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ABSTRACT

Intrinsically disordered proteins (IDPs) are flexible biomolecules whose essential functions are defined by
their dynamic nature. Nuclear magnetic resonance (NMR) spectroscopy is ideally suited to the
investigation of this behaviour at atomic resolution. NMR relaxation is increasingly used to detect
conformational dynamics in free and bound forms of IDPs under conditions approaching physiological,
although a general framework providing a quantitative interpretation of these exquisitely sensitive probes
as a function of experimental conditions is still lacking. Here, measuring an extensive set of relaxation
rates sampling multiple-timescale dynamics over a broad range of crowding conditions, we develop and
test an integrated analytical description that accurately portrays the motion of IDPs as a function of the
intrinsic properties of the crowded molecular environment. In particular we observe a strong dependence
of both short-range and long-range motional timescales of the protein on the friction of the solvent. This
tight coupling between the dynamic behavior of the IDP and its environment allows us to develop
analytical expressions for protein motions and NMR relaxation properties that can be accurately applied
over a vast range of experimental conditions. This unified dynamic description provides new insight into
the physical behavior of IDPs, extending our ability to quantitatively investigate their conformational
dynamics under complex environmental conditions, and accurately predicting relaxation rates reporting

on motions on timescales up to tens of nanoseconds, both in vitro and in cellulo.



INTRODUCTION

Intrinsically disordered proteins (IDPs) occur throughout biology,' where they represent a high
proportion of proteomes from all domains of life.>* IDPs are characterized by the high flexibility of their
functional state, encoded by their primary amino acid sequence, that allows the protein to sample a quasi-
continuum of rapidly interconverting conformations.*® Extreme conformational heterogeneity endows
IDPs with considerable advantages over their folded counterparts, for example allowing them to interact
with multiple partners, and to exploit transient and local disorder-to-order transitions with rapid
association and dissociation rates that allow for efficient processing. These characteristics highlight the
importance of dynamics for the function of IDPs. The relationship between conformational dynamics
and molecular function of IDPs in their physiological environment remains however difficult to

characterize experimentally.

Nuclear magnetic resonance (NMR) spectroscopy is the method of choice for studying protein dynamics
at atomic resolution. In particular spin relaxation is sensitive to fluctuations of backbone and side-chain
moieties and provides unique insight into dynamics throughout the molecular chain. Although
considerable effort has been devoted to accurately describing the conformational space sampled by IDPs
in solution,”'* mainly using NMR spectroscopy, small angle scattering or single molecule FRET,"* "
the development of a physical understanding of the dynamic modes and timescales characterizing
interconversion between the distinct sub-states remains challenging.'®** We recently investigated the
temperature dependence of the dynamics of a 125 amino acid IDP, Ntan, using an extensive set of
temperature and magnetic field dependent '°N relaxation measurements.” Using an Arrhenius-type

relationship to relate dynamic correlation times to temperature
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we analyzed up to 62 °N relaxation rates per °N-'H bond, over a temperature range of 30K, to determine
individual activation energies (£,) of distinct dynamic modes for each amino acid in the protein. This
allowed us to identify three distinct dynamic contributions to '°N relaxation, sampling dynamics on
timescales from tens of picoseconds to tens of nanoseconds. All three components were necessary to
adequately describe the dynamic properties of each backbone amide site in the protein. The physical
origin of these three modes were attributed to fast (~50 ps) motions within a flat potential whose
timescales are independent of temperature, intermediate motions (in the nanosecond range) reporting on
backbone dihedral angle fluctuations, and slower motions (around 10 ns), with higher activation
energies, that report on segmental, chain-like dynamics. This model was shown to accurately reproduce
independent data sets and further inspired the development of analytical approaches to simulate IDP

dynamics using MD-based approaches.***

Despite this progress, it was not clear how to transfer this framework into the complex physiological

environments that are increasingly exploited to investigate IDP function, for example in cellulo.*® In
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cells IDPs operate in extremely crowded environments, with molecular concentrations reaching 400
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g/L, considerably modifying viscosity on different length scales, and therefore very likely strongly
affecting the timescales of IDP dynamics.**>* Although single molecule fluorescence has been used to
investigate the relative importance of internal and solvent friction on the dynamics of IDPs and denatured

states and on the kinetics of protein folding,*>*

as well as the impact of the cellular environment on the
dynamics of IDPs*® and protein function,”’ the relationship between primary sequence and protein
flexibility in complex crowded environments remains poorly understood. This is particularly important
for IDPs that exhibit extreme solvent accessibility and for which the physiological environment found
in complex multi-component environments, or even live cells, can be expected to strongly impact

dynamic modes and timescales.

