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ABSTRACT: Intrinsically disordered proteins (IDPs) contain more
charged amino acids than folded proteins, resulting in a lack of
hydrophobic core(s) and a tendency to adopt rapidly interconverting
structures rather than well-defined structures. The structural
heterogeneity of IDPs, encoded by the amino acid sequence, is
closely related to their unique roles in biological pathways, which
require them to interact with different binding partners. Recently,
Robustelli and co-workers have demonstrated that a balanced all-
atom force field can be used to sample heterogeneous structures of
disordered proteins (Proc. Natl. Acad. Sci. U.S.A. 2018, 115,
E4758—E4766). However, such a solution requires extensive
computational resources, such as Anton supercomputers. Here, we
propose a simple and effective solution to sample the conformational
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space of IDPs using a publicly available web server, namely, the UNited-RESidue (UNRES) web server. Our proposed solution
requires no investment in computational resources and no prior knowledge of UNRES. UNRES Replica Exchange Molecular
Dynamics (REMD) simulations were carried out on a set of eight disordered proteins at temperatures spanning from 270 to 430 K.
Utilizing the latest UNRES force field designed for structured proteins, with proper selections of temperatures, we were able to
produce comparable results to all-atom force fields as reported in work done by Robustelli and co-workers. In addition, NMR
observables and the radius of gyration calculated from UNRES ensembles were directly compared with the experimental data to
further evaluate the accuracy of the UNRES model at all temperatures. Our results suggest that carrying out the UNRES simulations
at optimal temperatures using the UNRES web server can be a good alternative to sample heterogeneous structures of IDPs.

B INTRODUCTION

Unlike folded proteins, intrinsically disordered proteins (IDPs)
exhibit many unique behaviors because of their biophysical
properties encoded in their amino acid sequences. IDPs are
typically composed of more polar and charged amino acids"”
but fewer hydrophobic residues. IDPs prefer to frequently
switch among conformers rather than folding into well-defined
structures. A previous study proposed the fly cast mechanism,’
noting that the flexibility of disordered proteins endows them
with greater capture radii, which speeds up their recognition of
specific binding sites. However, this advantage in structural
recognition, due to the structural flexibility and heterogeneity
of IDPs, poses a significant challenge in characterizing their

structures and exploring their biological functions. The Received: December 22, 2022 s
experimental techniques, such as X-ray Diffraction (XRD)," Revised:  February 6, 2023 s T
cryo-electron microscopy (cryo-EM),””” and integrative Published: February 24, 2023 ""\‘ff‘\

methods,®’ are designed to determine the stable folded
structures of proteins. Nuclear Magnetic Resonance (NMR),
small-angle X-ray scattering (SAXS), and fluorescence
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resonance energy transfer (FRET) are practical tools for
revealing structural information on some IDP systems,'’~"*
but the structural information is often not sufficient to
reconstruct the corresponding structural ensembles of IDPs.
Moreover, because of the significant fluctuations/variations in
structures of IDPs, it is difficult to generate one or a few
structures to represent the whole structural ensembles for
IDPs. Besides experimental methods, computational methods
can be a good alternative or a complementary tool for
exploring the structural ensembles of IDPs."*~'® Most of the
force fields designed for simulating proteins'’~"” are for folded
proteins and tend to yield structures deviating from actual
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states when used to simulate disordered proteins.”’ Recently,
Robustelli et al.>' have developed an all-atom force field, the
a99SB-disp, for both folded and disordered proteins. The new
force field was validated with extensive experimental data,
including the NMR data [chemical shifts (CS), residual dipolar
couplings (RDCs), J scalar coupling constants, paramagnetic
relaxation enhancements (PREs)] and radius of gyrations
(Rg). Compared with other popular force fields, the force field
a99SB-disp predicted structural properties reached a better
agreement with the experimental data for both folded and
disordered proteins. Despite all the progress made in building
all-atom force fields for IDPs** all-atom simulations still
require considerable computational resources to effectively
sample the conformational space of IDPs. Therefore, physics-
based coarse-grained force fields, such as the UNited RESidue
(UNRES) force field,”* ™ are useful tools to simulate IDPs. In
the UNRES force field, the geometry of peptide chains is
represented by two groups, the simplified side chain and the
peptide group. Besides the simplification of the representation
of proteins, the protein surrounding environment and all other
degrees of freedom have been integrated out and embedded
implicitly in UNRES energy equations when deriving the
potential of mean force corresponding to the UNRES
representation.”””” With all these simplifications, UNRES
can be used to sample conformational spaces for proteins. The
UNRES force field has been extensively used in protein folding
simulations®~*® and protein structural predictions in the
Critical Assessment of Methods of Protein Structure
Prediction (CASP) experiments.””*’~*' The release of the
UNRES web server’” has provided an easy access option for
the general public to use UNRES without prior knowledge and
with no commitment to computational resources.

