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ABSTRACT: Liquid—liquid phase separation of flexible biomole- /DP DYNAMICS IN Condensate Segmental
cules has been identified as a ubiquitous phenomenon underlying CONDENSATES slow motion

the formation of membraneless organelles that harbor a multitude
of essential cellular processes. We use nuclear magnetic resonance
(NMR) spectroscopy to compare the dynamic properties of an
intrinsically disordered protein (measles virus Ny, ) in the dilute
and dense phases at atomic resolution. By measuring "N NMR
relaxation at different magnetic field strengths, we are able to
characterize the dynamics of the protein in dilute and crowded
conditions and to compare the amplitude and timescale of the ‘ Fast motional
different motional modes to those present in the membraneless NMR RELAXATION Condensate amplitude
organelle. Although the local backbone conformational sampling MD SIMULATION L
appears to be largely retained, dynamics occurring on all detectable

timescales, including librational, backbone dihedral angle dynamics and segmental, chainlike motions, are considerably slowed down.
Their relative amplitudes are also drastically modified, with slower, chain-like motions dominating the dynamic profile. In order to
provide additional mechanistic insight, we performed extensive molecular dynamics simulations of the protein under self-crowding
conditions at concentrations comparable to those found in the dense liquid phase. Simulation broadly reproduces the impact of
formation of the condensed phase on both the free energy landscape and the kinetic interconversion between states. In particular,
the experimentally observed reduction in the amplitude of the fastest component of backbone dynamics correlates with higher levels
of intermolecular contacts or entanglement observed in simulations, reducing the conformational space available to this mode under
strongly self-crowding conditions.

Dilute

Dilute

B INTRODUCTION cellular biochemistry,” stimulating intense investigation of the
molecular and mechanistic details underpinning their phys-
icochemical stability."""" While localization of physiological
cofactors in biomolecular condensates has been shown to
increase enzymatic efficiency,'””'* understanding the true
functional advantage offered by such phenomena requires a
description of their behavior in the dense phase.”'® LLPS relies
on multivalent interactions between component biomolecules
which often show high levels of flexibility, at least in the dilute
phase. Examples of such flexibility can be found in single-
stranded RNA and intrinsically disordered proteins
(IDPs),'®'” both of which are observed to participate in the
formation of physiologically relevant condensates. The
biomolecular function of such molecules is determined by

Intracellular compartmentalization is essential for maintaining
specific environmental conditions for many cellular processes.
Along with the well-described membrane-bounded compart-
ments, over the last 10 years, it has become increasingly clear
that membraneless organelles, formed via liquid—liquid phase
separation (LLPS), a spontaneous and reversible demixing of
component polymers that circumvents the energetic cost of
membrane formation, provide ubiquitous microenvironments
essential for cellular function. Many biochemical reactions have
been shown to occur within such condensates where the
concentration of the reagents can be several orders of
magnitude higher than the average concentration in the cell,
allowing for tight temporal and spatial regulation of a large
number of biochemical processes."

Phase separation is a well-understood phenomenon in Received: December 22, 2022 JAC S
polymer physics and has been thermodynamically described Published: May S, 2023
over 80 years ago by Flory” and Huggins,” whose mean-field
descriptions are still used to describe phenomenological
observations of phase separation. The realization of the extent
of this phenomenon has transformed our perspective on
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their intrinsic dynamic behavior, which is highly sensitive to
changes in the environment, for example, temperature, ionic
strength, and viscosity.'®

Due to the importance of biocondensation for under-
standing cellular function, a great deal of effort has been
devoted to describing the behavior of IDPs within membrane-
less organelles. The concentration of proteins in droplets has
been estimated on the basis of numerous techniques (e.g., UV
absorbance, FCS'”) and can be up to 3 orders of magnitude
higher than the co-existing dilute phase. The importance of
intermolecular interaction for the stabilization of the dense
phase has been investigated in great detail, for example,
concerning aromatic and charged amino acids, in particular
arginines, which have been shown to be essential to trigger and
maintain condensation.”*"** These interactions do not
appear to affect secondary structure propensities along the
sequence of the IDP. Indeed, backbone chemical shifts indicate
that many IDPs including ddx4,”° hnRNPA2,*® FUS,*® and
CAPRIN1”" appear to maintain random-coil-like features
already observed in the dilute phase throughout the protein.
Long-range structure in IDPs has also been studied in the
dense phase using fluorescence,”® paramagnetic nuclear,
electron magnetic resonance,”’ and intermolecular nuclear
Overhauser effects either under free or phase-separated
conditions.””*°™** In general, multivalent inter-protein inter-
actions that are thought to stabilize membraneless components
are considered to be weak, allowing for the rapid association
and dissociation rates necessary to maintain the liquid-like
nature of the droplet, despite the very high concentration of
protein.9’10

In addition to understanding the impact on the free energy
landscape, it is equally important to investigate the impact of
the dense phase on the dynamics of the phase separating
proteins.’> The rates of interconversion between functional
states are expected to play an important role in the efficiency of
molecular reactions occurring within the droplets, as well as
the underlying stability of the phase. The majority of
experimental studies of liquid droplets probe the translational
diffusion of component proteins within the droplets using
fluorescence methods, most commonly FRAP (fluorescence
recovery after photobleaching)™ or diffusion ordered spec-
troscopy nuclear magnetic resonance (NMR).*>*° These
methods reveal a significant slowing down of translational
diftusion, of between two and three orders of magnitude
compared to the dilute phase, while nevertheless demonstrat-
ing the liquid-like nature of the coacervate. Conformational
dynamics involving large-scale reorganization can also be
investigated using distance-dependent approaches, such as
paramagnetic relaxation enhancement,”* electron paramagnetic
resonance,” fluorescence correlation spectroscopy, and single
molecule FRET.*

Reorientational dynamics of IDPs under phase-separating
conditions have been investigated using time-resolved
fluorescence spectroscopy techniques, for example, in a-
synuclein, where decreased chain flexibility was observed in
LLPS compared to dilute conditions,”” and tau protein, where
fluorescence and EPR spectroscopies””® were used to
characterize modulation of rotational correlation times upon
phase separation. EPR was also used to study IDP dynamics
and in arginine-rich peptides.”” Along with experimental
methods, computational approaches have been used to
investigate protein condensates.'"*"~** While coarse-grained
methods™ ™" have been successfully exploited to reproduce

condensate properties, atomistic simulation*® can also provide
detailed biophysical insight into the equilibrated condensed
phase at atomic resolution.