In-cell NMR has also been successfully applied to the study of both folded and disordered proteins,****

allowing for the investigation of structure, folding, maturation and dynamics of proteins in live cells. To
interpret NMR relaxation measured in physiological environments it is necessary to incorporate the
impact of molecular crowding into any analytical model describing the relationship between measured
rates and dynamic modes and timescales.*>*® In the current work we develop a unified model of IDP
dynamics as a function of environmental conditions that can be used to interpret relaxation data measured
in complex molecular settings. Systematically modifying viscosity, using inert crowding agents, as well
as temperature, we measure an extensive set of NMR relaxation rates over a broad range of
environmental conditions. This allows us to map the dynamics of two independent IDPs, comprising
over 210 amino acids, as a function of environment, incorporating both temperature and nanoscale
viscosity under a range of crowding conditions. On this basis we develop and test an integrated analytical
description that relates the motional modes and timescales characterizing IDP dynamics as a function of
the intrinsic properties of the molecular milieu, as reported via the dynamics of the surrounding solvent.
This model not only allows for the highly accurate analysis of relaxation rates measured in different
crowded environments in vitro, but also reproduces experimental '°N relaxation rates measured in living
cells, suggesting a promising method for assessing functionally important motional modes and dynamic

timescales of IDPs in very different complex environments.
RESULTS

>N backbone relaxation rates of the 125 amino acid intrinsically disordered C-terminal domain of the
nucleoprotein from Sendai virus (Ntan), comprising a partially folded helical element between residues
478 and 490,"” were measured as a function of crowding conditions. The polysaccharide dextran with
average molecular weight of 40 kDa, which was inert in admixtures of Nrtar (supplementary figure S1),
was used as a molecular crowder. Longitudinal (R;), transverse (R:), cross-relaxation (heteronuclear
nOe) and transverse cross-correlated dipole-dipole/CSA (7,) "°N relaxation rates were measured at 288
and 298K, over a range of dextran concentrations from 50-195 g/L and at three magnetic field strengths
(figure 1, supplementary figure S2). The differential effects on R; and R along the sequence testify to

the heterogeneous response of the different regions of the protein to crowding.



Solvent nanoscale viscosity was probed by measuring longitudinal relaxation of water protons.*®
Although exchange effects between free water and water molecules bound to large polymers and
translational diffusion effects in the vicinity of surfaces may give rise to relaxation dispersion effects at

low magnetic fields, ¥~

at the high magnetic fields used here rotational diffusion is expected to
dominate R;. Changes in viscosity as a function of crowding, were gauged using the following expression

for solvent friction:

p(C) = (¢ —n0)/Mo = (R1,c — R10)/Ruyo 2)

where R and 7, are the longitudinal relaxation of water and the viscosity in the absence of viscogen

respectively, and 7 is the viscosity of the sample of interest (measured at concentration C).

Admixtures containing up to 145 g/L of dextran at any measured temperature (278-298K) exhibit similar
p(C) curves (figure 2b). Beyond 145g/L the slope begins to deviate from a linear dependence, signifying
transition to the semi-dilute regime, where the concentration becomes sufficiently high that the solute
molecules interact with, and permeate each other’s hydrodynamic volume. Such regimes may be of
interest in, for example, membraneless organelles formed by IDPs in solution, or complex cellular

environments.

Analytical definitions of the measured '°N relaxation rates are given in the methods section. The spectral
density function is defined using the ‘model-free’ approach,’® as the sum of k=(1,2,3) Lorentzian

contributions reporting on motions occurring on distinct timescales z:

J(w) = ¥~k 3)
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where A; represents the amplitudes of the three dynamic components previously characterized as a
function of temperature.” Our earlier study of Ntan revealed that 7, reports on very fast (~ 50 ps)
librational motions that are independent of temperature and were treated here in a similar way (A was
optimised and 74 fixed at 50 ps). Analysis of the individual experimental data sets measured at three
different concentrations of viscogen (50, 95 and 145 g/L) reveals that the amplitudes of the three
components did not vary significantly with respect to crowding conditions (supplementary figure S4),
indicating that the presence of the crowder does not significantly affect the conformational sampling of

the peptide chain.

Determination of the slow and intermediate timescales at each viscogen concentration reveals a strong
dependence on viscosity for the slowest component (73), with a weaker dependence of the correlation
time of the intermediate component ( 72) that mirrors the correlation time dependence of the water (figure
2c, d and supplementary figure S3) (the average concentration dependence of 73 is approximately three
times that of » (figure 2c, d)). This distinct dependence on the concentration of viscogen can be

understood on the basis of well-documented relationship of measured effective viscosity on the

dimensions of the probe (7,), in the limit when r, is significantly smaller than the dimensions of the



viscogen.” >’ In this respect the observation of different viscosity coefficients for 7> and 73 suggests that

local and longer-range motional modes report on structural elements exhibiting different dimensions.

In order to interpret all of the measured data from Nrar simultaneously as a function of viscosity, we

exploited the Einstein equation:*
T, (C) = Ty 0o (p(C) + 1) (4)

where T, o, is the correlation time at infinite dilution. The solvent friction is defined by the measurement
of R, of water as a function of viscogen concentration (see above) and ¢, is a friction coefficient, relative
to p(C), that allows us to define the dependence of each correlation time on viscosity. Not surprisingly,
given the distinct dependences of » and 73 (figure 2c, d), a simple model using a common ¢ for all three
motional modes fails to adequately reproduce experimental data, showing underestimation of the
relaxation rates that are dominated by slower motions, and inaccurate reproduction of rates dominated
by intermediate motion (data not shown). We therefore propose a model allowing for distinct friction
coefficients g, for the different motional modes exhibited by the protein backbone, so that scaling

parameters are defined for each of the contributions to the total spectral density function (equation 3).

