTail)
affecting effective size of the crowder, its degree of chain expansion, thickness of hydra-
tion layer and hydrogen bonding equilibrium between water molecules and the viscogen
macromolecules. Similarly to the analysis of NTail, the temperature-dependent dataset
of MKK4 (figure 6.1) was combined with viscosity-dependent dataset and modeled jointly
using Model 3 with Einstein-Arrhenius relationship (equation 5.4), optimizing 14 param-
eters for a total of 68 relaxation rates per residue. The results of the fit are shown in
figure 6.2. The site and mode-specific values of activation energies, apparent dynamic
modes (timescales) and associated with them amplitudes of motion are very similar to
the ones obtained for independent Arrhenius analysis (figure 4.4, Chapter 4 section 3).
Remarkably, the optimized friction coefficients (¢;) oscillate around 0.9-1.2 for interme-
diate mode mirroring relative slow-down of water molecules, and around 3.0-3.5 for slow
mode for majority of NH-backbone sites of the protein, in spite of overall greater p
to the one observed for viscogen admixtures with NTail, reinforcing the assumption of
tight coupling between disordered protein backbone motions and reorientation rate of
the solvent. With deceleration of slow intermediate correlation times, degree of over-
lap of their distribution with L(wy) decreases. The observed values of slow apparent
dynamic mode and its viscogen-induced perturbation suggests its broad distribution of
correlation times on timescales longer than wy' (at magnetic field strengths exceeding
14T). The viscosity-associated slow-down of intermediate motions leads to decrease in
population of correlation times within timescale window for which L(wy) is the most
sensitive to (its value is greater than 0.8). The latter is compensated by deceleration of
fast intermediate motions. The determined timescales of apparent intermediate dynamic
mode representing population-weighted average correlation times within sensitivity win-

dow of L(wy), in turn set the limit for timescale of apparent slow dynamic mode and



170 APPLICATIONS OF THE UNIFIED DESCRIPTION

accuracy of estimation of the modes due to statistical independence of motions implicit
in the adiabatic approximation, leading to possibility of estimation of small values of
Agow that coupled with greater values of 74, would reproduce J(0). The latter might
be associated with relatively broad distribution of correlation times on timescales longer
than wﬁl and leads to lower accuracy of estimation of €4y, Wwhich high values might be
associated with overlap of many distributions of correlation times representing motions
with varying degree of complexity. The accuracy and precision of estimation of friction
coefficients additionally depends on the range of viscogen concentrations used, or more
precisely, on SDF sampling as a function of viscosity. As the use of larger concentrations
of viscogen for estimation of friction coefficients increases precision of estimation of the
latter (Chapter 5, section 4), one could expect more precisely defined values of €0y for

relaxation rate dataset encompassing greater viscogen concentration range.
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Figure 6.1: >N backbone relaxation rates of MKKJ for different admiztures with Dextran0, at
magnetic field strengths of 14.1 and 16.4T at 273 and 278K.
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Figure 6.2: Result of the combined viscosity and temperature-dependent Model-Free analysis:
friction coefficients (€), activation energies (E, ), amplitudes and timescales of motion at different
temperatures and infinite dilution (A;, 1;) for 80 relaxation rates with admiztures of Dextrand0
with concentrations ranging from 50 to 95 g/L.
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Figure 6.3: Result of the combined viscosity and temperature-dependent Model-Free analysis:
friction coefficients (€), activation energies (E, ), amplitudes and timescales of motion at different
temperatures and infinite dilution (A;, 1;) for 83 relaxation rates with admiztures of Dextrand0
with concentrations ranging from 50 to 180 g/L.
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Inclusion of three additional relaxation rates measured at 278K, 180 g /L of Dextran40
(representing semi-dilute regime with p of approx. 0.75) and 950 MHz does not signif-
icantly modify values of estimated parameters of underlying distributions of timescales
of motions as a function of temperature and viscosity (figure 6.3). The minor modifi-
cations to amplitudes and timescales of motions in-between the expanded dataset with
admixtures in semi-dilute and dilute regimes has its origin in significant amount of data
representing dynamics in the dilute regime. The apparent minor perturbations to values
of e reaffirms the fact, that the deceleration of motions in the range of single to several
ns might be represented by relative deceleration of water molecules in semi-dilute regime
including flexible parts of MKKA4.

In order to estimate the apparent dynamic modes representing reorientation rates
of unfolded polypeptide fragments in-cell, one has to optimize experimental conditions
associated with acquisition of NMR spectra and relaxation rates. Figure 6.4A shows
an overlay of HSQC of MKK4 in wvitro, and microinjected to oocytes. Although, the
viscosity-associated slow-down of protein backbone dynamics combined with magnetic
field in-homogeneity of the sample (caused in particular by complex (macro)molecular
settings) leads to significant broadening of peak line shapes of more than half of reso-
nances belonging to more bulky part of the protein, the remaining residues retain sig-
nificant intensity and show very little perturbation to their chemical shifts over time.
The comparison of chemical shifts (figure 6.4A) implies significant perturbation to local
electronic density surrounding N nuclei in central and more bulky part of the protein
(residues 25-50) presumably originating from specific binding to partners of the protein in
cellular environment remaining in fast to fast intermediate exchange. Additional broad-
ening effects may be associated either with presence of paramagnetic ions or magnetic
field inhomogeneity due to complex macromolecular composition of cells, i.e. associated
with high concentration of lipids and sugars in the cell walls. To ensure that the observed
signal comes from in-cell, the total amount of signal was monitored using *N-edited 'H
spectra throughout sets of experiments. As natural abundance of N nuclei is below
0.4%, the observed signal was originating mainly from the injected protein. Indeed, the
spectra acquired for oocyte supernatant directly before and after the set of live cell ex-
periments do not reveal significant amount of protein (figure 6.4B). The most intense
spectra of protein in-cell were observed starting 24 hours post-injection with initial rise
of the signal likely associated with redistribution of injected material throughout the

cell, otherwise remaining concentrated in one compartment possibly leading to greater
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viscosity and in turn contributing to homogeneous line broadening. On the other hand,
around 50 hours post-injection ATP signal was almost invisible, suggesting that oocyte
metabolism may be stopped at that point (figure 6.4C). Therefore, only relaxation rates
from time window between 24 and 50 hours were analyzed. A typical set of measure-
ments on micro-injected MKK4 comprised *N-edited 'H spectrum (2 minutes) followed
by longitudinal relaxation of water protons (30 mins) and a minimal relaxation experi-
ment (7, or heteronuclear nOe, 8h). The set of measurements was repeated over time
period of up to 50 hours at which point the oocytes have probably started to die (vide

supra).
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Figure 6.4: Panel A: comparison of > N-'H HSQC recorded at 292K, 850 MHz in vitro (red)
and in live cells (blue, accumulation of 192 scans over time period of 24 hours, starting 24 hours
post-injection); panel B: 'S N-edited ' H spectra of injected MKK} at different time points post-
injection; panel C: overlay of >' P spectra for chemical shift range characteristic for a-ATP region
at different time points post-injection; panel D: overlay of the first planes of the 1y, experiment
started at 24, 33 and 42 hours post-injection.
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After ensuring that intensities (and chemical shifts) of analysed resonances in relax-
ation experiments do not change significantly over time in time frame from 24 to 42 hours
(figure 6.4D), they were boot-strap averaged upon calculation of relaxation rates to yield
single biological replica. 7, experiments were performed in up to three independent sets
of experiments each with different batch of cells (at 700 MHz), whilst heteronuclear nOes
with a single batch of cells (at 600 MHz). Remarkably, the experimental >N relaxation
rates and 'H R, water in-between biological replica were quite similar and subject to ad-
ditional averaging. The obtained experimental results, together with predicted values at
292K in vitro (p of 0) and in vivo (p of 1.00 £ 0.08) are shown in figure 6.5. The Ry yater
in-cell represents an average over multiple compartments containing different amount of
material, hence differing in viscosity. Within oocyte interior, one may distinguish animal
and vegetal poles, as well as, nuclei, each representing markedly different Ry ywater profiles
as determined from MRI leading to assumption that amount of material decreases in
the order of nuclei, animal pole and vegetal pole (337). Therefore, the relative increase
in Ry water should be representative of average nanoscale viscosity increment (p), which
allows to predict the protein backbone dynamics in cell. The model successfully predicts
the temperature and viscosity effects for both slow, and intermediate to fast dynamic
modes - J(0)-dominated 7y, and heteronuclear nOe dominated by a ratio of J(wpzwy)
and J(wy). The comparison suggests, that the strong coupling between the solvent and
protein backbone dynamics observed in wvitro allows to represent average perturbation
of the protein dynamics arising due to friction opposing reorientation of the polypep-
tide fragments in complex cellular environment. Indeed, the prediction requires previous
knowledge of unfolded protein dynamics as a function of viscosity in vitro, but once these
are known, only one additional parameter (p) needs to be estimated. It is important to
note, that the measurement of R; water is an order of magnitude faster than recording
I5N relaxation rates at conditions with significantly high value of signal-to-noise ratio (in
vitro), which is not the case in-cell. This is important, since the viability of cells usually
determines the overall acquisition time of NMR experiments in vivo. The measurement of
Ri water may allow initial (coarse) evaluation of the relative macromolecular composition,
as well as, prediction of the crowding-induced changes to ps-ns unfolded chain dynamics.
Additionally, Ry water may supplement any relaxation measurement routine providing an
internal way of consistency validation of the dataset in terms of sample (nanoscale) vis-