NMR spectroscopy is perhaps the ideal tool for studying the
dynamic properties of IDPs on timescales from tens of
picoseconds to tens of nanoseconds that are precisely encoded
in experimentally accessible spin relaxation rates. Atomic
resolution backbone dynamics of ddx4,>>* hnRNPA2,*
elastin,®® FUS,*® and CAPRIN1***' have been measured
using °N relaxation, resulting in diverse observations, possibly
testifying to the different experimental conditions (temper-
ature, magnetic field strength) employed in the different
studies. These ground-breaking studies highlight the remark-
able potential of NMR to investigate the dynamics of IDPs in
phase separating conditions. An analytical comparison of
molecular motions in the condense and dilute phases, which is
necessary to provide a complete understanding of the
stabilizing forces within biocondensates, is currently lacking,

While the physical origin of individual relaxation rates can be
ambiguous, due to the complex dependence on motional
frequencies occurring on different timescales, a combination of
relaxation rates can provide unique insight into the dynamic
behavior of each site in the disordered chain.’*~*’ Combining
extensive sets of relaxation rates measured at multiple magnetic
fields,”® it is possible to develop a self-consistent physical
description of the reorientation properties throughout the IDP,
identifying three dynamic modes that contribute to NMR spin
relaxation in IDPs.”” These three distinct components appear
to report on librational motions for the fastest component (no
temperature or viscosity dependence of the motional time-
scale), backbone conformational sampling for the intermediate
timescale motion (as revealed by viscosity coefficients and
activation energies that correlate with expected values from
other spectroscopies), and chain-like or segmental motions for
the slowest component (as revealed by viscosity coefficients,
activation energies, and length-de?endence of timescales and
segmental persistence lengths).'®>*®" The response of these
distinct motional modes to changes in environmental
parameters such as temperature and crowding allows
considerable insight into the sequence-dependent behavior of
IDPs in complex environments and their coupling to the
surrounding solvent.’’ To gain further insight into the physical
nature of these dynamic components, approaches based on
multi-conformational molecular dynamics (MD) simulation
have been developed, providing ensembles of trajectories in
agreement with experimental relaxation data that describe the
time-dependence of motions in IDPs within their different
conformational sub-states.””*> This thermodynamic and
kinetic description offers new insight into the backbone
dynamics of IDPs in solution, for example, highlighting close
coupling with solvent behavior.”*

Here, we apply these approaches to the study of the dynamic
behavior of an intrinsically disordered domain of the
nucleoprotein of measles virus (Nya;), which is not only
essential for formation of physiological droplets upon mixing
with the phosphoprotein in infected cells'> but also phase
separates alone under certain conditions, allowing for the
measurement of extensive NMR relaxation data that can be
compared with dilute and semi-crowded conditions. We show
that while conformational sampling of the backbone is not
strongly affected by formation of the dense phase, librational,
backbone torsional and segmental dynamics are considerably
slowed down, and their contribution to the detected dynamics
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Figure 1. Measles virus N,y phase separation upon mixing with PEG. (A) Fluorescence microscopy imaging of a colloid system where N,y is
labeled with FAM. (B) Ny, amino acid sequence, including non-cleaved purification tag. (C) FRAP of Ny,;; demonstrates the liquid nature of the
condensates. (D) Typical NMR sample of Ny, showing the dense phase (I) separated from the dilute phase (II). Plunger is not yet inserted. (E)
SN—'H HSQC spectra of Ny, in the dilute (blue) and dense (red) phases. The dilute phase spectrum was recorded at 850 MHz, 298 K, and the

dense phase at 950 MHz, 298 K.

is significantly redistributed. Extensive MD simulations under
self-crowding conditions reproduce the impact of droplet
formation on both the free energy landscape and the kinetics of
interconversion, correlating with the increase in intermolecular
contacts encountered under self-crowding conditions. This
combination of experimental NMR and molecular simulation
provides unique new insight into the modulation of the
dynamic behavior of IDPs in dilute and dense phases.

B RESULTS

Identification of a Model System for Studying IDP
Dynamics in LLPS. As a model to study protein conforma-
tional and dynamic behavior in the dense phase, we identified
the disordered domain of measles virus nucleoprotein from
401 to 525 (Npay ) which phase separates upon mixing with
PEG10000 solution and forms a biphasic colloid solution. This
phase evolves to a two macro-phase solution: one rich in Ny,
that is yellow and dense and the other with a low Npup
concentration. The colloid solution was imaged using
fluorescently labeled Nr,y, revealing that Nr,y is concen-
trated inside droplets, while the surrounding solution shows
negligible fluorescence (Figure 1A), indicating low Nrpap
content. 10% of the amino acids in Ny, are arginine (Figure
1B), although there are only three aromatic residues. The
liquid nature of Nrp,y condensates is shown by FRAP,
demonstrating exchange between the two phases (Figure 1C).

As phase separation is only observed in the presence of PEG,
we first studied its distribution using NMR spectroscopy. As
shown from 'H NMR, the presence of PEG in the dense phase
was minor, indicating that it is excluded from the dense phase
(Figure S1). These results suggest that only Ny, is required
for phase separation, possibly forming a self-scaffold, while
PEG acts as a trigger, possibly by replacing water and helping
the system to reach a critical water volume fraction.

Phase Diagram of Ny, in Dilute and Dense States.
The phase diagram was established following published
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approaches.”® Calculated Ny, concentrations as a function
of salt and temperature are presented in Figure S2. The phase
diagram has an upper critical solution temperature; the highest
protein concentration was estimated to be 38.9 mM
corresponding to 584 mg/mL at 288 K and 118 mM NaCl
Under these conditions, approximately 42% of the volume
fraction is solvent (corresponding to 23.3 M). The protein
fraction decreases in the dense phase as salt concentration
increases, and the volume of the dense phase changes. Using
fluorescence microscopy, we observe that increasing NaCl
concentration progressively dissolves droplets (Supporting
Information Figure S3).

The phase diagram was fitted to the Flory—Huggins model
at different NaCl concentrations. The results are plotted
together with experimental data in Figure S4. y shows
universally positive values, corresponding to an attractive
interaction promoting phase separation. Comparison of
entropic and interacting components using this simple
comparison (assuming negligible changes in conformation)
confirms thermodynamic promotion of demixing under our
experimental conditions.