The correlation times shown in equation 4 were incorporated into the model-free analysis using equation
3. The amplitudes of the motion were held constant (vide supra) over the crowding conditions, but
allowed to vary freely within the constraints of )}, A; = 1, so that in total, 8 parameters (4>, 43, , ,
0, €1, e;and €3) were initially optimized for each site in the protein. Values of &, and &5 (corresponding
to intermediate and slow timescale motions respectively) cluster around 1.0£0.3 and 2.54+0.8
respectively, while & shows very poorly defined distribution across the sequence. The viscosity-
dependent analysis was repeated using a value of &;= 0, resulting in indistinguishable data reproduction
and effectively identical values for &, and &3, suggesting that the fastest component is not detectably
dependent on concentration. All analysis described below therefore individually optimizes the
parameters £,-,3 and assumes a value of &= 0, meaning that the fast timescale does not evolve

significantly with viscogen concentration and is fixed at 45 ps.

Importantly, the dynamic parameters (4 and 7;) determined throughout the protein using data acquired
as a function of molecular crowding (here) or as a function of sample temperature (previous study)® are
remarkably similar (supplementary figure S5), when compared under a common set of conditions

between the two studies (absence of viscogen and 298K).

A General Expression for Rotational Correlation Times in IDPs as a Function of Environmental

Conditions

The similarity of the dynamic parameters resulting from temperature- and viscogen-dependent analyses
at zero viscogen concentration indicates a compatibility of the two approaches, and encouraged us to
propose a combined expression that simultaneously describes the correlation times of the dynamic

modes as a function of both temperature and viscosity. As shown in figure 2, the correlation times of
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both intermediate and slow dynamic components appear to be correlated to solvent friction, based on
the observation that the two components respond with distinct sensitivities to viscogen concentration

(around 1 and 3 times the solvent friction). We therefore propose the following combined expression:

Ea,k
T (C,T) = 7'} 00 (€1 p(C) + 1)eRT 5

where E, is the activation energy of intermediate and slow motions. In this case 7'y o, represents the
correlation time at infinite dilution and infinite temperature. We use this expression to simultaneously
analyze 105 relaxation data sets measured over a temperature range of 274-298K and 0-195 g/L. dextran
concentration for each site in the protein. Note that solvent friction is non-linear with respect to C beyond
150 g/L and that this behavior is mirrored by backbone relaxation rates. Linking the protein dynamic
components to solvent friction rather than viscogen concentration allows us to analyse '°N relaxation
data beyond the linear range, which represents a key advantage for studies carried out in more complex

environments or in cellulo where the effective crowder concentration may not be known.

Fifteen parameters are optimized per amino acid (€3, €2, T'3 00, T'2,00, Eq 3, Eq 2, @and A and A4 at each
temperature), with a maximum of 90 degrees of freedom. The results are shown in figure 3. All data are
well reproduced using this combined description of the temperature and viscosity dependent dynamic
behavior of Ntai. When 30% of relaxation rates were randomly removed they were predicted with
comparable accuracy with respect to the direct fit (supplementary figure S6). The activation energies of
the two processes are well separated in the central part of the protein, and converge at the termini, as
previously seen in the uniquely temperature-dependent analysis.” &, and &5 sample distinct ranges that
again differ by a factor of approximately 3, with &; showing a marked sequence dependence, for
example the dip around residue 415 corresponding to a potentially highly flexible region comprising
three sequential glycines. The friction coefficient corresponding to local backbone dihedral motions ¢,
is relatively flat across the primary sequence, again suggesting that it predominantly reports on motions

of individual peptide planes.

Experimental data fitted to equation 5 therefore allow us to map the dynamic behavior of Nram, in
particular the intermediate backbone and slow segmental motion of each amino acid in the chain, as a
function of temperature and solvent friction. Figure 4 shows two amino acids from the fully disordered

and partially helical regions respectively.
Unified Expression is Quantitatively Predictive of Data Measured Under Independent Conditions

In order to test the predictive nature of equation 5 to describe the dynamics of IDPs as a function of
sample crowding and temperature, we removed an entire set of relaxation rates, measured under
conditions where none of the remaining fitted data were measured. 12 relaxation rates (R;, Rz, nOe and
1w measured at 700 MHz from Nrar at 288K at dextran concentrations of 50, 95 and 145 g/L) were
calculated on the basis of the 15 parameters determined from the analysis described above (this time

only comprising crowding data from Nraw at 298K and non-crowded solutions at temperatures from



274-298K). The prediction of the experimental data is essentially indistinguishable from the

reproduction of the same data when actively fitted (supplementary figure S7).

We have also tested the transferability of the model by measuring R;, R», nOe and 7, for Nyaw in 90
g/L PEG (10 kDa) (measurements made at 'H frequency of 600 MHz and 298K) and 135 g/L
(measurements made at 'H frequency of 850 MHz and 298K) PEG (10 kDa). Data were predicted using
equation 5, incorporating friction coefficients (&, and &3), activation energies (Eg 3, Eg , ) and motional
amplitudes (4>, 43) determined using dextran as viscogen (figure 3), and p(C) determined from R; waser
for both sample conditions. Remarkably, experimental data are reproduced effectively within the
estimated uncertainty for all four relaxation rates at both concentrations and magnetic field strengths

(figure 5), and are quite distinct from rates predicted under dilute conditions.