cosity without significant increase in precious NMR time occupancy.
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Figure 6.5: Comparison of experimental relazation rates (ng, and heteronuclear nOe at 700
and 600 MHz respectively) at 292K acquired in oocytes (blue) with prediction at infinite dilution
(p = 0.0, dark orange) and nanoscale viscosity according to the values of Riwater (p = 1.00,
pale orange). Experimental values of 1y, show average and standard deviation of two biological
replica, heteronuclear nOe shows boot-strap average and standard deviation for single biological
replica. For prediction of relaxation rates from simultaneous viscosity and temperature-dependent
Model-Free analysis, amplitudes were obtained by linear extrapolation to 292K, while timescales
of apparent dynamic modes were obtained using Finstein-Arrhenius relationship and value of
relative solvent viscosity (defined by p) at given temperature.
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6.4 Protein dynamics in droplets

Comparably challenging, albeit difficult to estimate are conformational dynamics of
polypeptide fragments in concentrated phases. Figure 6.6 shows °N relaxation rates of
MeV NTail measured as a function of crowding at different temperatures ranging from 278
to 298K at magnetic field strengths of 14.1 and 20.0T. Pronounced changes to relaxation
rates in transverse plane (Rq, 7y,) are observed for polypeptide fragments undergoing
fast exchange between folded and unfolded species (spanning residue range of 480-500
MoRE). Together with small differences in R; and heteronuclear nOes, the relaxation
rates suggest overlapped distributions of correlation times representing intermediate mo-
tions spanning range of hundreds of ps to several ns within the protein fragment. The
remaining part of the protein possesses several minor features in its dynamic profile,
which exhibit high degree of similarity to SeV NTail - relatively faster relaxation rates in
the residue range of 435-445 and 510-520 in comparison with the remaining part of the
amino acid sequence. As expected, increase in macromolecular concentration or decrease
in temperature slows down reorientation rate of peptides planes leading to increased val-
ues of Ry. The relaxation rates have been analyzed using Model-Free analysis with Model
3 combined with the Einstein-Arrhenius description for timescales of motion - the quality

of fit may be evaluated in figure App.13 (appendix).

Figure 6.7 presents the apparent dynamic modes of MeV NTail in crowded environ-
ment in vitro. As expected from the previous analysis, the apparent dynamic modes
representing population-weighted average of correlation times with respect to sensitivity
windows defined by L(wy) and L(wy) oscillate within range of several ns for the appar-
ent slow and intermediate mode respectively with significantly greater values in MoRE,
than in other parts of the unfolded chain. The apparent fast dynamic mode shows minor
sequence dependence with average timescale of 50 ps and details on the distribution of
correlation times representing fast motions (faster than several hundreds of ps) encapsu-
lated in the amplitude of motions. The estimated amplitudes of motions exhibit similar
profiles to the ones obtained for SeV NTail with marked differences across the sequence
for slow and fast motions. The values of slow amplitudes of motion are overall smaller in
comparison to SeV NTail by approximately 0.1 suggesting smaller contribution of slower
motions to the overall dynamics of the protein. The activation energies oscillate within
the range of values observed previously - around 10-12 and 20-25 kJ/mole for intermedi-

ate and slow mode respectively.
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Figure 6.6: >N backbone relaxation rates of NTail measured in the range of admiztures with
Dextrand0 0 (blue), 37.5 (green), 75 g/L (orange) at 298K and 0 g/L (red) at 278K and two
magnetic fields strengths - 14.1 and 20.07T.
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amplitudes of motions. Red and blue mark values of slow and intermediate modes respectively.

Values of the apparent fast dynamic mode have been constrained to 50
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The relatively small difference between energies of activation of slow and intermediate
motions might be associated with overlap of distributions of correlation times represent-
ing slow and intermediate motions, as has been observed for residues in N-terminal part
of MKK4 and the ones in termini of NTail. More pronounced differences in E, may be
observed around the a-helical MoRE. The estimated values of friction coefficients are
smaller in comparison to the values estimated for MKK4 or SeV Ntail by a factor of
0.75 to 0.50 for intermediate and slow motions respectively. The discrepancy may be
explained on the basis of overlapping distributions of correlation times representing fast
and slow intermediate motions occurring on hundreds of ps and single ns respectively.
Since € depends on spatial extent of the reorientational motion (i.e. size of the probe
opposing friction), as observed in the Model-Free analysis of >N backbone relaxation
rates of SeV NTail, motions occurring on faster timescales should exhibit smaller values
of e. If distributions of correlation times representing slower intermediate and slower
motions (with apparent modes in range of timescales below and above 3 ns respectively)
are overlapped, the resultant e¢ values should correspond to average over rates of change
of correlation times with regard to relative deceleration of the solvent for distributions
of fast intermediate and intermediate, as well as, slow intermediate and slow motions.
The small gap between the friction coefficients (and the energies of activation) suggests
greater proximity of distributions representing intermediate and slow motions in central
part of the unfolded chain with regard to the ones exhibited by SeV NTail. The relatively
greater €q,,, values for residues located in the protein termini with regard to the ones in
central part of the polypeptide fragment is presumably associated with relatively broad
distribution of correlation times of slow motions representing stochastic fluctuations of
polypeptide units with a number of degrees of freedom. Additionally, the distribution
of correlation times spanning range of single ns might be partially overlapped leading to
inaccurate estimation of the dynamic modes, as has been shown in Chapter 3 (section
3). Similarly, the estimated timescales of intermediate motions originating from an over-
lapped distribution of motions occurring on hundreds of ps and single ns representing
limitations to reorientation of polypeptide units on smaller length-scales should yield

smaller dependence on viscosity.

Assessment of protein dynamics in the concentrated phase have been performed in
two ways. First, an independent Model-Free analysis has been performed on the °N-
backbone relaxation rates originating from protein immersed in the concentrated phase
(R2 and nOe at 600 and 850 MHz and R, and 7y, at 850 MHz) assuming three indepen-
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dent dynamic modes with one of the timescales constrained to a constant value of 50 ps
(Model 3, figure 6.8). The quality of fit may be evaluated by inspection of figure App.14.
The assumption of greater timescale of fast motions does not improve the quality of
the fit, yet, due to the normalization conditions of amplitudes, the use of greater Te.q:
yields smaller amplitudes of fast motions, in turn influencing values of amplitudes and
timescales of slow and intermediate motions (figure 6.9). The obtained apparent dynamic
modes oscillate within 20-40 ns and 1-2 ns for slow and intermediate timescales of mo-
tions, while amplitudes of motions featuring rather flat profiles with markedly different
values to the ones estimated from Model-Free analysis of relaxation rates in the dilute
phase. The estimated dynamics of MeV NTail in the dilute phase suggest relatively over-
lapped distributions of correlation times ranging from hundreds of ps to single ns, as well
as, single to several ns. The viscosity-associated deceleration of the apparent dynamic
modes leads to their separation in a manner that should be dependent on spatial extent
of the motion. It is expected that the distributions of correlation times representing
intermediate and slow intermediate motions with modes at hundreds of ps and single ns
slow-down to single ns and several ns respectively, while the slowest motions decelerate

to tens of ns, leading to greater separation between the distributions.