In this work, we will benchmark the performance of the
UNRES force field for the simulation of IDPs using the
UNRES web server. Eight disordered proteins from a subset of
proteins used in the study of Robustelli et al,”' including the
ParE2-associated antitoxin PaaA2 (hereinafter called PaaA2),*
the Ny, domain of the measles virus nucleoprotein
(hereinafter called Ny ),** an intrinsically disordered region
from the Saccharomyces cerevisiae transcription factor Ashl
(hereinafter called Ash1),** drkN SH3,* Af40,"” ACTR,** the
cyclin-dependent kinase inhibitor Sicl (hereinafter called
Sic1),” and a-synuclein,”® were simulated. Replica Exchange
Molecular Dynamics (REMD)>"** simulations were used to
enhance the sampling of the conformational space of these
IDPs. UNRES results were then converted to all-atom
representations to make a direct comparison to both
trajectories generated by force field a99SB-disp (provided by
the D. E. Shaw group) and experimental data (provided by Dr.
Robustelli). The force field score function used by Robustelli
et al.”' was used here to calculate the score of the UNRES
force field. Compared with the a99SB-disp ensembles, the
UNRES trajectories reconstructed based on simulation
temperatures exhibited different structural similarities at
various simulation temperatures. The same situation happens
when comparing UNRES predicted experimental observables
with real measurements, yielding variable force field scores,
which suggests UNRES trajectories at different temperatures
display different degrees of similarity with experimentally
detected structures. This indicates that the choice of the
simulation temperature provides a simple solution to tune the
structural property and the predicted structural ensemble of
IDPs. In addition, our results indicate that the force field
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performance improves as the temperature increases until the
unique optimal temperature for the benchmark has been met,
which is partially related to the primary sequences and
compositions of proteins. These results suggest that the
UNRES force field can sample structures with different
compactness and secondary structure contents if a proper
temperature is used. In general, a high temperature, like 400 K,
is more favorable for the IDP simulation with the UNRES
model.

B METHODS

UNRES Force Field. The UNited-RESidue (UNRES) force
field*»**~*7°? is based on the potential of mean force (PMF)
of protein chains including the surrounding solvents. UNRES
uses a very simple description to represent the geometry of
protein chains to reduce the computational cost but still
maintain a reasonable accuracy. Each residue in a protein is
represented by two interaction sites, the side chain site and the
peptide group.”* All Ca atoms serve only as geometric points
to define the geometry of the protein chain. The contributions
of the surrounding solvent environment are embedded into the
UNRES energy equations during the process of deriving the
PME of the protein system. With such implicit consideration of
the solvent environment, it increases the simulation speed
significantly. With the recentlzr_ developed Maximum Like-
lihood optimization strategy,””>> UNRES can predict the
structures of proteins solely based on the physics-based energy
function. It should be noted that some energy terms are
temperature dependent.’® Temperature is one of the key
factors that can affect the energy predicted from conformers
and subsequently the sampled structural distribution. UNRES
also provides options to start simulations from either PDB
structures or a randomly generated structure based on an
amino acid sequence, which is essential for the simulation of
disordered proteins lacking structures deposited in the protein
database bank.

Apart from using UNRES to speed up simulations, enhanced
sampling methods, like Multiplexed Replica Exchange
Molecular Dynamics (MREMD)>"** simulations can effec-
tively sample large conformational space, which are essential
for IDP simulations. MREMD simulations,”” carried out at a
range of temperatures, enable the structural exchange between
parallel trajectories at different or same temperatures with a
particular probability. This is extremely important in the
sampling of the IDP structural ensembles by promoting the
escape of structures that are trapped in local minima. MREMD
simulations can cover a larger conformational space compared
to running regular Molecular Dynamics (MD) simulations
separately at multiple temperatures.”> In our work, the latest
version of the UNRES force field, the NEWCT-9P force
field,”® was used to sample the conformational space of eight
IDPs, PaaA2, Ny, Ashl, drkN SH3, A$40, ACTR, Sicl, and
a-synuclein. While MREMD simulations have been imple-
mented in UNRES, the simulations performed in this work
utilized one replica per temperature, thus appropriately
classified as REMD simulations, at 14 temperatures (270,
280, 290, 300, 310, 320, 330, 340, 35S, 370, 385, 400, 415, and
430 K) using the publicly available UNRES server’” (http://
unres-server.chem.ug.edu.pl). Pulchra® was used to convert
UNRES trajectories to all-atom trajectories. Hydrogen atoms
were subsequently added to the converted trajectories using
Rosetta scoring.”” Random structure generated by UNRES was
used as the starting structure for each protein, yielding a total
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Figure 1. A benchmark set of eight disordered proteins (PaaA2, Ny, Ashl, drkN SH3, A$40, ACTR, Sicl, and a-synuclein) was illustrated with
different chain lengths and fractions of charged residues. Proteins are colored in the rainbow scheme (the N-terminus in blue and the C-terminus in

red).

of 16000 snapshots with structures recorded every 10000 steps.
And all structures in the UNRES ensembles were used for
analysis.