These results testify to the general applicability of equation 5 to describe the rotational correlation times
affecting "N spin relaxation in IDPs, and more generally their dynamics, over a broad range of
environmental conditions, accurately capturing the impact of temperature and viscosity on the timescale
of intermediate and slow backbone motions, and suggest that the strong coupling between IDP dynamic
timescales and the dynamic properties of the solvent implicit in equation 5 is experimentally verified

across distinct crowding conditions.
Dynamics of the N-terminal IDR of MKK4 as a Function of Environmental Conditions

We further tested the general applicability of equation 5 by investigating the dynamic behavior of the
86 amino-acid disordered N-terminal domain of mitogen-activated kinase kinase (MKK4). The
conformational sampling of this domain was recently characterized by NMR,®' revealing a highly
flexible N-terminal region, rich in glycines and serines, followed by an extended p38a interaction motif
and a C-terminal region comprising more bulky side-chains. The disordered domain contains no
significantly populated secondary structure and comprises segments of primary sequence exhibiting

distinct dynamic characteristics.

Experimental relaxation rates were again measured at four magnetic field strengths (600, 700, 850 and
950 MHz) and temperatures ranging from 273 to 288K (figure 6a, ¢). Twelve relaxation rates (R;, nOe,
1w and 77:) were measured under similar crowding conditions as Nrar, using dextran as crowding agent
at 50 and 95 g/L and two temperatures (273 and 278K) (figure 6b). R;waer Was measured as a function
of viscogen concentration (supplementary figure S8) showing a very different (more than 50% greater)
solvent friction coefficient compared to Ntar. Initial analysis of the temperature-dependent dilute data
following the procedure applied for Ntan. confirmed that three distinct contributions are again required
to correctly model the experimental data at each temperature. 30% of data removed from the analysis
are accurately predicted when three contributions to equation 3 are used but not with two (supplementary
figure S9). The fastest motion again showed negligible temperature dependence and was fixed to 45 ps
at all temperatures. MKK4 is the second IDP for which temperature-dependent ps-ns dynamics have

been described at amino-acid specific resolution using an Arrhenius-type approach to couple the
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motional modes over the temperature range, substantiating previous conclusions concerning the three

observed modes.”

The data measured under crowding conditions were combined with the temperature-dependent
relaxation rates in the absence of viscogen (in total 68 '°N relaxation rates) and simultaneously analysed
using equation 5, again optimizing the same 15 parameters that were determined for Ntam. The resulting
dynamic parameters (amplitudes, timescales and activation energies) (figure 7) are very similar to those
determined using only temperature-dependent data (supplementary figure S10), exhibiting a clear
separation of E, of the slow and intermediate components. E, of the intermediate timescales fall in a
similar range for backbone dihedral angle fluctuations (8-10 kJ mol™") while the slowest timescale again
falls in the range 20-25 kJ mol™ (except in the glycine/serine rich region where the activation energies
are closer together, a phenomenon also seen at the flexible termini of Ntam). The amplitude of the
slowest motion shows a bell-shaped distribution with respect to primary sequence, reaching a maximum
at the p38a interaction site and the bulky region. The intermediate timescale motion is much flatter than

the slower component.
Length-scale Dependent Viscosities are Closely Related to Solvent Friction

Similarly to Nrar, the friction coefficients of the slow and intermediate dynamic modes &, and &3 are
found to sample distinct ranges around 1, again mirroring the solvent friction, and 3.5 respectively
(figure 7), despite absolute differences in the value of p(C) in the two experimental systems (more than
50% greater for MKK4). These differences are likely related to buffer composition (pH 6 and 500 mM
NaCl for Ntan in phosphate buffer compared to pH 7 and 150 mM NaCl for MKK4 in Hepes), and
possibly solvent-solute interactions, but strikingly the friction coefficients of the protein backbone fall

in very similar ranges.
Prediction of the Dynamic Properties of Intrinsically Disordered Proteins in Live Cells

In addition to the improved insight into the dependence of polypeptide dynamics on the intrinsic
properties of the solution experienced by solvent molecules, the consequences of the general
applicability of equation 5 are potentially far-reaching. Using this framework it should be possible to
predict dynamic correlation times in any particular medium for which "N relaxation have been
measured in vitro (i.e. where sequence-specific values of &, and £, have been determined), assuming

that the solvent friction p(C) can be determined from R; ,ar under the more complex conditions.

To further test this idea, we have recorded 7, and heteronuclear nOe relaxation rates in MKK4
microinjected into Xenopus laevis oocytes (292K and 700 and 600 MHz respectively) (supplementary
figure S11). Although a number of residues are absent due to line-broadening, probably due to slowing
down of segmental motions in particular between the central region of the domain and the bulky C-
terminal strand, and magnetic field inhomogeneity typical of in-cell NMR experiments, the quality of
the spectrum is nevertheless sufficient to allow determination of reproducible relaxation rates for over
half of the protein. Cell viability was monitored by comparing °N edited 'H spectra of the sample
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throughout the measurement period, and of the supernatant immediately before and directly after
acquisition (supplementary figure S12). Relaxation measurements were acquired during the period
when the spectra were found to be the most stable (24-50 hours after injection). The dynamic modes of
MKK4 in cellulo were predicted using equation 5, with p(C) estimated from experimental
measurements considering the measured 'H R; in buffer and in cellulo (p(C)=1.00£0.08). 7,
experiments were repeated twice using independent batches of cells, whereas heteronuclear nOe were
performed with one batch. Activation energies, Ty o, and & were taken directly, and amplitudes linearly
extrapolated to 292K from the analysis described above in vitro. The experimental measurements are
compared to prediction in figure 8, and compared to the values predicted at the same temperature in
standard buffer. The reproduction of the experimental data is remarkable considering the complexity of
the experimental system and the approximations implicit in the model. These results suggest a general
applicability of this approach for the study of protein dynamics using NMR relaxation in complex