NMR Spectroscopy of the Ny, in the Dense Phase. In
order to examine changes in conformation due to con-
densation, we have compared the chemical shifts of Ny, in
the dilute and dense phases. Single dense macroscopic phases
were produced for NMR measurement comprising 10%
SN—'3C-labeled Nrpu; and 90% of unlabeled Nrpuy (see
Materials and Methods) (Figure 1D). Comparison of “N
HSQC spectra reveals that almost all peaks observed in dilute
Nrap (300 yM) are present in dense phase spectra (Figure
1E) apart from the region between 488 and 499, which
corresponds to a helical element that is known to be populated
to >80% for a stretch of 6 contiguous amino acids in the dilute
phase. The absence of this region may be due to slow tumbling
or its involvement in interactions that are important for phase
separation. *C backbone resonances are also very similar in
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Figure 2. Experimental *°N relaxation rates of Ny in the dilute phase, under crowding conditions not-inducing phase separation. Longitudinal
(R,) and transverse (R,) autocorrelated relaxation, transverse cross-correlated DD/CSA (77,,), and heteronuclear {'H}—"*N nuclear Overhauser
enhancement (nOe) measured at two magnetic field strengths (600 and 850 MHz) as a function of viscogen concentration (PEG10000). Red bars
show the experimental rates, and blue lines show values calculated using a simultaneous model-free fit of all data. Additional R, and nOe were
measured at 700 MHz in the absence of crowder and used for cross-validation. These values are shown in Figure S7.

the dilute and dense phases (Figures S5 and S6), with only
three amino acids in the C-terminal region (*'*YND’¥)
showing continuous differences, uniquely in the C’ chemical
shifts of the dense phase. We do not know the origin of these
localized differences, although they may be due to
intermolecular interactions in the dense phase. The remainder
of the protein exhibits remarkably similar chemical shifts, as
has been observed for a number of phase-separated
[DPs, 202526

NMR Relaxation of N, in the Dilute Phase and in
Crowded Conditions. In order to describe the conforma-
tional dynamics of Ny, '°N backbone relaxation rates of the

10551

130 amino acid protein were measured. Transverse (R,),
longitudinal (R,), cross-relaxation (heteronuclear nOe), and
transverse cross-correlated dipole—dipole/chemical shift aniso-
tropy (CSA) cross-relaxation (7,,) were measured at 600, 700,
and 850 MHz in the dilute phase and at 600 and 850 MHz at
0, 37.5, and 75 g/L PEG concentrations (Figure 2), at which
Nrap, demonstrably does not phase separate. The presence of
the helical region is evident, while maxima in the profile of the
heteronuclear nOe reveal more ordered regions at **RVKQ**
and *°SYR®2, The remainder of the protein exhibits classical
relaxation characteristics of an IDP.

https://doi.org/10.1021/jacs.2c13647
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Model-Free Analysis of Ny, in the Dilute Phase. The
correlation function was modeled as described previously' >’
using three components represented by distinct exponential
time constants whose relative amplitude A, are governed by
Zk A, =1, correlating the timescales of the dynamics of

intermediate and slow timescale motions (7;) in buffer and
under the two crowding conditions with the nano-viscosity of
the surrounding solvent as determined from 'H relaxation of
water.’" This analysis, which has recently been applied to the
related NT from Sendai virus nucleoprotein and the disordered
domain of MAP kinase MKK4, allows us to determine
characteristic timescales, and the relative amplitude of their
contributions to the angular correlation function, throughout
the primary sequence. 20 experimental rates from 600 to 850
MHz were fitted for each site in the protein (reproduction of
experimental rates is shown in Figure 2). Relaxation rates at
700 MHz that were not used in the fitting step were compared
to values back-calculated from the model. Experimental values
are predicted within experimental error, cross-validating the
analysis (Figure S7). The distribution of fast (A, 7,),
intermediate (A, 7,), and slow (A;, 7;) timescale motions
(Figures 3 and S8) resembles recent analyses of multi-field
relaxation data from other IDPs at 298 K, with fast motions
occurring on timescales of approximately 50 ps, intermediate
motions on timescales around 1 ns, and the slowest
component varying between 5 and 10 ns as a function of

A T1 0.08 |+
(ns) 0-06 1
0.04 E
0.02 E

400 420 440 460 480 500 520
Primary Sequence

Figure 3. Model-free analysis of dynamic behavior of Nr,y as a
function of viscosity. 20 relaxation rates were fitted to eqs 7a and 7b
using eq 8 to relate data measured in the presence of different
concentrations of viscogen. 8 parameters were optimized for each
SN—"H spin pair (&3, &, T30 Tooor 71y 0) Ay, and A;—see Materials
and Methods). (A) Residue-specific correlation times of the fast
motional mode (7;). (B) Residue-specific correlation times of
intermediate, backbone motions (z,). 0 (dark green), 37.5 (green),
and 75 g/L PEG10000 (light green). (C) Residue-specific correlation
times of segmental backbone motions (7;). 0 (dark red), 37.5 (red),
and 75 g/L PEG10000 (light red). (D) Distribution of the residue-
specific amplitudes of the different motional modes (A;—blue, A,—
green, A;—red).

viscogen concentration. The viscosity coefficients follow a
similar pattern compared to disordered NT and MKK4
domains,®" with coefficients of intermediate and slow timescale
motions separated by approximately a factor of three (Figure
S8), a difference that we have interpreted in terms of the
dimensions of the reorienting moiety (individual peptide plane
and multi-peptide segment, respectively). The amplitudes of
the slowest motions are dominated by the helix and to a lesser
extent a highly charged segment “**KEDRRVK** (Figure S9).
The angle between CSA and dipolar tensors was well defined
(26.5 + 2.2)° over the protein, again reproducing the range
estimated from similar analysis of NT and MKK4 disordered
domains. These site-specific values were incorporated in the
analysis of dense phase relaxation data.

NMR Relaxation of N, in the Dense Phase.
Relaxation data were measured at the same magnetic field
strengths in the dense phase (Figure 4). Although the absolute
values are very different compared to those measured in the
dilute phase samples, the distribution of values along the
sequence shows some similar features. For example, increased
heteronuclear nOe and transverse relaxation rates appear in the
same segments of the protein in both phases (around 439 and
451). Predominantly hydrophobic sites in the terminal regions
of the protein show relatively higher transverse relaxation rates
in the dense phase compared to that in the dilute phase, for
example, H6RTH7 HQVHT | and SOIVYSS, indicating that,
unlike in the dilute phase, fast and intermediate motions are
partially damped in the highly flexible termini, thereby allowing
slow motions to contribute more significantly to relaxation.