Assessment of Structural Ensembles of UNRES
Simulation at Different Temperatures. The a99SB-
disp,”' an all-atom force field developed by Robustelli et al,,
has been validated with extensive NMR and Rg data, which
shows good agreement with experiments for disordered
proteins and simultaneously maintains accuracy for folded
proteins. Therefore, the structural ensembles sampled by the
a99SB-disp force field at 300 K can serve as the reference to
assess the performance of the UNRES/REMD simulations at
various temperatures. All structures in the all-atom ensembles
generated using the a99SB-disp force field at 300 K were used
for structural comparison. Structural properties, like root-
mean-square-fluctuation (RMSF), helical propensity, protein
contacts, and relative energy surfaces, demonstrate the
structural similarity between a99SB-disp ensembles and
UNRES ensembles, especially those UNRES ensembles at
high temperatures. In the contact map analysis, contacts were
assumed to be present based on the pairwise distances between
any heavy atoms of two residues (i, i + S with a cutoff of 5.5
A). The probability of contact formation during the trajectories
was used to make the contact map.

To further evaluate the performance of the UNRES model at
different temperatures in-depth, we also compared exper-
imental observables predicted from UNRES ensembles with
the previously reported experimental measurements. With the
reported a99SB-disp RMSDs against experimental observ-
ables,”' we have made a direct comparison of the performance
of the UNRES force field to the a99SB-disp force field.
Specifically, four parameters; NMR chemical shifts (CS),
residual dipolar couplings (RDCs), backbone *Jyny, scalar
coupling constants, and radius of gyration (Rg), are used to
assess the force field quantltatlvely Chemical shifts are
calculated with Sparta+.®’ RDCs are calculated with
PALES®*®’ using a local alignment window of 15 residues.”*
Backbone *Jinyq scalar coupling constants predicted based on
the Karplus equatlon6 96 are calculated with the MDTraj
software package.”” The mass-weighted Rg on all atoms are
calculated with the MDTraj software package.”” The following
score equations”’ are used to normalize the UNRES scores at
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various temperatures with the consideration of the reported
RMSDs of the a99SB-disp force field.”'

N

1 CS
CSScore = z
N = CSyom
i=1

_~Vrmsd

where CS,,q is the root-mean-square deviation (rmsd) of
UNRES/a99SB-disp predicted secondary chemical shifts
against the experimentally measured chemical shifts with the
subtraction of the random coil chemical shifts,”**” and CSy,,.,
is the minimum CS_,4 among UNRES simulations ranging
from 270 to 430 K and the a99SB-disp simulation,
corresponding to the most similar conformational space in
aspect of secondary chemical shifts. The normalized secondary
chemical shifts rmsd of atoms Ca, Ha, C’, N, Hy, and Cf are
averaged to obtain the total CSg,..
1
NMRScore = Z(RDCScore + ]Score)

where NMRg_,. is the function of normalized rmsd of RDC
and the backbone *Jiyy, scalar coupling constants. Here, the
scaled RDC Q-factor’’ is compared between the UNRES/
a99SB-disp ensemble and experimental values instead of RDC
rmsd. The normalized way for the scaled RDC Q-factors and
the backbone *Jy\y, scalar coupling constants is the same as
secondary chemical shifts. Additionally, when the averaged Rg
of the UNRES/a99SB-disp ensemble is within the range of
experimental error, Rgpe,, is equal to 0. Otherwise, Rgpepyity
will be calculated with the following equation.

R _ leexp - RgSunl - RgEq) error
gPenalty - R
8erp
CSScore + NMRScore
FFScore = ) +R Penalty

The force field score is defined with the rmsd of NMR
parameters combined with Rg penalty. The CS_, 4 RDC Q-
factor, and Rg for the a99SB-disp force field were obtained
from the previous work.”’ With the scores at different
temperatures, the optimal simulation temperature for each
IDP in the benchmark set can be eventually determined.
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Figure 2. Ashl structural similarity between UNRES and a99SB-disp ensembles. (A) RMSF and (B) helical fraction of Ashl UNRES ensemble at
400 K (black lines) and the a99SB-disp ensembles (red lines). Contact maps of Ash1 are obtained from the UNRES ensemble at 400 K (C) and the
a99SB-disp ensemble (D). Color bars in panels C and D indicate the frequency to form contacts between two residues in the corresponding
trajectories, with darker red indicating a higher tendency of contact formation.