The estimated from Model-Free analysis in the concentrated phase values of Ter
are presumably associated with sensitivity of N R; at 20.0T to correlation times in
range of 1.50-2.30 ns, peaking at 1.85 ns. Within the assumption of three statistically
independent motions represented by apparent dynamic modes in Model-Free analysis,
the remaining (non-overlapping with L(wy) maximum) part of distribution of correla-
tion times spanning single ns in the dilute phase may be represented by amplitudes of
slow motions, in turn affecting values of amplitudes of intermediate and timescales of
slow motions, the latter representing population-weighted average over correlation times
spanning range of single to tens of ns. The estimated from the combined EA-Model-Free
analysis apparent dynamic modes representative of average timescales of slow and inter-
mediate motions in the concentrated phase (on the basis of p) remain in similar range for
Tslow and twice greater for 7y The intermediate timescales of motions represent an av-

erage over distribution of correlation times spanning range of hundreds of ps to several ns.
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Figure 6.8: Comparison of the dynamic modes estimated using 5 parameter Model-Free analysis
of relaxation rates in concentrated phase assuming constant value of fast timescales of motions
equal to 50 ps (two amplitudes, two timescales and CSA-DD angle, red) with prediction from
the combined Einstein-Arrhenius Model Free analysis and p = 3.44 from longitudinal relazation
rate of water molecules in the concentrated phase (blue).
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Figure 6.9: Comparison of the dynamic modes estimated using 5 parameter Model-Free analysis
of relaxation rates in concentrated phase optimizing two amplitudes, two timescales and CSA-
DD angle, assuming constant value of fast timescales of motions equal to 50, 75 or 100 ps (red,
light-blue and blue respectively).
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If the single ns timescales of motions determined from the independent Model-Free
analysis in the concentrated phase are better separated from the slower intermediate
distribution, the estimated apparent dynamic modes might represent reorientation of
polypeptide units associated with changes in the number of internal degrees of freedom
available to the peptide plane, which are expected to decelerate with viscosity with a
smaller rate. The respective distribution of correlation times in the dilute phase should
oscillate within the range of hundreds of ps. The estimated from N-backbone relaxation
data analysis in the concentrated phase CSA-DD angle differs from values estimated from
independent Model-Free analysis in dilute phase by few degrees with magnitude of differ-
ence (of up to 10° increasing towards the protein termini - 6 equal to 25° and 15-25° for
dilute and concentrated phases respectively. Even though on average chemical shifts ob-
served in the concentrated phase are very similar to the ones observed in the dilute phase,
15N chemical shift tensor might posses a varying degree of anisotropy, which magnitude
and relative orientation with respect to the NH-backbone amide vector depends on local
electronic environment of N nucleus and to an extent is influenced by polypeptide frag-
ment conformation and hydrogen bonding between neighboring molecules and fragments
of macromolecules of varying polarity. The magnitude of difference in CSA-DD angle
between unfolded and folded helical elements with values of 25-26° and 21-22°has been
observed previously (235, 338). The range of perturbations to CSA due to static hydro-
gen bonding based on ab initio calculations of crystalline and isolated N-acetyl-Valine-
Leucine is expected to yield Ao of 5 ppm with minor modifications to CSA-DD angle
within range of 1-4°(339). The remaining part of CSA-DD angle modifications might be
resultant from changes in local geometry of peptide unit(s) associated with population
of strained conformations for extended time intervals leading to modifications in relative
orientation or magnitude of the CSA tensor (194, 340-342). Of special interest are seg-
ments of polypeptides rich in charged or bulky residues - charge attraction and repulsion,
as well as stacking of aromatic rings between neighboring side-chains may lead to more
compact conformations, in turn modifying the CSA tensor of subsequent residues lead-
ing to oscillatory patterns observed for CSA-DD angle sequence dependence, i.e. 415-418
(AQVS), 436-441 (EDRRVK), 450-454 (SYRET), 471-475 (TPLDI), 485-489 (PQDSR),
504-508 (SEEQ) with magnitude of residue to residue perturbation in the range of 3-5°.
The extent of the CSA and CSA-DD angle modifications may originate from more fre-
quent inter or intramolecular interactions of protein macromolecules in the concentrated
phase associated with higher concentration of the protein or local compaction favoring

anisotropic perturbations to the electronic density surrounding the backbone N nuclei.
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To evaluate the quality of prediction of relaxation rates in the concentrated phase
based on the combined EA-Model-Free analysis (in the dilute phase) and average value
of relative deceleration of water molecules (p of 3.44), assuming that the amplitudes
of motions do not change in the concentrated phase with respect to the dilute one, or
in other words, that the viscosity scaling of the apparent dynamic modes representing
population weighted average of correlation times takes into an account changes to their
populations associated with crowding, relaxation rates in the concentrated phase have
been calculated and compared with values observed experimentally. Three different sce-
narios have been considered: with viscosity-independent fast component (A), with fast
component scaled by a factor of 1.6 (epg equal to 0.18, B) and one with modification
to amplitudes of motions obtained from Model-Free analysis in the dilute phase with
increased and decreased value of the amplitude of slow and intermediate motions by
0.05 and scaling of the fast apparent dynamic mode (Agiow, Ainter £ 0.05, €gase equal to
0.18, C). In the first two cases, the estimated R; and Ry values yield close comparison,
while the predicted heteronuclear nOes significantly diverge from experimental ones in
the first case (without scaling of the fast motion timescales with viscosity). Addition of
friction-dependent scaling of the fast component allows to minimize the disagreement
between predicted and experimental heteronuclear nOe (figure 6.10), suggesting that the
fast modes are subject to minor viscosity-dependent deceleration, phenomenon otherwise
unobserved in the relaxation rate analysis of dilute to semi-dilute preparations of SeV
NTail or MKK4 due to relatively small differences in viscosity between the admixtures

with p not exceeding 0.4.

Further discrepancies between the predicted and experimental data might stem from
transient intra or intermolecular interactions between neighboring side-chains or with
other (macro)molecules in the concentrated phase modifying distribution of reorienta-
tion rates representing slow motions. The modification of the amplitudes of motions on
the order of 0.05 with increased values of the amplitudes of slow motions and decreased
values of the apparent intermediate dynamic mode of correlation times distribution yields
almost exact agreement between experimental and predicted transverse and longitudinal
relaxation rates with small but systematic differences in heteronuclear nOe remaining
in range not exceeding 0.1 (figure 6.10C). The estimated from the Model-Free analysis
timescales of motions ranging from tens of ps to hundreds of ps average to value of 50
ps representative of distribution of fast motions and are subject to viscosity-dependent

deceleration.
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Figure 6.10: Comparison of experimental relazation rates observed at 298K with Einstein-
Arrhenius Model-Free prediction with p value equal to 3.44 for three different sets of analyses:
one without viscosity-dependent scaling of fast dynamic mode (A, €5t equal to 0), one with
scaling of fast dynamic mode (B, €5 equal to 0.18) and with increased and decreased value of
the amplitude of slow and intermediate motions by 0.05 respectively and scaling of fast dynamic
mode (C, Agow + 0.05, Aipter - 0.05, €fq5 equal to 0.18).
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Without scaling of average value of fast correlation times by a factor 1.6 (7g.s modi-
fication from 50 to 75 ps) leads to under and overestimation of heteronuclear nOe values
at 850 and 600 MHz respectively, suggesting that 7 of 50 ps might over and under-
represent the distribution of fast motions by tens and hundreds of ps reorientation rates
respectively, in turn implying narrower, or rather more populated distribution of cor-
relation times representing fast intermediate motions occurring on hundreds of ps. The
model predicts the overall changes to transverse and longitudinal relaxation rates probing
motions occurring on single and tens of ns timescales with exception of several residues
for which differences within range of 0.1 and 2-5 s™! for R; and Rj respectively are
observed. The discrepancies may originate from non-specific binding events between
macromolecules in the concentrated phase, or from accuracy of determination of fric-
tion coefficients and approximation of underlying distributions of correlation times from
Model-Free analysis in the dilute phase. Further inaccuracies in prediction of unfolded
protein dynamics in complex macromolecular environment are associated with estima-
tion of relative deceleration of water molecules from the longitudinal relaxation rates of
water protons. For instance, an inaccuracy in determination of Rj yater On the level of
5-10% in more complex environment, assuming that Ry yater in the dilute phase has been
determined with 1% accuracy leads to overestimation of 74, on the order of 5-10% for p
of 3.0 leading to relative difference in Ry on the order of 1 to 2 s, which is half smaller

to the one observed between predicted and experimental data.
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6.5 Discussion