mixtures and in cellulo.
DISCUSSION

IDPs are highly dynamic, and this flexibility is expected to play an essential role in their function. In
order to understand the relationship between dynamics and function it is important to develop
approaches to accurately describe their motion under physiological conditions. Numerous studies have
demonstrated the feasibility of measuring NMR parameters, and even heteronuclear relaxation, in
cellulo, and this exciting tool promises to gain in popularity following the pioneering work of a number
of groups over the last two decades.****!* In addition, a growing number of experimental systems
allow for the study of flexible IDPs in the presence of significant molecular crowding, for example in
large reconstituted complexes, underlining the importance of understanding the dependence of NMR

parameters on protein dynamics under both crowded and in vivo conditions.

Using NMR relaxation measured from two long IDPs (more than 210 amino acids in total) exhibiting
highly different primary sequence characteristics and dynamic fingerprints, we develop a general
relationship between experimental measurement and IDP dynamics over a broad range of environmental
conditions. By systematically varying viscosity and sample temperature and measuring an extensive set
(113 and 68 independent rates per residue for Ntai. and MKK4 respectively) of '°N relaxation rates that
are sensitive to correlation times spanning nearly three orders of magnitude, we develop and test a
general relationship between experimental measurement and protein dynamics over a broad range of
environmental conditions. The dependence on concentration of crowder and temperature are found to
be complementary and coherent, resulting in consistent descriptions of IDP dynamics at zero viscogen
concentration whether independently analyzing data that vary as a function of temperature or viscogen
concentration. This allows us to propose a unified model of IDP dynamics in complex environments,
incorporating both temperature and nano- and sub-nanoscale viscosity into a single expression for the
rotational correlation times of the different components to the motion (equation 5) for each amino acid
in the protein. Fitting the experimental data to this expression results in close reproduction of
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experimental data from both proteins, and accurately estimates temperature (£,x) and viscosity (&)
coefficients, as well as the timescales and amplitudes (A4x) of the motions under the different

environmental conditions.

The intermediate and slow dynamic contributions measured on the protein backbone respond very
differently to changes in viscosity, resulting in distinct ranges of friction coefficients, in line with
expected behavior from viscosity probes of different dimensions.”>™’ As noted above, the friction
coefficients (¢) would be expected to decrease for smaller probes, as described in recent studies that
have parameterized analytical relationships between microscopic viscosity and probe dimensions in
complex mixtures and across a range of length scales.’®*’ Assuming that the dynamic modes associated
with timescales » and 73 originate from motions of groups of atoms, or segments having different
dimensions (a single peptide plane or multiple planes respectively), these contributions may be expected

to be characterized by distinct length scales and therefore distinct friction coefficients.

The friction coefficient of the intermediate timescale backbone motion, &, is very similar for MKK4
and Nram, closely mirroring solvent friction in both cases, even though the absolute values of solvent
friction are very different in the two experimental systems. This suggests that backbone dihedral angle
motions report on nanoscale viscosity (the dimensions of the water molecule) and indicates that their
associated length-scales are similar and probably on the level of the individual amino acid. Friction
coefficients associated with the slower motion, &3, lie in a range three times greater than the intrinsic
solvent friction for both proteins, appearing to report on concomitantly longer effective length-scales,
likely involving concerted motions of segments of the backbone comprising more than one amino acid.

2363 and analysis of RDCs in Nar®,

In relation to this, ensemble-based molecular dynamics simulation
reveal that segments of three or more amino acids exhibit coupled motional modes throughout the
protein backbone on timescales (ns) that contribute to measured '°’N relaxation rates. Interestingly, the
intrinsic friction of the slower motions shows a clear sequence dependence, with for example three
sequential glycines in Nram, that were predicted from MD simulation to form the shortest segments,
also exhibiting the lowest local &3. The viscosity-dependent analysis therefore clearly assigns
intermediate and slow backbone components of '°N relaxation as reporting on the dynamic properties

of individual peptide planes and collective segments respectively, substantiating our previous

assignment of these modes on the basis of temperature-dependent analysis.

The expression is remarkably robust, predicting entirely independent experimental data sets measured
under conditions that are not included in the analysis. Once the site-specific parameters (E,x, € and Ay)
have been determined, equation 5 is transferable between solutions comprising viscogens of very
different nature (dextran and PEQG), even including the complex mixture of microenvironments found
in cellulo, simply by measuring 'H relaxation rates of water that report on the nanoscale viscosity of the
sample. This approach accurately predicts relaxation rates that are exquisitely sensitive to dynamics
occurring on timescales spanning nearly 3 orders of magnitude. The apparently general nature of the
description also highlights the importance of solvent behavior for the accurate description of IDP
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dynamics, revealing a remarkably tight coupling between the dynamics of the protein and solvent.®

CONCLUSIONS

In summary, we present a simple expression relating characteristic timescales, activation energies,
amplitudes and viscosity coefficients that is capable of simultaneously describing the dynamics of IDPs
at vastly different viscosities using a minimal set of physical parameters, providing unique insight into
the dynamic processes that give rise to NMR relaxation in IDPs. These physical parameters are derived
from "°N relaxation in vitro, allowing the prediction of relaxation rates for an IDP of interest under any
given conditions where the intrinsic solvent friction of the experimental environment can also be
estimated. The method was applied to over 150 sites from two long IDPs, exhibiting distinct sequence
and structural characteristics, and is found to be robust and transferable between different experimental
conditions, predicting independent data sets measured under conditions of crowding and temperature
that were entirely absent from the active fitted data set and reporting on timescales spanning three orders
of magnitude. Remarkably, when applied to relaxation measured over different samples of MKK4
injected into xenopus oocytes, the relationship also reproduces the relaxation rates measured in the

protein in cellulo.