Model-Free Analysis of N, in the Dense Phase. A
model-free analysis of the backbone dynamics of N,y in the
dense phase (Figure S, data fits in Figure S10) was performed
on the basis of these experimental data. A systematic
discrepancy between R, and 7,, was noted when both were
included in the target function, with 7,, overestimated and R,
underestimated, suggesting a small contribution from ex-
change. We therefore removed R, from the analysis and
compared to the value calculated from the fit of the remaining
rates that are not sensitive to such exchange processes. The
minor but systematic difference between calculated and
experimental R, at the two fields supports the existence of a
small exchange contribution, with a weak field dependence
throughout most of the protein (Figure $10), suggesting a slow
or slow-intermediate timescale. Intriguingly, this apparent
exchange contribution has maxima in the vicinity of arginine
residues. It may be relevant that a similar slow exchange
contribution was more quantitatively identified in the dense
phase formed by the protein ddx4." Off-resonance rotating
frame relaxation was not measured as in the ddx4 study;
however, we have measured N relaxation dispersion in the
dense phase, which would be sensitive to exchange events
occurring on timescales in the millisecond to hundreds of
millisecond regime, and see no evidence of intermediate
exchange (Figure S11). Although the limited number of
individual rates included in the model-free analysis of the
dense state precludes detailed cross-validation, removal of 7,
measured at 600 or 850 MHz from the analysis and fitting to
the remaining data sets predicts measured values within 5%
accuracy, attesting to the overall coherence of the two data sets
(Figure S12).

The model-free analysis reveals significant differences both
in the correlation times of the different components and their
amplitudes, compared to the dilute phase. The correlation time

https://doi.org/10.1021/jacs.2c13647
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Figure 5. Model-free analysis of dynamic behavior of N1,y in the dense phase. Relaxation rates were fitted to eq 7a. S parameters were optimized
for each N—"'H spin pair (7, 7y, 73, A, and A;). In all cases, error bars represent the uncertainty in the dynamic parameters as estimated from
Monte-Carlo noise-based least squares analysis respecting 95% confidence limits. (A) Residue-specific correlation times of the three motional
modes. 7, (fast)—blue, 7, (intermediate)—green, 7; (slow)—red. (B) Residue-specific amplitudes of the three motional modes. A, (fast)—blue,
A,—(intermediate) green, A; (slow)—red. The amplitudes of the three motional modes characterizing the dilute state (Figure 3D) are shown as
dashed lines for ease of comparison. (C) Comparison of the product A,y in the dilute (blue) and dense (red) phases.

of the fastest component, shown to sample values tightly
distributed around S0 ps throughout the protein in the dilute
phase, independently of temperature and viscogen concen-

tration, systematically falls in the 100—200 ps range in the
dense phase. Intermediate timescale contributions sample
values in the range of 1.5 ns, compared to the dilute phase
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values around 1 ns. The slower contribution is considerably
longer, sampling timescales over 20 ns, compared to 5—10 ns
in the dilute phase (Figure S8). Perhaps most remarkably, the
amplitudes of the different components (4, A,, and A;) are
drastically redistributed, with fast motional amplitudes being
considerably more restricted in the dense phase. As a result,
the residual contribution to the correlation function,
representing all detectable slower motions, is significantly
larger. Notably, the product A;7; is more than an order of
magnitude higher for the dense with respect to the dilute phase
(Figure S).

We note that attempts to quantify the nano-viscosity within
the dense phases by measuring the R; of water were
unsuccessful, due to a strong magnetic field dependence of
the measured rate, most likely due to additional exchange
effects contributing to the measured rate.”> ™%’

MD Simulation of Dilute Solutions of Nyp,. In order to
further investigate the physical origins of the model-free
parameters, we turned to MD simulation.”® We initially
compiled an ensemble of trajectories of free Npuy in the
dilute phase, using the ABSURD genetic optimization
algorithm, as previously applied to NT. 30 trajectories of 200
ns were calculated using different starting structures from an
ASTEROIDS-derived ensemble, selected to be in agreement
with experimental chemical shifts and residual dipolar
couplings.sg’70 ABSURD reweighting was performed against
R, rates measured at 850 MHz proton frequency using 100 ns
segments of all calculated trajectories.

Improvement in the agreement with experimental data is
observed for each rate measured that was not included in the
target function for selection, as has greviously been observed
for other proteins (Figure $13).°”°* This ensemble of
trajectories is taken to represent the nanosecond dynamic
behavior of the ensemble of states that are interchanging on
timescales significantly faster than the chemical shift exchange
limit (milliseconds) and therefore to provide the best
description of the dynamic behavior experienced in the dilute
state. Chemical shifts are still reproduced by the selected
trajectories in a similar manner to the original ASTEROIDS
ensemble (Figure S14).

MD Simulation of Highly Concentrated Solutions of
IDPs. In order to simulate the conditions experienced by IDPs
in the dense phase, we first needed to create conditions that
reproduce the level of crowding likely to be present in this
phase. Although important progress has been made in the
development of methodologies to describe the behavior of
IDPs in liquid droplets using coarse-grained models,"*””"7*
which vastly extend accessible timescales, we decided to retain
the atomic resolution of so-called all-atom descriptions,*® to
allow for the calculation of NMR relaxation rates, as well as
maintain water—protein interactions of force field combina-
tions that we have previously validated against experimental
data in the dilute state.”* In order to retain the conformational
sampling that gives rise to the experimentally measured
chemical shifts, we used conformers from the ASTEROIDS
ensemble and placed them in a box, avoiding steric clashes
with neighbors, until the target concentration was attained. In
this way, between 125 and 343 copies of N,y were placed in
boxes representing S, 14, and 20 mM concentrations (Figure
6) (packing at higher concentrations of protein was
challenging, and this range was considered sufficient to detect
concentration-dependent traits). Water and charge-neutralizing
counter jons were added once the box had been prepared.

Figure 6. Representation of the starting boxes for self-crowding all-
atom MD simulations. (A) 125 molecules of Ny, randomly selected
from the ASTEROIDS ensemble derived from experimental chemical
shifts and residual dipolar couplings, representing a concentration of 5
mM. (B) 343 molecules of Nrp,p randomly selected from the
ASTEROIDS ensemble derived from experimental chemical shifts and
residual dipolar couplings, representing a concentration of 20 mM.

Simulations were performed for 200 ns using the same force
field as for the dilute phase, except for the 20 mM conditions
where 500 ns were used to allow for better sampling of the
slowest motions.

BC chemical shifts calculated over all trajectories and all
copies of the protein demonstrate that the conformational
sampling does not significantly differ from that found in the
dilute simulation and experimentally (Figure S14). The
average dimensions of the proteins comprising the dense
phase ensemble closely resemble those from the ASTEROIDS
ensemble (Figure S15), and the average dimensions of the
ensemble of proteins remain stable as a function of time in
each of the dense phase conditions (Figure S16). In order to
compare to experimental conditions, relaxation rates were
calculated from the average angular correlation functions
calculated for proteins in each box. We note that these rates are
statistically highly robust, as they are averaged over an
unusually high number of copies of the protein. Examples of
autocorrelation functions from the dilute and most concen-
trated phase simulations are compared in Figure S17.
Simulated relaxation rates are compared to each other, and
to experimentally determined rates, in Figure 7. The highest
concentration simulation exhibits a similar underlying shape
with respect to sequence for the predicted J(0)-sensitive rates
(R, and ny) compared to the experimental rates from the
dense phase (neither exhibit the often observed bell-shaped
distribution of transverse relaxation often found in the dilute
phase”®), apart from spikes in the experimental data that are
present at both magnetic field strengths.