The successful application of the combined EA expression coupling timescales of mo-
tion with model 3 for three different proteins: C-terminal parts of Sendai and Measles
Virus Nucleoprotein, as well as Map kinase kinase 4 allows to draw some general ob-
servation with regard to the generality of the phenomena associated with crowding at
the nanoscale level. In all of the studied cases the slow and intermediate friction coeffi-
cients oscillate around the values of 2.0-3.5 and 0.8 to 1.1 respectively. The differences
in the estimated slow mode friction coefficients between the studied cases may origi-
nate from differences in molecular architecture of the unfolded chain - side-chain size
and its polarity, in turn influencing its intramolecular interactions between neighbor-
ing residues, polypeptide chain time-dependent topology or specificity of the dynamical
interplay between protein residues and water molecules. The frictional effects acting
on the reorienting polypeptide units associated with interactions between neighboring
peptide units are coupled to the solvent deceleration by hydrogen bonding to the pep-
tide chain fragments. The incorporation of electrostatic and van der Waals interactions
between side-chains of neighboring peptide units, which remain hydrogen bonded with
surrounding water molecules may lead to greater frictional effects acting on the reorient-
ing polypeptide units (343, 344). The observation of separate distributions of timescales
of motions occurring on single ns in the concentrated phase, which in dilute phase should
span range of hundreds of ps, suggest that the latter inform on the internal degrees of
freedom of peptide planes, while the motions with mode values equal to several ns (single
ns in dilute phase) inform on external degrees of freedom, which deceleration is associated

with hydrogen-bonding dependent deceleration of the peptide plane reorientation.

The observed field dependence of Rj yater in the concentrated phase originates pre-
sumably from exchange of water molecules between water molecules in the first hydration
monolayer and the ones found in the cavities transiently formed by fragments of the un-
folded chain. The exchange rate between the two states would be limited by lifetime of
the cavity depending on reorientation rate of polypeptide units (and their side-chains), in
other words, the dwell time of water molecules within the cavity should not exceed single
to several ns. In that case, one should be able to observe the exchange contribution at
lower magnetic fields, which would be dependent on correlation times and populations of
transiently immobilized water molecules (345). In that case, p should inform on rotational
perturbation factor and potential contributions from exchange associated with modula-

tion to degree of confinement of water molecules on ns timescales. Presumably, water
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molecules in the cavities would have greater probability of formation and longer lifetime
of hydrogen bonds with amide protons and other polar atoms of polypeptide side-chains.
The exchange rate between water molecule in the cavities and the ones in first hydration
monolayer should depend on lifetime of the cavity, which is proportional to the timescale
of conformational rearrangement of unfolded chain fragment in the concentrated phase,
and reorientation of water molecules within and in vicinity of the cavity, both of which
depend on concentration of macromolecules in the medium effectively decelerating water
molecules and contributing to modulation of conformational fluctuations of polypeptide
fragments (141, 143, 276, 290).

The intramolecular interactions between neighboring peptide units may lead to greater
degree of correlation between reorienting polypeptide units and are commonly referred
to as segmental motions. Within the framework of length-scale dependent viscosity one
should expect greater values of friction coefficients for segments of conformationally re-
stricted bulky residues as compared to more flexible glycine or serine-rich fragments (136,
173, 174). Tt is difficult to expect that the sequence dependent profile of the apparent
slower mode friction coefficients of MKK4 and MeV NTail would originate solely from the
phenomenon. The origin of increased values of €44, for residues in the protein termini
might stem from decreased capability for reorientation of polypeptide units as a result of
inter or intramolecular interactions between neighboring side-chains leading to crowding-
induced compaction (178, 243, 301). Alternatively, the formation of cavities trapping
an ensemble of water molecules in between the relatively static from the perspective of
reorientation rate of water molecules unfolded chain may further enhance coupled decel-
eration of water molecules and reorienting peptide planes (142, 257). The extent of the
latter is expected to be rather small due to difference in molecular weight of unfolded
polypeptide fragments, its moments of inertia and that of water molecules and clusters
thereof. Fragments of unfolded proteins featuring more bulky side-chains are expected
to be less prone to form the cavities to a much lesser extent due to smaller number of
degrees of freedom available to the reorienting polypeptide units (258). The frictional
effects associated with interactions between neighboring side-chains for the residues com-
plement formation of dynamic loops by unfolded chain(s) capable of constraining water
molecules and their clusters (289, 344).

Given the amount of assumptions made on characterization of motional process gov-

erning N relaxation, from semi-classical Bloch-Wangness-Redfield theory, Model-Free
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analysis to distinct averaging processes yielding apparent motional modes, and simplic-
ity of the model (equation 5.4), as well as the complexity of molecular environment
of live cells or concentrated macromolecular environment of the collapsed liquid-liquid
phase separated phase, the agreement between predicted and experimental data is rea-
sonable. Being able to predict the unfolded chain dynamics prior to relaxation rate
measurement offers advantages in terms of interpretation of experiments in more com-
plex environments, such as reconstituted complexes, phase-separated proteins or in-cell.
The averaging of dynamic modes and relative sensitivity of experimental relaxation rates
to correlation times representing motions occurring on tens of ps to tens of ns timescales
obscures the information on the unfolded protein dynamics. By relating the timescales of
motions to the relative deceleration of water molecules one may recapitulate information
on reorientational motions of single peptide planes on internal and external degrees of
freedom on different length-scales in more complex macromolecular settings. Consider-
ing the comparison of relaxation rates measured in vitro and in vivo without previous
knowledge of how viscosity affects the backbone conformational dynamics on different
timescales, one could have an impression that the observed difference in N relaxation
rates in central and C-terminal part of the protein originates mainly from specific binding
to other proteins in-cell. For example, a very recently characterized binding of MKK4
to p38a occurs in a similar region of the protein leading to modification of its dynamics
in wvitro yielding analogous sequence-dependent profile of relaxation rates dominated by
slow dynamic modes (70). The predicted relaxation rates in the complex environment
provide additional and accurate information on ground state dynamics of the protein in

the complex.

The application of EA formalism allows for successful prediction of protein dynamics
in concentrated phase of protein, where slow timescales of motion are predicted to be an
order magnitude (approximately 9 to 10 times) slower in comparison to the ones in dilute
phase. The applied analysis and comparison of predicted and experimental relaxation
rates suggests that the timescales of fast motions are subject to minor changes (to within
tens of ps) in the extremely concentrated interior of droplets. The effect of viscosity on
the fast dynamic modes could not have been observed in the Einstein-Arrhenius Model-
Free analysis of 1?N-backbone relaxation rates of SeV NTail or MKK4 due to rather small
difference in viscosity between dilute phase and crowded environment in vitro (p values
of up to 0.3). At considerably high protein volume fractions, the majority of the solvent

is associated with the protein, i.e. the fraction of water molecules in hydration layer of
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the protein in comparison to bulk water is considerably high. The average slow-down
of NH-backbone reorientation rates represented by deceleration of the solvent to a small
extent is expected to be influenced by reorientation rate of water molecules within hydra-
tion layer. The largest retardation factors representing relative slow-down of rotational
correlation times of water molecules, which p is significantly influenced by, are observed
in the first hydration layer yielding values of three to five for folded proteins in compar-
ison to bulk water (143, 288). Taking into account deceleration of water molecules and
the exchange between water molecules remaining within the cavities formed by polypep-
tide segments, the observed value of p in the concentrated phases of approximately 3.4
seems to be in the correct range. Within the droplet interior, apart from solvent mediated
slow-down of the polypeptide unit reorientational dynamics influenced by its degrees of
freedom at different length-scales, one could expect additional contributors, i.e. frequent
specific or non-specific interactions between and within macromolecular chains leading
to additional retardation of motions. In that case, one can anticipate potential modi-
fication to populations of correlation times with respect to the experimental sensitivity
windows reflected in the estimated amplitudes and timescales of slow motions leading to
significant deviations between predicted and experimental Ry values. Given small differ-
ences between predicted and experimental relaxation rates in the analyzed example of
MeV NTail, the slow-down of NH-backbone reorientational dynamics due to inter and
intramolecular interactions both between and within polypeptide fragments, as well as
fragments of macromolecules of the crowder, expressed as a function of relative decel-
eration of water molecules seems to be the main mechanism governing modifications to

backbone dynamics of unfolded proteins in those highly concentrated phases.
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6.6 Conclusions