This unified description of IDP dynamics under complex environmental conditions provides a physical
interpretation of NMR relaxation rates measured in crowded environments in vitro and in vivo and
reveals a strong and quantifiable dependence of IDP dynamics on the properties of the solvent in the
same environment. The framework will advance the application of NMR spectroscopy to the study of
the dynamics of IDPs in increasingly complex environments, for example in membraneless organelles,

reconstituted multi-component assemblies or in cellulo.
MATERIALS AND METHODS

Sample preparation

Protein expression and purification, N The C-terminal domain of Sendai virus nucleoprotein

(Ntar) comprising residues 401-524 strain Harris corresponding to SeV Fushimi strain (UniProtKB

accession number Q07097) except for mutation E410K, were expressed and purified as previously

described.®® The NMR experiments were performed in 50 mM phosphate buffer, pH 6.0, 500 mM

NaCl, (further referred to as Ntan buffer).

Protein expression and purification, MKK4. The intrinsically disordered regulatory domain of
MKK4 (residues 1-86, UniProtKB accession number P45985), was expressed and purified as
described.®’ NMR experiments were performed in 50 mM HEPES pH 7.0, 150 mM NaCl, 2 mM
dithiothreitol (DTT) further referred to as MKK4 buffer.

Preparation of crowder solutions. Concentration of Dextran40 (BioChemica, AppliChem A2249) was

estimated by measuring absorbance at 270 nm (A,;,) on a ThermoScientific Genesys 10uv

Scanning spectrophotometer in UV-Cuvettes micro 70 ul. The extinction coefficient of Dextran40

was estimated by probing A27( of different dilutions of Dextran40 stock with known concentration
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of the polymer. Briefly, 3g of the polymer was dissolved in 25 ml buffer of interest in volumetric
flask over night at approximately 318K and subsequently diluted to 120 g/L. The obtained stock
was diluted to reach concentrations in the range of 12 to 120 g/L of Dextran40. Estimated
extinction coefficient yielded 4.96 cm'mLg!, so that 100 g/L of Dextran40 corresponded to
approximately A,;, of 0.5 (supplementary figure S13). Stocks of Dextran40 were prepared by
dissolving 0.5 g of the polymer in 1 ml of buffer of interest in a water bath (318K) followed by
vigorous mixing and over-night 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, the concentration of equilibrated stock of polymer

could not be determined exactly and was estimated to be 400 g/L.

Xenopus laevis oocyte injections. 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 KCIl, 0.82
mM MgSO4, 88 mM NaCl, 2.4 mM NaHCOs;, 16 mM Hepes and pH 7.4). Cells were then washed
several times and for at least 20 min with the same buffer without collagenase and stored in the
modified Barth’s solution with calcium (0.41 mM CaCl, and 0.3 mM Ca(NOs),). Oocytes in stage V
and VI were manually selected and stored overnight at 292K in the modified Barth’s solution with
calcium supplemented with 100 U ml" of penicillin, streptomycin and 100 mg/L of gentamycin. The
following day, 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 labelled proteins in this pole.
Micro-injection was performed manually using a Nanoject II (Drummond) and 250 oocytes were each
injected with 50 nl of protein solution. The injected oocytes were pooled in a 15-ml tube and gently
washed once with the same buffer before storage at 292K prior to NMR measurement. Animal
handling and experiments are fully conformed with European regulations and were approved by the
French Ministry of Higher Education and Research (APAFIS #4420-2016030813053199 to Christophe
Moreau). Authorization of the animal facility has been delivered by the Prefect of Isere (Authorization
# D3818510001).

NMR Spectroscopy

NMR experiments were performed on Bruker spectrometers interfaced to cryoprobes operating at 'H
frequencies of 600, 700, 850 and 950 MHz). Temperature calibration was carried out as described,” all
samples were equilibrated for 20 minutes before tuning/matching and shimming. Under crowding
conditions, °N spin relaxation rates were measured at 298 (600 and 850MHz) and 288K (700 MHz) for
Nran and 273 (600 MHz) and 278K (600 or 700 MHz) for MKK4. Spin relaxation rates at all four
magnetic field strengths were also measured at 273, 278, 283 and 288 K for MKK4 in buffer.
Concentration of Ntair was approximately 300 uM and 1.3 mM for MKK4.