The same simulation is also broadly consistent with the
distribution and range of the heteronuclear nOe at both
magnetic field strengths. R, is in less good agreement, with
experimental values, rather coinciding with the simulation of §
mM Ny, suggesting that intermediate timescale motions are
less accurately captured by the self-crowded simulations
compared to the other two components.

Simulated relaxation rates were used to apply model-free
analyses under the three conditions. The slow motional
amplitude, A; from the most crowded simulation closely
reproduces both the sequence-dependence and the absolute
experimentally determined values, while A; decreases with
increasing concentration, mirroring observed difference
between model-free parameters corresponding to dilute and
dense phase experimental data (Figure 8). We have examined
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Figure 7. NMR relaxation rates derived from MD simulation as a function of self-crowding. (A) Solid lines show spin relaxation rates at 600 MHz,
calculated from MD simulations representing: blue—dilute (1 isolated copy of Ny, ) from ABSURD analysis, light blue—S5 mM box (relaxation
rates averaged over 125 copies over 230 ns), orange—14 mM box (relaxation rates averaged over 125 copies over 230 ns), and red—20 mM box
(relaxation rates averaged over 343 copies over 500 ns). Dotted lines represent experimental rates measured in the dilute (blue) and dense (red)

phases. (B) As in (A), for rates simulated and measured at 850 MHz.

the origin of this phenomenon using a similar analysis to an
interatomic contact-model, previously demonstrated to predict
fast-motional order parameters in folded proteins,”* whereby
spatial restriction is calculated for each available conformation
sampled over the trajectory (see Materials and Methods). The
distribution of the number of intramolecular contacts across
the sequence (Figure 8) shows very similar features to the
amplitude of the fast motion (presented here as 1 — A,)
determined from the autocorrelation functions as a function of
concentration and, in particular, exhibits the same tendency of
increasing motional restriction as a function of protein
concentration in the simulation (correlation plot is shown in
Figure S18). This indicates that the experimentally observed
reduction in fast motional amplitude results from an increase
in intermolecular contacts, reflecting the increased density of
heavy atoms, or intermolecular entanglement, in the vicinity of
the observed backbone amides.

B DISCUSSION

The importance of the phenomenon of protein condensation
for a multitude of physiological and pathological intracellular
processes is now generally recognized, underlining the
importance of developing a physical understanding of the
dynamic nature of these highly concentrated, yet fluid
functional environments. In this study, we used extensive
NMR relaxation measurements to compare the dynamic
behavior of Np,p, a 125aa IDP, in dilute and dense liquid
phases. While N,y is treated here as a model system, phase
separation of measles virus nucleoprotein in the presence of
the viral phosphoprotein is suggested to be implicated in viral

replication, allowing for genome encapsidation within these
condensates.'” In order to distinguish the effects of inert
crowding from condensation, we also investigated the response
of Npayp to increasing viscogen concentration under non-
phase-separating conditions, and exploited extensive MD
simulations, mimicking concentrations experienced in the
dense phase, providing new insight into the physical origin
of the observed dynamic parameters.

Although the absolute values of transverse relaxation data
measured along the sequence of Ny, in the dense phase are
significantly different from those measured in dilute and weakly
crowded conditions, the profile is maintained to some extent.
Ry, 11,5y and nOe exhibit similarly placed maxima and minima in
both dense and dilute phases, with peaks concentrated around
stretches of charged residues containing single hydrophobic
residues (**RRVK*!' and *ESYRE*?) and a trough around
the less-bulky sequence (*’SESS*?) (Figure S9). These
similarities reproduce similar observations on the protein
Caprinl®”* and tend to suggest that the physico-chemical
characteristics underlying the dynamic behavior of the chain
are not entirely remodeled in the dense state. Nevertheless,
additional maxima are also observed in the dense phase around
hydrophobic sequences, in particular **FLH** and *'"VYN®"?,
possibly suggesting the existence of additional intermolecular
contacts involving aromatic residues that are unique to the
droplet form. We also note the striking absence of tapering of
relaxation rates toward the termini of the sequence that is very
often seen in IDPs in solution'® (and in Nipu;, as shown
above). This indicates that high-amplitude fast motions,
termed whip-lash motions in the studies of polymer
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Figure 8. MD-derived interatomic contacts correlate with fast
motional amplitudes. Top: Fast motional amplitudes (1 — A;)
derived from the model-free analysis performed on the rates extracted
from MD simulations performed as a function of protein
concentration (orange—14 mM, light blue—S mM, dark blue—
dilute, the latter is derived from the ABSURD-derived ensemble of
trajectories). Bottom: Contact model derived from the same
trajectories (calculated from eq 2).

dynamics,” are strongly restricted in the dense phase
compared to the dilute state and compared to dynamics
observed in the presence of viscogen. We also note the
presence of an apparent contribution to R, from conforma-
tional exchange, which appears to be in the slow regime on the
NMR time-scale (100 ms to seconds, in view of the static field
dependence), and that this contribution shows maxima in the
vicinity of charged residues (***R, *’RRVK*", and **’DR*").

In order to interpret the experimental relaxation data in a
more quantitative manner, we turned to the model-free
approach that models the reorientational autocorrelation
function of the relaxation active interaction (in our case
characterized by the reorientation of the N—H bond vector) in
terms of the sum of exponentials representing independent
motional modes. Using this approach, the characteristic
correlation times of the different exponential components are
determined, as well as their relative contributions to the
autocorrelation function. We, and others,>>*""°! have
established and calibrated the validity of the amplitudes and
timescales determined from such an approach for the
description of IDP dynamics, also comparing to molecular
simulation where possible.”*”%>~*7% Using extensive cross-
validation for three independent IDPs, we have demonstrated
the predictive nature of the approach, which is capable of
accurately simulating independent relaxation rates, separate to
the fitted data. Analysis of temperature-dependence of the
resulting timescales and amplitudes of the modes, and as a
function of molecular crowding, convincingly identifies three
(fast, intermediate, and slow) components as librational,
backbone conformational sampling and chain-like or segmental
motions, respectively.sg’é1 While motions of IDPs on these

timescales are potentially much more complex than can be
captured by three such generic modes, the proven ability to
predict both higher and lower frequency relaxation data,”” and
the coherence of the resulting physical insight, offers
convincing arguments to apply this approach to the current
comparative study. Indeed, using extensive statistical testing,
we have tested the validity of the model, demonstrating the
necessity of three dynamic modes to explain experimental data
and also showing that additional modes are not statistically
required.