The discussed here approach allows to uniformly describe the dynamic modes of an
unfolded or transiently folded system across a range of temperatures and crowding con-
ditions for three different proteins. The heterogeneity of estimated friction coefficients
remarks on the complexity of motions underlying distributions of correlation times rep-
resenting reorientation of polypeptide units limited by internal and external degrees of
freedom occurring on four decades of timescales. The relatively greater friction coef-
ficients for protein residues in termini suggest importance of inter and intramolecular
interactions with other macromolecules in the medium associated with limited volume
for the peptide plane reorientation. In limiting cases, values of friction coefficients range
from 0.2 for dynamic modes representing fastest of the motions presumably associated
with stretching and deformation vibrations of NH-backbone vector to 4.5 for slowest of the
motions involving reorientation of peptide units limited by external degrees of freedom at
longer length-scales. The application of the model additionally allows to predict changes
in dynamics of the proteins in crowded macromolecular environment as a function of
relative deceleration of water molecules with complexity ranging from in wvitro, through
concentrated solutions originating from collapse of phase separated protein droplets, end-
ing on complex cellular environment. The tight coupling between reorientation of the
solvent molecules and the polypeptide units seems to be of general nature and applicable
to many systems of interest. The applied approach allows to accurately predict deceler-
ation of NH-backbone fluctuations associated with crowding for many complex systems
and foster further investigation of intra and intermolecular interactions such as reptation

or association between macromolecular species in crowded environments.
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7.1 Unified description of unfolded protein dynamics

under native conditions

Model-Free analysis allows to determine dynamic modes associated with loss of mem-
ory function due to stochastic processes associated with reorientation of polypeptide units
from the experimentally derived relaxation rates informing representing rate of magneti-
zation decay originating from nuclear spin interactions occurring on ps-ns timescales. Nu-
merical simulations suggest that ratio between the modes of distributions of timescales of
motions giving rise to the observed relaxation rates should be at least five, and their distri-
butions should not overlap significantly to accurately and precisely determine timescales
and amplitudes of motions. The presented in Chapter 3 set of numerical simulations
allows to predict which combinations of amplitudes and timescales (i.e. SDF compo-
nents) originate from overlapped distributions of timescales, in turn allowing to indicate
regions of protein for which determination of dynamic modes from Model-Free analysis
might be error prone, e.g. the ultra-flexible polypeptide segments, such as glycine or
serine-rich motif of MKK4, or protein residues located at termini of unfolded chain of
NTail. When the distributions of timescales begin to overlap, the estimated timescales
of slow motions correspond to shoulder or tail of the joint distribution with resultant
timescales of motions of proximal modes of at least five, and the corresponding ampli-
tude that is typically smaller than the one expected from narrow separate distributions.
Comparison of dynamic modes derived from average correlation functions derived from
simulations suggest possibility of estimation of more than three apparent dynamic modes
describing reorientation process of polypeptide units, as long as experimental precision
and accuracy, as well as degree of overlap of the distributions with respect to sensitivity
of experiment allow for it. The reduction in the number of dynamic modes from four
to six observed in MD simulations to three typically estimated in Model-Free analysis
of experimental relaxation rates leads to apparent timescales and amplitudes of motions
representing population-weighted average correlation times. Part of the information on
slow and slow intermediate motions may be represented by slow amplitudes of motions,
in turn modifying the apparent modes of distributions (timescales) and associated with
them amplitudes representing motions in a manner that is defined by sensitivity of the
experimentally accessible relaxation rates, which values are proportional to the linear
combinations of SDFs at frequencies associated with allowed spin transitions for 1°N-1H

backbone amide spin pair.
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The application of the temperature-dependent Model-Free analysis within the limits
of adiabatic approximation to another unfolded system - regulatory domain of MKK4
featuring distinct dynamic profile to the one evaluated previously (NTail) allows to con-
firm a minimum of three dynamic modes to describe the experimental relaxation data
(Chapter 4). The timescales and amplitudes of motions determined from temperature
dependent analysis of NTail and MKK4 allow to draw some general observations with
regard to rate of temperature dependent acceleration of the apparent dynamic modes.
The motions occurring on tens and hundreds of ps dominate the dynamic modes of
residues located in the termini of both proteins. The rate of change of amplitudes of fast
motions with temperature suggests more pronounced distribution of correlation times
representing motions positioned at hundreds of ps for MKK4 featuring greater overlap
with L(wy). The smaller apparent rate of change of amplitudes of fast motions estimated
for residues situated in the termini of NTail suggests significant contribution of fast tens
of ps motions, and relatively well defined distribution on hundreds of ps motions with
mode positioned further away from the L(wy) maximum at 14.1T (295 ps) - smaller num-
ber of correlations times in the sensitivity window, to the one observed for the residues
in the N-terminus of MKK4. The residues in central part of both proteins feature similar
rate of acceleration with temperature represented by af,s leading to assumption of two
distributions positioned at tens of ps and hundreds of ps with similar degree of overlap
with L(wy) (150 - 295 ps), i.e. at 20-30 ps and 300-400 ps, which temperature dependent
acceleration will lead to overall decrease and increase in the amplitudes of fast and slow
motions respectively. Since amplitudes of slow motions depend on number of correlation
times in the window of sensitivity defined by L(wy), the apparent rate of slow amplitude
decrease with temperature is associated with increase in amplitudes of intermediate mo-
tions, which is compensated by loss of correlation times associated with acceleration of
fast intermediate motions (occurring on hundreds of ps) towards L(wy) maximum. For
timescales of motions in the range, the relative sensitivities of the two SDFs in magnetic
field strength ranging from 14.1 to 22.3T compensate each other. The rate of this com-
pensation expressed by ag;¢¢ points to greater rate of acceleration of slower intermediate
motions towards the maximum of L(wy), decreasing degree of overlap of the distribu-
tion with L(wy). The greater values of ag ¢y for NTail point to positioning of slower
intermediate distribution of timescales of motions further away from L(wy) maximum
or greater rate of acceleration of the latter ones in comparison to the fast intermediate
motions yielding greater values of L(wy). The observations are consistent with estimated

values of intermediate dynamic modes at values of 800 - 1200 ps with greater values in
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center of the chain and apparent activation energy approximately in range of 8 to 12
kJ/mole. Values of agss estimated for residues in C-terminal part of MKK4 (for the
last few residues) are comparable to values observed for residues in termini of NTail sug-
gesting that the respective rates of change of slower intermediate timescales with respect
to L(wx) maximum are comparable for both proteins, in both cases determining values
of intermediate dynamic modes for timescales ranging from 1100 to 1200 ps, in a limit

where values of 74, do not force their apparent acceleration.

The viscosity-associated deceleration of dynamic modes determined from the tem-
perature dependent analysis leads to a decrease in number of correlation times within
range defined by L(wy) and L(wy) in a manner that depends on the coefficient relating
deceleration of water molecules with rate of slow-down of polypeptide fragments reori-
entation rates. The relative deceleration of intermediate and slow intermediate modes
representing relative decrease in number of correlation times in the sensitivity ranges
defined by L(w) distributions, which is partially compensated by increase in number of
correlation times in sensitivity window defined by L(wy) associated with slow-down of
fast and fast intermediate motions. In the classical Model-Free analysis, deceleration of
correlation times is associated with modifications to population-weighted average rep-
resentation of correlation times with regard to the sensitivity of the experiment and
concomitant changes in values of the amplitudes of motions represented by a relative
increase in Ay, and decrease in Ajyer Or Apg respectively, that would depend on the
relative deceleration of motions. The presented in Chapter 5 approach allows to describe
the viscogen-associated deceleration of stochastically modulated motions giving rise to
the allowed spin transitions observed in form of *N-backbone relaxation rates. Modi-
fication of medium composition by incorporation of hundreds of g/L of macromolecules
leads to increase in viscosity, which in turn slows-down the conformational fluctuations
of polypeptide fragments in a manner that is dependent on their relative reorientation
rates. The Model-Free analysis of relaxation rates measured systematically as a func-
tion of viscogen concentration reveals the remarkably tight coupling of backbone motions
to solvent dynamics with the ones occurring on single ns timescales mirroring relative
deceleration of water molecules reorientation rates (estimated by the relative increment
in longitudinal relaxation rates of water protons), while relative deceleration of slower
correlation times is on average three times faster. The origin of the behavior is pre-
sumably due to greater length-scale of the motion involving dependence of polypeptide

units reorientation rates on greater number of external degrees of freedom. The observed



7.1. UNIFIED DESCRIPTION OF UNFOLDED PROTEIN DYNAMICS
UNDER NATIVE CONDITIONS 199

viscosity-dependent scaling (friction) coefficients (¢€) are not visibly perturbed by temper-
ature in the studied temperature range (10K) suggesting orthogonality of the approach
to the temperature-dependent Model-Free analysis. The combined viscosity-temperature
Model-Free analysis yields dynamic modes indistinguishable from the ones reported pre-
viously estimated from separate temperature or viscosity-dependent Model-Free analysis.
The robustness of the model evaluated by thorough cross-validation and the tight cou-
pling between motions of the solvent and the ones exhibited by the polypeptide units
yields promising applications in prediction of temperature or viscosity induced modifica-

tions to dynamic modes of unfolded proteins (346).