"N R, (using a spin lock of 1.5 kHz), Ry and {'H}-""N heteronuclear nOe were measured as
described.”® "N R, was determined from R;, and R;.* "'N-'H CSA/DD transverse cross-correlated

(1) and longitudinal (77.) relaxation rates were measured as described.”””' Recycle delays of 1-2.5s and
13



64-128 dummy scans were used for Ri, Rip, 7 and 77.. Typical set of relaxation delays included points
measured at [1, 30, 50, 70, 90, 130, 170, 210 and 250] ms for Ri, and [0, 0.08, 0.2, 0.4, 0.6, 0.8, 1.04,
1.6 and 1.9] s for R; (including repetition of one delay) Cross-relaxation delays were set to 50 ms (Ntair)
and 60 ms (MKK4) for 7, and 100 ms for 7.. All in vitro measurements were performed in 3 mm NMR

tubes containing 10% D-O.

All spectra were processed in NMRPipe * and analyzed in NMRFAM-Sparky.” Relaxation rates were
estimated using in-house software, and errors estimated on the basis of noise-based Monte-Carlo

simulation.
In-cell NMR

In vivo measurements were performed in 5 mm Shigemi tubes at 600 and 700 MHz 'H frequency using
a TCI and QCI Bruker cryoprobe respectively. Cell viability was monitored by comparing "°N edited 'H
spectra and of the supernatant immediately before and directly after acquisition. Prior to each experiment,
supernatant from the suspension of injected oocytes was collected and single-increment "N HSQC and
R waer were measured. 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 final volume. Static
field homogeneity was optimized on buffer in the same Shigemi tube. Typically NMR studies started 4-
5 hours post-injection. All oocyte NMR was carried out at 292K to ensure optimal conditions for live
oocytes. Typical sets of experiment included single increment "N HSQC for detection of overall protein
signal (2 mins), water proton-saturation recovery (20 mins) and "N-"H CSA/DD transverse cross-
correlated 7, (16 scans, 1.5 recycle delay, 128 increments per plane, acquisition time 9 hours) and {'H}-
>N heteronuclear nOe (8 scans, § s saturation and recovery delays, 128 increments per plane, acquisition
time 9 hours). The length of dephasing gradients was shortened from 1 ms to 500 ps to decrease losses
due to static field inhomogeneity. Experiments were only analysed from the time window where the cells
were viable (normally within the first 50 hours post-injection). MKK4 assignments were transferred from
1y spectra from in vitro samples recorded at 288K. Upon calculation of relaxation rates, intensities from
interleaved experiments were boot-strap averaged between three replica experiments to yield 7, of
single biological replica. 7., values were averaged over two biological replicas, giving the final in cell

relaxation rates.
Longitudinal relaxation of water

R waer Wwas measured using a saturation recovery sequence using 20 delays in the range 1 ms to 12
seconds. Data were analysed using NMRPipe and integrals fitted to exponential recovery using in-house
software. In cell R;aer 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 characteristics as buffer measured a posteriori from the same
preparation.

Modelling of "°N relaxation rates
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>N relaxation rates are given by the known functions:

Ry = (”jf;””) (U @n — @) + 3](@n) + 6] @y + 0n) + 2 wh (0 — 01 (@)

7)
Ry =% (”jff;’”) (4/(0) +J(wn — ) +3/(@y) + 6] (wy + wp) + 6] (@p))
+--wh (0 — 0.)2(4/(0) + 3/ (wn)) "
oun = 5 (E2%) (6 o + ) — J wn — ) 9
ey = 75 P2 (c036) (“22%) (g — 5 Yoy (4 0) + 3/ () (10
1, = 12 Pa(cos6) (“241) (o — g, oy (6 (wn)) (11

where Lo the permittivity of free space, i Planck’s constant and &1is the angle between the principal axis
of the chemical shift anisotropy (CSA) tensor (assumed axially symmetric with anisotropy oy — o, = -
172ppm), J(w) is the angular spectral density function at frequency w. rnyz is the N-H internuclear

distance (assumed to be 1.015A), yn and vy are the gyromagnetic ratios of N and 'H respectively.

A minimization algorithm was used for the fit data to the expressions in equations (7-11) using the

definition of the spectral density function in equation 3, by minimizing the following function:

S L (12

on exp

for each residue i where » identifies the different rates and m identifies the different conditions used in
the fit (temperature and/or crowding). Errors in fitted parameters were estimated using noise-based
Monte-Carlo simulations. Overall experimental errors were scaled by a factor of approximately 2 to
respect 95% confidence limits. Following results of earlier studies™ @ was treated as a residue specific
parameter that neither evolves with respect to temperature or viscosity. Data-fitting programs are

available on request.
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Figure 1. Experimental ’N relaxation rates measured on Ntan, as a function of molecular

crowding.

Longitudinal (R;) and transverse (R:) autocorrelated relaxation, transverse cross-correlated
DD/CSA (1xy) and heteronuclear {'H}-"°N nuclear Overhauser enhancement (nOe) measured at
three magnetic field strengths (600, 700 and 850 MHz) as a function of viscogen concentration
(dextran40). Additional longitudinal cross-correlated DD/CSA (1)) were measured at 600 and 850

MHz and are shown in supplementary figure S2.
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Figure 2. Comparison of the influence of crowding on dynamics of water protons and °N

backbone amide correlation times.