Model-free analysis of the multi-field experimental relaxation
data measured from N,y in the dilute and under weakly
crowding conditions mirrors previous analyses of IDPs under
similar conditions.””®" Fast motional timescales do not evolve
as a function of crowding and have a characteristic time
constant of approximately 50 ps. Intermediate timescale
motions occurring around 1 ns and slower timescale (10 ns)
chain-like motions exhibit very similar viscosity coeflicients
compared to Sendai NT and MKK4,%" with the timescale of
the slowest, segmental component again increasing faster than
the intermediate component, a phenomenon previously
assigned to the difference in dimensions of single peptide
units and multi-peptide segments. The amplitude of the three
components does not change as a function of viscogen
concentration. Model-free analysis of the dynamics occurring
in the dense phase reveals significant differences, including a
notable slowing down of timescales associated with all three
components of backbone motion, and a strong redistribution
of their respective amplitudes. In an inversion of the
distribution seen under dilute or weakly crowded conditions,
fast, librational motions, occurring on timescales around 200
ps, now have the smallest amplitude, while slower segmental or
chain-like motions dominate the correlation function. In order
to further investigate the molecular origin of the apparent
impact of self-crowding on the nature of dynamics within the
dense phase, we ran a series of MD simulations at
concentrations increasingly approaching those experienced
under experimental phase separated conditions.

The creation of initial conformations for MD simulations of
the dense phase is challenging, requiring the replication of
known conformational sampling, as exemplified by the
observed chemical shifts, while reproducing such high
concentrations. Overall, the components of the ensemble
should sample the appropriate structural heterogeneity while
fitting sterically within the necessary volume. In order to
achieve this aim, we used members of a conformational
ensemble selected using the ASTEROIDS approach and filled
the simulation boxes using random selection of conformers
until the required concentration was achieved. The reproduc-
tion of experimental chemical shifts by the self-crowded
simulations attests to the validity of the local conformational
sampling within these self-crowded trajectories.

Although the aim of the simulation is not to reproduce
phase separation, these calculations can provide important
insight into the impact of self-crowding on IDP dynamics. In
particular, 230 or 500 ns simulations provide enough sampling
for converged correlation functions describing motions with
timescales up to 25 or 30 ns, and the large number of
molecules in each simulation (between 125 and 343
independent trajectories) delivers unprecedented statistical
robustness for each spin pair.

Comparison of simulated relaxation rates from dilute to
most concentrated conditions shows similar trends to differ-
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Figure 9. MD simulation of self-crowding reproduces global dynamic features of Ny, in dilute and dense phases. (A) Residue-specific comparison
of dynamic parameters of N,y in the dense phase from simulation (blue, parameters calculated from 343 copies of the protein comprising the 20
mM simulation) and experimental data from the dense phase (red). The product A;r; defines the extent of the slowest component, 7, the
intermediate timescale motion, and A, and A, the amplitude of the intermediate and fast timescale motions, respectively. (B) Residue-specific
comparison of dynamic parameters of Ny in the dilute phase from simulation (blue, parameters calculated from the ABSURD-derived ensemble
of trajectories describing the dilute phase) and experiment (red). The product A;r; defines the extent of the slowest component, 7, the
intermediate timescale motion, and A, and A, the amplitude of the intermediate and fast timescale motions respectively.

ences observed between experimental data measured in dilute
and dense phases, as summarized in Figure 9. Indeed model-
free parameters derived from the simulations reproduce the
overall distribution of dynamic parameters derived from
experimental observations and in many cases the sequence-
dependent variation of motional amplitudes and timescales.
For example, glycine, serine, and alanine-containing regions
flanking the a-helix (*’TASESS*?) and (**”GSDT*"?) clearly
exhibit higher flexibility (lower A;) in both simulation and
experiment.

Interestingly, A, decreases throughout the sequence as the
concentration of the IDP increases, mirroring experimental
differences between dilute and dense phases. Calculation of
local contacts for each amide group suggests that the restricted
order measured as a function of self-crowding, at least in part,
results from the extensive intermolecular contacts with
neighboring molecules. As noted above, this is not observed
in conditions of inert crowding, either here or in our recent
study of two other IDPs,°' suggesting that self-crowding of
IDPs, as experienced in liquid droplets, involves enhanced
intermolecular entanglement and even self-solubilization,
involving very close intermolecular contacts. Simulations of
the most crowded conditions broadly reproduce the range of
experimental R, and nOe but provide a poorer reproduction of
experimental R, which are systematically higher in the dense
phase, suggesting that the impact of self-crowding on
nanosecond motions is not as accurately represented in this
series of simulations as the faster and slower components. It is
possible that the true intermolecular interactions that stabilize
the droplet involve complex correlated nanosecond and supra-
nanosecond motions. Indeed, at this level of protein
concentration and entanglement, it seems highly likely that
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both intermediate and slow motional components comprise a
significant component of longer-range collective dynamics.

B CONCLUSIONS

We have compared the dynamic properties of an IDP that
undergoes LLPS under dilute, crowded and phase-separated
conditions using a combination of experimental and simulation
approaches developed to understand the physical origin of
NMR relaxation of IDPs. Despite barely impacting local
backbone dihedral sampling of the free energy landscape of the
protein, formation of the dense liquid phase nevertheless has a
major impact on its dynamic properties. We observe a
systematic slowing down of all three previously identified
dynamic contributions, reporting on librational fluctuation,
backbone dihedral angle dynamics and segmental or chain-like,
and possibly collective dynamics. In addition to this overall
lengthening of characteristic timescales, the relative amplitudes
of the distinct components are also strongly affected by phase
separation, with fast fluctuations being significantly restricted
compared to both dilute and viscogen-crowded environments,
suggesting that inter-molecular entanglement in the highly
concentrated environment is responsible for restriction of rapid
fluctuations. Overall, the combination of NMR relaxation and
molecular simulation in increasingly self-crowded environ-
ments reproduces the overall features of the experimental
dynamic parameters and provides new insight into the
transformation of the dynamics of IDPs in biomolecular
condensates.