The method has been applied to the previously studied from point of view of tem-
perature dependence of the apparent dynamic modes representing ps-ns conformational
fluctuations of C-terminal fragment of Measles Virus Nucleoprotein (NTail), as well as,
Map kinase kinase 4 (MKK4), reaffirming the tight coupling of backbone motions to
the solvent dynamics with €y, of 0.8 - 1.0, and €goy of 2.0 - 4.0. The origin of differ-
ences between friction coefficients for different proteins is presumably connected to extent
of limitations imposed on reorientation of peptide plane(s) associated with interactions
between neighboring side-chains resultant from imbalanced polarity of macromolecules’
fragments, and hydrogen bonding between water molecules, as well as, between amide
hydrogen atoms and polar side-chain groups involved in sustenance of hydrogen bond-
ing network in the first hydration layer of an unfolded chain. As spatial extent of the
motion influences degree to which hydration network is perturbed, their overall expected
slow-down is expected to yield greater values for reorientation processes which are lim-
ited by greater number of external degrees of freedom associated with polar interactions
between side-chain groups. The timescales of motions influenced by the limitations in
reorientation of peptide plane(s) lead to change in number of correlation times in ob-
servation windows of respective SDFs (J(w) representing probability of observing spin
transitions at Larmor frequencies of 'H and N or combination thereof), arising due
to stochastically modulated motions and are represented by friction coefficients. From
perspective of water molecules with reorientation rates ranging from single ps to hun-
dreds of ps, the unfolded chain is almost static, featuring loops, kinks and cavities formed
by the polypeptide fragments and its side-chains leading to a spectrum of timescales of
water molecule reorientation rates associated with their encapsulation in the cavities of
different sizes. The hydrogen bonding between polar side-chains and amide hydrogen

atoms should influence reorientation capability of water molecules both in terms of its
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rotation and translation in a a manner that depends on degree of flexibility and polarity
of polypeptide fragments, both directly dependent on molecular architecture of unfolded

protein side-chains.

The fragments of unfolded proteins of greater flexibility constituting glycines and
serines are expected to feature faster reorientation rates associated with smaller limita-
tions on the external degrees of freedom and shorter lifetime of the cavities encapsulating
water molecules formed by the reorienting chain on timescales longer than tens of ns.
The regions of varying degree of flexibility featuring polar and apolar voluminous side-
chains are expected to form the water encapsulating cavities for extended periods of time
leading to slower reorientation rates of polypeptide units. The incorporation of viscogen
to the medium leads to slow-down of reorientation rate of water molecules associated
with their hydrogen bonding to the polar groups of viscogen and encapsulation within
the cavities formed by the macromolecular chains of the crowder. At the same time,
the limitations imposed on the unfolded chain associated with repulsion between the
fragments of unfolded peptide chain and the macromolecule increase in a manner that
depends on the available degrees of freedom of the peptide units and chain fragments,
leading to a decrease in the radii of gyration of the (bio)macromolecules and extended
lifetime of water remaining within the cavities of varying size. The overall slow-down of
bulk portion of water molecules associated with hydrogen bonding resultant from crowd-
ing associated deceleration of peptide units potentially leading to modulation of cavity
lifetimes formed by neighboring peptide units further enhancing deceleration of water
molecules and limiting their concerted reorientation. The balance between steric inter-
actions of polypeptide fragments and viscogen macromolecules leads to a modulation
of the deceleration rate of peptide unit reorientation that depends on the lifetime and
volume of the cavities. More flexible parts of the chain are expected to yield short-living
cavities in dilute phases with increase of its formation probability depending on degree of
attractive interactions between neighboring peptide units. In that case, one could expect
greater friction coefficients for protein fragments capable either of greater intramolecular
interactions between neighboring side-chains, or, the ones capable of undergoing greater
compaction, featuring relatively low and high number of degrees of freedom. The exper-
imentally observed relative deceleration of reorientation rates of polypeptide units with
varying number of both internal and external degrees of freedom yielding greater values
in the Molecular Recognition Element of C-terminal fragment of Sendai Virus Nucleo-

protein (MoRE NTail) involved in the fast exchange between folded and unfolded con-
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formations, and flexible part of the N-terminal fragment of Map kinase kinase 4 (MKK4)
corroborate the proposed description. The comparison of Tyow, Tinter a0d Agow values esti-
mated for polypeptide units of MeV NTail and SeV NTail provides additional information
on degree of overlap of distributions of correlation times in the dilute phase represent-
ing stochastically modulated motions opposing the limitations imposed by external and
internal degrees of freedom on varying length-scales, suggesting more overlapped (com-
pact) distributions of correlation times in the range of L(wy) for the former one. The
latter is presumably associated with probability of secondary structure formation, or in
other words, potential of intramolecular interactions between neighboring side-chains.
The latter implies lower values (greater probability) of hydrogen bonding, electrostatic

or van der Waals interaction potential between neighboring side-chains for SeV construct.

The possibility of prediction of 1°N-backbone relaxation rates of unfolded protein in a
medium containing viscogen of different size and physicochemical properties solely on the
basis of relative slow-down of average reorientation rate of water molecules and dynamic
modes of polypeptide fragments in the infinitely dilute medium corroborates the obser-
vation of high degree of dependence of solvent dynamics on conformational fluctuations
of unfolded protein or macromolecules of crowder suggesting general applicability of the
model to more complex systems. Indeed, the model is capable of predicting the relative
slow-down of polypeptide fragments reorientation rates on ns timescales in cellulo suggest-
ing that the relative slow-down of the NH-backbone dynamics in highly complex cellular
environment may be linked to the average deceleration rate of the solvent. Although,
the observation might be system dependent and additional contributions associated with
specific binding between key proteins in the cellular environment should be considered,
the model might shed light on ground state dynamic profile of any protein of interest
in complex environment, allowing for prediction of local unfolded protein dynamics, as-
sociated purely with non-specific effects arising due to macromolecular crowding, before
designing more complex experiment in the native environment. Similarly, the model is
capable of predicting the NH-backbone dynamics of unfolded proteins and folded proteins
featuring fragments involved in fast exchange between folded and unfolded intermediates
in highly concentrated phases, on the basis of backbone dynamics in the dilute phase
and relative deceleration of water molecules in the former with respect to the latter,
where relative deceleration of the slowest dynamic mode reaches astounding order of
magnitude. The crowding-associated slow-down of average timescales of motions may

lead to inaccurate estimation of the apparent dynamic modes from transiently folded
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parts of proteins in more complex environments due to line broadening effects associated
with intrinsic dynamics, magnetic field inhomogeneity and local differences in magnetic
field susceptibility due to high concentration of macromolecules complemented by pres-
ence of paramagnetic ions in the native environment, and sensitivity of spin relaxation
experiments to timescales of motions exhibited by reorienting peptide units in the con-
centrated phase. The ability of prediction of ground state backbone dynamics on multiple
timescales facilitates evaluation of conformational fluctuations of polypeptide fragments
in highly complex environments found in cell or in concentrated phases. The viscosity-
associated deceleration of the apparent dynamic modes allows to separate contributions
arising from limitations to reorientation of peptide planes from external and internal de-
grees of freedom observed in the form of correlation times spanning range of hundreds
of ps and single ns in the dilute phase with their apparent deceleration to single and
tens of ns observed experimentally in the concentrated phases. The inability to accu-
rately determine the contributions from internal and external degrees of freedom limiting
stochastically modulated motions is associated with sensitivity of respective SDFs to the
distributions of timescales of motions at frequencies associated with spin transitions de-
scribing interactions between nuclear magnetic moments allowed for the °N-'H backbone

spin pair.