A — Example of evolution of water proton intensity during saturation recovery and fit to I(t) =
Iy (1 — exp(—RLwatert)). B - longitudinal relaxation of water protons for admixtures of Nrtan

with different concentrations (C) of dextran40 recorded at three temperatures at 600 MHz. C and
D show relative changes of backbone amide dynamic timescales for Ntan (dark blue: T3, light blue:
T,) estimated from an 11 parameter model-free of 45 relaxation rates recorded at two magnetic
fields (600 and 850 MHz) at 298K. 13 and 1, were optimized separately for each concentration with
71 kept constant at 50 ps outside and 0 ps inside the transiently folded helical region, keeping
amplitudes constant at all concentrations but allowing them to vary in the range of 0 to 1 for each
site. Examples of two regions (panel C: 20-40; panel D: 100-120) are shown. Red line shows
relative changes in dynamics of water measured by relaxation of water protons (red solid line:
p(C) + 1, red points and error bars show average and standard deviation over three temperatures
(278, 288 and 298K) respectively; red dotted line: (3p(C) + 1). This figure demonstrates that
intermediate and slow motional timescales exhibit distinct responses to viscosity, with the

intermediate motion mirroring the friction coefficient of water.
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Figure 3. Combined analysis of dynamic behaviour of Nrai as a function of temperature and
viscosity.

105 relaxation rates were analysed and fitted to the general expression relating rotational correlation
times to viscosity and temperature (equation 5). 15 parameters were optimized for each ’N-'H spin
pair (€3, &2, 73,00, T2,000 Eq 3, Eq 2, @and A> and 45 at each T). A — activation energies for backbone
(blue) and segmental (red) contributions. B — amplitudes of segmental motions at 274 (blue), 278
(green), 288 (orange) and 298K (red). C - amplitudes of fast timescale motions (see B). D — Friction
coefficients (ex) for segmental (red) and backbone (blue) motions. E — Timescales of segmental
motions: 0 g/L dextran40, 298K (purple), 50 g/L, 298K (dark red), 95 g/L, 298K (red), 145 g/L,
298K (orange), 195 g/L, 298K (blue), 50 g/L, 288K (bottle green), 95 g/L, 288K (green), 145 g/L,

288K (blue-green). F — Timescales of intermediate, backbone motions (legend as E).
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Figure 4. Mapping the dynamic behaviour of NrtaiL at amino acid specific resolution as a
function of temperature and viscosity.

Experimental data fitted to equation 5 allow us to map the intermediate and slow correlation times as
a function of temperature and solvent friction for each amino acid in the chain. Shown are two

examples (Ile 426 and Arg 486 from the disordered and partially helical regions respectively).
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Figure 5 Comparison of predicted and experimental relaxation from Nrs. measured in the

presence of different concentration of PEG crowding agent

Comparison of '°N relaxation rates recorded on Nrar in the presence of PEG (grey bars) with rates
calculated using equation 5 (red lines) on the basis of experimentally determined &, and &3 and
energies of activation and p(C) determined from the experimental measurement of R;waer.
Relaxation rates predicted under dilute conditions (p(C) = 0.0) at the same temperature are shown
as blue dashed lines for comparison. (A) Relaxation rates measured at 850 MHz 'H frequency at a
concentration of 135 g/L PEG at 298K (p(C) = 0.25). (B) Relaxation rates measured at 600 MHz
'H frequency at a concentration of 90 g/L PEG at 298K (p(C) = 0.16).
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Figure 6. Relaxation data measured from MKK4 as a function of temperature and viscosity

Longitudinal (R:) autocorrelated relaxation, transverse cross-correlated DD/CSA (my) and

heteronuclear {'H}-""N nuclear Overhauser enhancement (nOe) measured at four magnetic field

strengths (600, 700, 850 and 950 MHz) as a function of temperature (A and C) and viscogen

concentration (dextran40) (B). Legends identify the colour code in (A, B and C).
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Figure 7. Combined analysis of dynamics of MKK4 as a function of temperature and

viscosity.

68 relaxation rates were simultaneously analysed and fitted to equation 5 relating correlation times
to viscosity and temperature. 15 parameters were again optimized for each '"N-'H spin pair
(€3, €2, T3,00) T2,000 Eq 3, Eq 2, 6and A2 and A4; at each temperature). Selected values are shown in

this figure.

A - activation energies for backbone (blue) and segmental (red) contributions. B - Timescales of
segmental motions in the absence of crowder at 273 (blue), 278 (orange), 283 (green) and 288K
(red). C - Timescales of intermediate, backbone motions (legend as B). D - amplitudes of segmental
motions (for legend see B). E - Friction coefficients (&) for segmental (red) and backbone (blue)
motions. F - Timescales of segmental motions: 0 g/L, 278K (light grey), 50 g/L, 278K (grey), 95
g/L, 278K (dark grey), 0 g/L, 273K (yellow), 50 g/L, 273K (orange), 95 g/L, 273K (red). G —
Timescales of intermediate backbone motions (legend as in F). H - amplitudes of intermediate

timescale motions (for legend see B).
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Figure 8. Comparison of predicted and experimental relaxation measured in vivo from

MKK4.

Comparison of "N relaxation rates recorded in-cell (blue points) with rates calculated on the basis
of dynamic parameters (pale orange bars and lines): timescales and amplitudes determined in vitro
were extrapolated to 292K using energies of activation and linear temperature dependence
respectively; experimentally determined ¢, and €3 values determined in vitro were incorporated
into equation 5 and p(C) determined from the experimental measurement of R; waer in cellulo. For
comparison — dark orange shows the predicted relaxation rates at 292K in non-crowded conditions.

A — Cross correlated DD/CSA relaxation, B — heteronuclear nOe.
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