B MATERIALS AND METHODS

Protein Preparation. The Ny, domain (residues 401—525) of
the nucleoprotein of Measles virus was cloned into pET22b with an
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N-terminal 6His-tag and transformed into Escherichia coli BL21
(Novagen) for expression as described.'” Briefly, the protein was
expressed in E. coli Rosetta TM(IDE3)/pRARE (Novagen). Cell
cultures were incubated at 37 °C until reaching an optical density of
0.6 and then at 20 °C overnight after induction with 1 mM isopropyl-
b-p-thiogalactopyranoside. After cells were centrifuged at 5000 rpm
for 20 min, pellets were resuspended in lysis buffer (150 mM NaCl,
20 mM Tris-HC, pH 8.0) sonicated and centrifuged again at 18,000
rpm for 50 min. Proteins were subjected to nickel affinity
chromatography and eluted with the lysis buffer containing 500
mM imidazole. The resulting solution was concentrated and subjected
to size exclusion chromatography (SEC, Superdex75) in NMR buffer
(150 mM NaCl, S0 mM sodium phosphate pH 6.0, and 2 mM
dithiothreitol).

Establishment of the Phase Diagram of Ny, Condensation.
Protein was mixed with PEG10000 solution at various NaCl
concentrations, so that final Ny was 300 yuM and PEG 200 mg/
mL. PEG and protein solutions were gently mixed by pipetting until
homogeneous turbid solution was obtained. The dense phase was
sedimented down by incubating tubes overnight in a PCR machine at
the given temperature and briefly sedimented at 11,000 rpm. Volumes
of both phases were measured, and then protein concentration was
measured in the presence of guanidinium chloride. The dense phase
was diluted 40 times before measurement and the dilute phase twice.
This procedure was performed at four temperatures (282, 288, 298,
and 308 K) and four NaCl concentrations (118, 181, 244, and 377
mM NaCl).

The phase diagram was fitted to the Flory—Huggins model at
different NaCl concentrations using the expression for the energy of
mixing

¢ Ing + 1_Cbln(l - @)+ xp(1 - )

Nran 'solvent

AE, = kT

(1)

where ¢ is the volume fraction of the protein in the dense phase, N
the polymer length, assuming that Ny = 130, the number of amino

acids and N = 1, and y the interaction parameter.

Protein concentration was measured using nanodrop; three
measurements for each sample were recorded and averaged.
Extinction coefficients € = 2980 M~ cm™ were used to determine
concentrations from absorbance at 280 nm. Protein density of 1.35 g/
cm®”® was used to calculate the volume fraction of the protein in both
phases.

The impact of crowding on the dynamic behavior of N,y was
measured using PEG concentrations that lie in the dilute region of the
phase diagram (0, 37.5, and 7S g/L PEG).

Fluorescence Microscopy. Fluorescence imaging and FRAP of
fluorescein-labeled Ny, were performed with an Olympus IX81
spinning-disk confocal microscope equipped with a Yokogawa
CSUX1 spinning disk head and diode-pumped solid-state lasers 488
nm (50 mW Coherent Sapphire). Emission light is filtered through a
520(28) nm filter; acquisition is performed with an iXon Ultra
EMCCD (Electron Multiplying Charge-Coupled Device) (Andor)
512 X 512 pixel camera. FRAP was restricted to a region of interest,
defined graphically, with a galvanometric FRAP/PA device (Andor)
using the same lasers used for imaging with AOTF (Acousto-Optic
Tunable Filter) 15% and with a dwell time of S0 ms for 10 repeats
before bleaching and with a 2 s interval for 40 repeats after. The laser
power and the dwell time during bleaching were optimized to bleach
50% of the initial fluorescence intensity. Images were analyzed using
FIJI and python plugin ImageFRAP (https://imagej.net/Analyze
FRAP movies_with a Jython script); the recovery was fitted with a
single exponent.

Biomolecular Condensate Preparation for NMR. Mixtures of
13C,'5N-labeled and unlabeled Ny, (total concentration 2 mM,
diverse admixtures) and PEG10000 (concentration 400 mg/mL)
were mixed 1:1, inducing phase separation. The suspension was then
sedimented at 1000 rpm and 298 K for 3 h. During this time, small

droplets of dense phase present in the tubes coalesce into a single
large droplet at the bottom of the tubes. Approximately 80 uL of
dense N,y phase was obtained from approximately 4 mL of 2 mM
dilute phase solution and transferred into a 3 mm Shigemi tube using
a glass capillary and manual centrifuge. Use of the Shigemi tube helps
achieve a better static filled homogeneity (“shim”) during the NMR
measurements and results in narrower lineshapes in the 'H
dimension.

NMR Spectroscopy. NMR experiments were performed on
Bruker spectrometers operating at 'H frequencies of 600, 700, and
850 MHz. Spectra were grocessed using NMRPipe” and analyzed
using NMRFAM-Sparky.*”’ Relaxation rates were measured in NMR
buffer, in dilute (no crowder), crowded (37.5 and 75 g/L PEG)
samples, and in the dense phase, always at 298.1 K. “N R, {'H}-"*N
heteronuclear NOE and R,, (with a spin lock of 1.5 kHz) were
measured as described.*’ SN—'H CSA/DD transverse cross-
correlated (nxy) cross-relaxation rates were measured as described.®”
Relaxation delays for R; and R, in the dense phase were [0, 0.6, 0.08,
1.6,0.4,0.32, 0.1, 0.2, 0.6]s and [1, 15, 35, 120, 75, 22, 6, 15, 190]ms,
respectively (including repetition of one delay). R, ,r Was measured
using saturation recovery with 20 delays from 1 ms to 12 s. Data were
analyzed using NMRPipe and NMRglue.** SN relaxation dispersion
was measured in the dense phase at 950 MHz as previously
described,** using 14 points at CPMG frequencies between 31 and
1000 Hz with a constant-time relaxation delay of 32 ms.*®

Preparation of Boxes of Concentrated Proteins. Each box
was generated using dimensions calculated from the number of
proteins and the target protein concentration. Coordinates were then
defined for each box as a 3-dimensional grid, and a molecule of Ny
was randomly chosen and iteratively inserted at the given location
with a randomly chosen conformation from an ASTEROIDS
ensemble.”””® The process was repeated until no clash was found,
using reduced (0.15) van der Waals radii, between the new protein
and the already added proteins. Using this method, three boxes of 5
mM, 14 mM, and 20 mM were generated with a total of 125, 125, and
343 proteins, respectively. Water molecules and Na* and CI” ions
were then added in the box to neutralize the charges, and the system
energy was minimized using standard procedures from GROMACS.
Chemical shift calculation over the resulting boxes verified that the
starting configurations were in agreement with experimentally
measured backbone chemical shifts.