7.2 Beyond single ns timescale

Observation of backbone protein dynamics is limited by lifetime of a correlation func-
tion of spatial part of spin-lattice interaction tensor describing reorientation process of
peptide units occurring concurrently to the allowed spin transitions contributing to the
experimental relaxation rates with probability described by the SDFs at frequencies as-
sociated with the spin transitions. Therefore, the apparent dynamic modes representing
average correlation times arising due to collective motions of polypeptide fragments and
long-range dynamics becomes almost impossible with classical relaxation rate measure-
ment. An interesting approach in pursuit of observation of conformational fluctuations of
unfolded proteins on longer timescales relies on application of Silica nanoparticles (SNP).
As long as the interactions between folded protein and SNPs remain in the fast exchange
regime and reorientation rate of SNP is much longer than rotational correlation time of
the protein, while the interaction between protein and SNPs does not modify internal

dynamics of a polypeptide, difference between '>?N-R, of backbone amide in solution con-
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taining SNP and dilute one is directly proportional to the population-weighted average
S? of the NH-backbone in the free form (347). The deceleration of reorientation rate of
the protein in the bound state allows for experimental observation of internal motions
slower than those observed in the classical Model-Free analysis with 7;,; remaining in the
limit of 0.1 7wp. Magnitude of the AR5 and effective time window of 7;,; observation
may be varied by adjusting concentration of NPs and their size respectively. The exact
timescales of motions may be derived from RED analysis of MD trajectories with varying
integration time window. The method has been successfully applied to colicin E7 immu-
nity protein (Im7) and calcium-binding domain 1 of canine sodium-calcium exchanger
NCX1 (CBD1), in both cases revealing fraying of the alpha-helix (Im7) and extended
loop dynamics reaching single microseconds. Application of the method to Ubiquitin
does not reveal dynamics on timescales longer than single ns, which is presumably as-
sociated with modification to the internal protein dynamics in the bound state with
SNP (348). The interpretation of ARy SNP profile for unfolded proteins is slightly more
difficult, as modulation of the value, due to their broad conformational sampling and mul-
tiple binding modes is sequence dependent. Measurement of relative interaction strength
between SNPs and isolated amino acids allows to asses and predict the ARy profile of
SNP-bound unfolded protein from an empirical, free-residue interaction model (FRIM).
The range of the unfolded protein dynamics modulation defined as rate of decay of the
perturbation with polypeptide sequence from the interaction centers oscillates between
four (apolar) and thirteen (polar or charged) residues. The model has been success-
fully applied to four unfolded proteins (p53TAD, a-synuclein, prokaryotic ubiquitin-like
protein and cytosolic loop (Cyto2) of canine sodium-calcium exchanger NCX) and their
mutants (349). As the FRIM relies on summation of the binding profiles from interac-
tions between SNPs and single amino acids, it does not take into account cooperativity
effects of neighboring residues upon binding and does not allow for prediction of abso-
lute binding affinities (350). An alternative to the FRIM, based on statistical-mechanical
description of polypeptide binding to SNP surface, termed SILC (simultaneous linker-
ligand cooperative binding) allows to estimate energies of interactions by taking into an
account cumulative binding modes associated with neighboring effects (side-chain inter-
actions and backbone tethering) leading to a continuum of transitions describing bound
and unbound equilibrium, allowing for better prediction of mutagenesis effects on the
observed ARy profiles of SNP-bound unfolded proteins and thermodynamics of the in-
teraction. The model and its potential extensions may serve as a basis for understanding

of dynamically-modulated interactions of unfolded proteins with its partners (351).
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Characterization of motions occurring on timescales longer than several ns typically
observed in Model-Free analysis of classical relaxation experiments at high magnetic field
strengths (above 10T) may be provided from analysis of longitudinal relaxation experi-
ments recorded at magnetic field strengths of lower magnitude. At lower magnetic fields,
the values of SDF at Larmor frequencies of >N and '*C approach SDF at zero frequency,
which in turn allows to more accurately estimate dynamic modes of distributions of cor-
relation times representing slowest motions, in turn influencing accuracy of estimation
of associated with them amplitude represented by S? for the slowest motions (214). At
lower magnetic fields, however, the spectral resolution becomes an issue with overlapping
spectral peaks, which in turns obscures information content that may be determined
from the experiment. A solution to the issue is presented in the form of high-resolution
relaxometry, which following application of a shuttle enabling the sample to oscillate
within stray field of different magnitude with strength down to 0.5T. In the stray field,
however, it is impossible to apply any radio-frequency pulses rendering high influence of
cross-relaxation pathways on the evolution of magnetization visible in the form of non-
exponential magnetization decay (352). To alleviate the issue, one may apply numerical
iterative procedures for estimation of relaxation rates by simulation of the experimental
pulse sequence outside of the homogeneous field (353). Alternative solution has been
provided with implementation of an additional probe at spectrometer top operating at
lower magnetic field. In a so-called two-field NMR approach, the sample oscillates be-
tween higher and lower field allowing for excitation of spins and detection at the former,
while allowing to preserve control over coherence pathways during relaxation delay at
the latter (354). The approach has been successfully applied to 2C (side-chain) relax-
ation rates of Ubiquitin allowing to better determine the distribution of correlation times
representing side-chain motions using two-field NMR and high resolution relaxometry in
comparison to the analysis of high-field relaxation data only (151, 355). Application of
the methodology to unfolded systems featuring broad distribution of correlation times

on timescales longer than tens of ns will be likely a subject of further studies.
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7.3 Dynamics in biologically relevant systems

Flexible proteins such as prion-like proteins, containing low-complexity domains com-
posed of aromatic and charged residues tend to phase separate as a result of intra and
intermolecular interactions between them. A body of evidence originating from exper-
iments and simulations of unfolded proteins suggests that charge and aromatic residue
patterning directly influences capability of the system to phase separate. Current models
predicting phase-separation tendency of unfolded proteins take into an account molec-
ular architecture of side-chains dissecting fragments of proteins into so-called stickers
and spacers, with the former being responsible for interaction within, and between frag-
ments of macromolecular chains, while the latter allowing for mobility of the chain in
search of binding motifs (183, 184, 331, 356, 357). Stickers are typically composed of low
complexity repeats equipped with charged or aromatic residues i.e. arginine or tyrosine,
surrounded by residues with less bulky side-chains such as glycine or serine. Number
of aromatic residues in variants of FUS proteins influence tendency of unfolded chain
to form intramolecular contacts observed by differences in relative size distribution and
intramolecular NOEs, in turn, affecting propensity of macromolecules to phase separate -
the more aromatic residues, the lower protein concentration is required to observe phase
separation. Consistently with the observation, mutations of tyrosines and arginines to
serines and glycines respectively deteriorates capacity of proteins to phase separate. Sim-
ilar observations have been made for Ddx4 lysine variants, where 24 arginines have been
substituted with lysines or phenylalanines with alanines suppressing their ability to form
condensates further substantiating the importance of cation-7 interactions in phase sepa-
ration of proteins (329). The substitutions of glycines or serines to alanines or glutamines
does not significantly modify the onset of phase separation, yet may influence fluidity
of the droplet as observed by measurements of translational diffusion coefficients using
Fluorescence recovery after photobleaching (314). The coarse grained simulation of FUS
proteins using stickers and spacers model, which takes into account aromatic (stickers)
and non-aromatic residues represented by single-amino acid beads successfully predicts
the experimentally observed phase separation diagrams (187, 313, 358). Patterning of
charged residues also seems to play a role in determining LLPS preferences. For instance,
for Ddx4 and NICD the patterning directly influences capacity of the proteins to phase
separate with highest propensity observed for variant with oppositely charged N and
C-terminus, while the lowest for charged scrambled variant. The remaining mutants fea-

turing patches of charged residues equally spaced throughout the sequence with non-zero
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local charge per residue exhibited intermediate behavior in terms of condensate formation
(326).

Post-translational modifications, such as phosphorylation or arginine methylation fur-
ther modulate capability of proteins to from liquid-like organelles by modifying polarity
of macromolecular fragments, increasing volume of side-chains and modifying their hy-
drogen bonding propensity. The phosphorylated chain fragments will locally loose part
of their flexibility by virtue of increasing probability of steric clashes and electrostatic in-
teractions, further modifying intrachain dynamics and potential capability of interaction
with other partner proteins, leading to modifications in functioning of biologically impor-
tant assemblies. Crucially, phosphorylation of FMRP or Caprinl, proteins participating
in regulation of mRNA stability and translational repression leads to modification of their
phase-separation capability with successful formation of condensates under conditions
where only one of the partner proteins is phosphorylated, and subsequently modifying
deadenylation and translation rates of mRNA in a phosphorylation-dependent manner,
while methylation of FMRP leads to granule disassembly and translational activation
(359-361). Similarly, phosphorylation of proteins belonging to FUS family typically
interferes with their phase-separation propensity (362). On the other hand, arginine
methylation within RGG motifs of FUS or Nuage protein Ddx4 reduces its potential to
form phase-separated organelles and influences translational diffusion of the proteins in
both dilute and concentrated phases (363, 364).