MD Simulation of Single Molecule of N;,, in the Dilute
Phase. The rectangular cuboid simulation boxes were composed by a
single Ny, construct with approximately 100,000 water molecules
with Na* and CI” ions corresponding to a salt concentration of 150
mM. 30 independent boxes were generated with a different protein
conformation randomly selected among a previouslﬁy derived
ASTEROIDS ensemble.”””® GROMACS version 2019.4% was used
to calculate the trajectories. Each box was subjected to an energy
minimization process using steepest descent with 10,000 steps
followed by 500 ps and 2 ns equilibration steps in the NVE and
NPT ensembles, respectively. The trajectories were calculated in the
NVT ensemble for 200 ns with a time step of 2 fs. The coordinates
were saved every 2 ps. CHARMM36m (C36m) was combined with
TIP4P/200S water as we have previously shown this combination to
yield good results for IDPs, including the homologous Ny, protein
from Sendai virus.”* Holonomic constraints were applied on the
hydrogen-heavy atom bond terms to remove fast modes of oscillation,
and a cutoff of 1.2 nm was used for the Lennard-Jones and
electrostatic interactions®” (this has been shown to exert negligible
impact on calculated relaxation rates®®). Particle-mesh Ewald
summation with a grid spacing of 0.16 nm was used to calculate
long-range electrostatic interactions.® Temperature coupling is
performed using velocity rescaling” with a time constant of 0.5 ps
and a temperature target of 298.15 K. During the NPT equilibration,
pressure was controlled with a target of 1.0 bar using a Parrinello—
Rahman pressure coupling performed with a time constant of 2 ps.”!

MD Simulation of Boxes of Concentrated Proteins. Prior to
production, each box was subjected to an energy minimization
procedure using steepest descent with 5000 steps followed by 20 ns
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NPT equilibration. Each trajectory was then calculated in the NPT
ensemble for 200—230 ns with a time step of 1 or 2 fs. The trajectory
calculated at the highest concentration (20 mM) was extended to S00
ns to help convergence of angular correlation functions of the slowest
motions. The coordinates were saved every 2 ps. Holonomic
constraints are applied on the hydrogen-heavy atom bond terms to
remove fast modes of oscillation, and a cutoff of 0.9 nm was used for
the Lennard-Jones and electrostatic interactions. Particle-mesh Ewald
summation with a grid spacing of 0.16 nm was used to calculate long-
range electrostatic interactions. In order to maintain stability in the
highly crowded solutions, temperature coupling was performed using
velocity rescaling” with a time constant of 100 ps and a temperature
target of 298K. During the NPT equilibration, pressure was controlled
with a target of 1.0 bar using a Berendsen pressure coupling
performed with a time constant of 20 ps.

Calculation of Spin Relaxation Rates. Spin relaxation rates
were calculated as described previously.> Briefly, for a set of
trajectories, rotational autocorrelation functions for the amide bond
vectors of each trajectory were calculated up to a maximum lag time
corresponding to half the length of the trajectory. A Tikhonov
regularization procedure was used to map the average of all the
trajectories for each residue onto a grid of 8192 timescales. The
associated spectral density function was then computed from the
obtained parameters. The resulting spectral density functions were
then used to compute all the relaxation rates at the wanted magnetic
fields using the conventional formulas (see below). For single protein
trajectories, each trajectory was segmented into three 100 ns segments
prior to analysis, and the Average Block Selection Using Relaxation
Data (ABSURD)®* procedure was applied as described previously
targeting R, rates measured at 850 MHz. We note that an ABSURD
analysis would only be appropriate for the concentration-dependent
study if multiple boxes had been simulated at each concentration,
which is outside the scope of currently available calculation.
Relaxation rates at each concentration are therefore calculated for
each member of the ensemble of conformers in each box and
compared as a function of concentration.

Radii of gyration were calculated using the standard GROMACS
gyrate command. Chemical shift prediction was performed using
SPARTA+.”> Spatial restriction was calculated for each N* amide i,
sampled over the trajectory using the following expression

1
+B|+ =

(1-A), = Stanh ctf il
- ;= —lan exp| ——
1/i ) /, P m )

,- @
where k is a variable parameter controlling the range of the distance-
dependent interaction, r; and m; represent the distance to the heavy
atoms (j) and their mass, and the sum is taken over all j atoms.
Equation 2 was calculated for each snapshot of the trajectories from
which the autocorrelation function was calculated and averaged. B and
C are adjustable parameters optimized to best agree with the entire
dataset.

Distances were calculated using the python library Pytraj. The
parameter defined by eq 2 for a given residue was averaged over time
and over all the trajectories. Heavy atoms that are at a distance of less
than 2.5 A from the edges of the box were not taken into account for
this calculation.

Modeling of >N Relaxation Rates. 'SN relaxation rates are
given by the known functions

h 2
L= BTN G — ) + (@) + 60y + )
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J(w) is the angular spectral density function at frequency w, h
Planck’s constant, u, the permittivity of free space, and @ the angle
between the principal axis of the CSA tensor (o — 6, = —172 ppm)
and the NH bond vector. ryy is the N—H internuclear distance
(assumed to be 1.015 A) and yy and yy are gyromagnetic ratios of
SN and 'H, respectively.

The correlation and spectral density functions are modeled as
described previously'® using three components represented by
distinct exponential time constants whose relative amplitudes A; are
governed by )} A, = L

C(t) = At
; ‘ (72)

and

w) = At/ W't}
J() § o/ (1 + o') ()

These data, from the dilute samg)les, were interpreted collectively
using a recently proposed approach®" correlating the timescales of the
dynamics of intermediate and slow timescale motions (7;) in buffer
and under the two crowding conditions with the nano-viscosity of the
surrounding solvent

7(C, T) = 7, (ep(C) + 1) (8)

p(C) = (nc - '70) /n, = (RI,C - RI,O) /R, is the solvent friction and
1o and R, are the viscosity and longitudinal relaxation rate of water,
R, and 7 are the longitudinal relaxation and viscosity at a given
crowder concentration. 7, is a pre-factor and & residue and mode-
specific friction coefficients that describe how a peptide chain with a
given primary sequence responds to increasing viscogen concen-
tration.

An optimization algorithm was written to fit data to the expressions
in eqs 3—6 using the definition of the spectral density function
associated with eqs 7a and 7b, minimizing the following function

SN (R - R
=% B )

Oy, exp

9)
for each residue i, where n refers to the different rates and m the
different conditions (e.g,, crowding). In the case of the combined fit
of Ny in dilute and low concentrations of PEG, 20 experimental
rates were fit to an 8-parameter (&3, &5, T3 00 To000 71y 0y Ay, and A;) fit
for each residue, where €, and ¢; are the viscosity coefficients of the
intermediate and slow timescale motional components, respectively,
Ty and 73 o, are their correlation times at infinite dilution. &, is set to
0 as in previous applications of this procedure.’’ These site-specific
derived values of 6 were used in the S-parameter (4,, 4,, 7, Ty, 73) fit
of dense phase data.

Errors were estimated using noise-based Monte-Carlo approaches,
and all presented data respect 95% confidence limits. Data-fitting
programs are available on request.
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