Crowding agents, such as PEG or Dextran influence physicochemical properties of the
medium leading to modifications in critical concentration required for phase separation
of a number of proteins (365, 366). For instance, PEG induced phase separation of tau
protein upon addition of RNA via induction of phase-separation leads to formation of
assemblies which do not evolve into neurotoxic oligomeric or fibrillar species (323, 367).
Similarly, PEG facilitates formation of 40-amino acid RG-rich peptides bearing primary
sequence similarity to FUS, hnRNPA1, and FMRP (328, 361). Attempts in explanation
of the phenomenon on basis of scaled-particle theory and excluded volume interactions
have been made by Benedek and co-workers (171, 304). Addition of viscogen molecules
limits volume available to macromolecules, in turn limiting mean free path of the pro-
tein under investigation leading to more frequent collisions, and consequently influencing
probability of successful complex formation between phase separating macromolecules.

Additionally, if the crowder molecule preferentially interacts with phase separating pro-



7.3. DYNAMICS IN BIOLOGICALLY RELEVANT SYSTEMS 207

tein with affinity greater than the one determined by its self-interaction, the viscogen
may create an interaction hub allowing for formation of (secondary) nuclei leading to a
decrease in saturation concentration. Supplementary contributions may originate from
crowder mediated modification to viscosity of the medium, which in turn slows down
reorientation rate of protein fragments, and in turn facilitates droplet formation pro-
cess. The role of the unfolded protein dynamics in initiation, growth and sustenance of
liquid-like organelles and modifications of the reorientation processes due to the post-
translational modifications and crowding, is still under debate opening potential avenues

for further studies.
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Figure App.1: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:1:1, Q = 0.1).
Blue points represent distribution of simulated correlation times for each motion with average

represented by blue bar.

Orange points and bars represent average and standard deviation of

estimated apparent dynamic modes on the basis of Model-Free analysis of relaxation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.2: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:1:2, Q = 0.1).
Blue points represent distribution of simulated correlation times for each motion with average

represented by blue bar.

Orange points and bars represent average and standard deviation of

estimated apparent dynamic modes on the basis of Model-Free analysis of relaxzation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.3: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:2:1, Q = 0.1).
Blue points represent distribution of simulated correlation times for each motion with average
represented by blue bar. Orange points and bars represent average and standard deviation of
estimated apparent dynamic modes on the basis of Model-Free analysis of relaxation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.4: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:1:1, Q = 0.3).
Blue points represent distribution of simulated correlation times for each motion with average
represented by blue bar. Orange points and bars represent average and standard deviation of
estimated apparent dynamic modes on the basis of Model-Free analysis of relaxzation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.5: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:1:2, Q = 0.3).
Blue points represent distribution of simulated correlation times for each motion with average

represented by blue bar.

Orange points and bars represent average and standard deviation of

estimated apparent dynamic modes on the basis of Model-Free analysis of relaxation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.6: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:2:1, Q = 0.3).
Blue points represent distribution of simulated correlation times for each motion with average

represented by blue bar.

Orange points and bars represent average and standard deviation of

estimated apparent dynamic modes on the basis of Model-Free analysis of relaxzation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.7: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:1:1, Q = 0.6).
Blue points represent distribution of simulated correlation times for each motion with average
represented by blue bar. Orange points and bars represent average and standard deviation of
estimated apparent dynamic modes on the basis of Model-Free analysis of relaxation rates calcu-
lated from simulated distributions of correlation times.
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Figure App.8: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:1:2, Q = 0.6).
Blue points represent distribution of simulated correlation times for each motion with average
Orange points and bars represent average and standard deviation of
estimated apparent dynamic modes on the basis of Model-Free analysis of relaxzation rates calcu-
lated from simulated distributions of correlation times.

represented by blue bar.
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Figure App.9: Comparison of simulated distributions of correlation times used for calculation of
relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relazation
rates calculated on the basis of simulated correlation times (Population ratio: 1:2:1, Q = 0.6).
Blue points show simulated values classified in 33 bins for each dynamic mode with average

value represented by blue bar.

Orange points and bars show average and standard deviation
of estimated apparent dynamic modes on the basis of Model-Free analysis of relaxation rates
calculated from simulated distributions of correlation times.
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Figure App.10: Comparison of simulated distributions of correlation times used for calculation
of relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relaz-
ation rates calculated on the basis of simulated correlation times (Population ratio: 1:1:1, Q =
0.9). Blue points show distribution of simulated correlation times for each motion with average
represented by blue bar. Orange points and bars show average and standard deviation of cal-
culated apparent dynamic modes from Model-Free analysis of relaxation rates calculated on the
basis of simulated distribution of timescales and amplitudes of motion.
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Figure App.11: Comparison of simulated values of dynamic modes used for calculation of relax-
ation rates with values estimated from Model-Free analysis of relaxation rates calculated on the
basis of simulated ones (Population ratio: 1:1:2, Q = 0.9). Blue points represent distribution

of simulated correlation times for each motion with average represented by blue bar.

Orange

points and bars represent average and standard deviation of estimated apparent dynamic modes
on the basis of Model-Free analysis of relaxation rates calculated from simulated distributions of
correlation times.



APPENDIX

221

Amplitude Amplitude Amplitude Amplitude

Amplitude

0.6 0.6 0.6
0.4+ l 0.4+ 0.4+
off E
| )
02 R 0.2 02F | |l
. 2
be d o % oo ‘ oo” { [
FK
‘ [ ‘ ‘
0400 102 10t %900 102 0400 102 104
0.6 0.6 0.6
04+ .i 0.4+ 0.4+
L)
. . .l'
0.2 T M 02r  afe 0.2
o® o™y o®
0. : \ : ! 0. 0.
900 102 10* qo° 102 qo" 102 10*
0.6 0.6 0.6
04+ l 04+ 0.4
L]
..' .- .l.
0.2 H 0.2F o 02F ¢
o
. ."!t .‘-) [N o oo \\' ’
[ L L I I
0900 102 104 %900 102 100 %90 102 104 Qoo 102 100 %G 102 10*
0.6 0.6 0.6 0.6 0.6
04 4. 04+t 0.4 \ 0.4 J' 04t
: o -d A\ o« e
02t | 02t 02t <" |3 02t ° 02t X
Lo t‘\ Lo \m . T "\
| |
0400 102 10t %900 0400 102 10t %400 102 100 %900 102 10*
0.6 0.6 0.6 0.6 0.6
04+ 0.4+ 0.4+ 0.4+ 1 0.4+
o]
o o oo .o
02+ ‘Blj o 0.2 02+ <Ll 0.2 02+ .
% |ge® [\ o * ®e .
o e .
AR ‘ ‘ ‘
0'900 102 10* 0'900 09 0° 102 104 09 0° 102 104 O'qo° 102 10*
T, ps T, ps T, ps T, ps

Figure App.12: Comparison of simulated distributions of correlation times used for calculation
of relaxation rates with apparent dynamic modes estimated from Model-Free analysis of relaz-
ation rates calculated on the basis of simulated correlation times (Population ratio: 1:2:1,
= 0.9). Blue points represent distribution of simulated correlation times for each motion with
average represented by blue bar. Orange points and bars represent average and standard devia-
tion of estimated apparent dynamic modes on the basis of Model-Free analysis of relaxzation rates
calculated from simulated distributions of correlation times.
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Figure App.13: Best-fit values of the combined Einstein-Arrhenius Model-Free analysis of '° N-
backbone relaxation of C-terminal part of Measles Nucleoprotein using Model 8 with equation
5.4. Panels A-D show experimental (bars) and calculated (line) values of relaxation rates at
278K, 0 g/L, 298K 0, 37.5 and 75 g/L.
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Figure App.14: Best-fit values of independent Model-Free analysis of 15 N-backbone relazation
of C-terminal part of Measles Nucleoprotein in the concentrated phase using Model 3, optimiz-
ing two timescales, two amplitudes and CSA-DD angle, assuming constant average value of
timescales of fast motions equal to 50, 75 or 100 ps (panels A, B and C respectively).
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