B RESULTS

Eight intrinsically disordered proteins (IDPs) with various
chain lengths and disorder levels, including PaaA2, Nrp,y,
Ashl, drkN SH3, Ap40, ACTR, Sicl, and a-synuclein, as
shown in Figure 1, were widely used as benchmarks for force
field validation and parametrization.”"”'~”* Here, the UNited-
RESidue (UNRES) force field was evaluated using the above-
mentioned benchmark set by comparing the NMR parameters,
such as chemical shifts (CS), residual dipolar couplings
(RDCs), and backbone *Jyp, scalar coupling constants,
together with the radius of gyration (Rg) distributions,
predicted from UNRES to the corresponding experimental
data. The NMR parameters are reported to be highly sensitive
to proteins structures. For example, the chemical shifts are
widely used to characterize local structures of proteins and can
predict the secondary structures, the torsional angles, and the
protein flexibility.”* The backbone 3Jyy, scalar coupling
constants are related to the geometry of peptide chains. Based
on the empirical knowledge on J scalar coupling constants, the
Karplus equation can estimate ] scalar coupling constants from
structures.”> RDCs indicate orientations of internuclear vector
relative to the magnetic field”’® and thereby can provide
information for both the long-range and short-range contacts.
Previous work also proposed that RDCs observed in
disordered proteins are related to the local secondary
structures.”””’® Therefore, it is feasible to use the NMR
parameters as the criteria to validate the structural properties of
the benchmark set. Besides the NMR parameters mentioned
above, the radius of gyration (Rg), showing the overall

compactness of proteins, is also used to assess the structural
similarity.

Evaluation of the Structural Similarity of UNRES
Ensembles against a99SB-disp Ensembles. Structural
analyses, such as RMSF, helical fraction, contact map, and
relative energy surface analysis, were conducted to evaluate the
structural similarity between UNRES and a99SB-disp ensem-
bles. First of all, RMSF was performed to evaluate the flexibility
of the disordered proteins. As shown in Figure 2A and Figure
S1, we take the result of the Ashl ensemble from the UNRES
simulation at 400 K as an example. Fluctuations with a similar
magnitude can be achieved in the RMSF of disordered proteins
by adjusting the simulation temperature. We further analyzed
the secondary structures of the benchmark set. When the
simulation temperature is adjusted, the secondary structural
content changes accordingly. As shown in Figure 2B, Ashl
exhibits a similar helical probability between UNRES
simulations at 400 K and a99SB-disp simulation. In Figure
S2C, when the temperature is below 340 K and keeps
dropping, the protein’s structure in tendency of forming helix
in regions of residues, 4; and residue,, g, will deviate from the
a99SB-disp simulation, and the low-temperature UNRES
simulation tends to overestimate the stability of helices. The
weak local structural preference suggests structural similarity
and the characteristic low tendency for secondary structures. It
is interesting to note that, at 270/280 K, the helical fraction is
unexpectedly low. In general, as the temperature increases,
they begin to sample structures resembling those sampled with
a99SB-disp, as shown in Figure S2. We also compared the
contacts formed in UNRES and a99SB-disp ensembles. As
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Figure 3. Relative energy surfaces of Ashl UNRES and a99SB-disp ensembles projected onto radius of gyration (Rg) and end-to-end distance.

Table 1. Eight IDPs in the Benchmark Set and Their Amino Acid Compositions

Amino Acids
Proteins Temperature/K Length Hydrophobic Polar Negative Positive Net Charge

PaaA2 320 71 26 14 16 15 -1
N 385 132 49 38 23 25 2
Ashl 400 83 28 36 1 18 17
drkN SH3 41S 59 24 13 13 9 —4
Ap40 430 40 23 S 6 6 0
ACTR 430 71 33 19 13 6 =7
Sicl 430 92 41 40 0 11 11
a-synuclein 430 140 73 27 24 16 -8
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Figure 4. UNRES scores at temperatures from 270 to 430 K and a99SB-disp scores for the benchmark set.

observed in Figure 2C,D, Ashl exhibits similar contact
patterns, indicating that UNRES simulation can predict
structures resembling a99SB-disp ensembles. Contacts formed
at the N-terminus and C-terminus are of higher frequency than
contacts formed between residue;y_3, and residuegy_-.
Contact map analyses of the remaining IDPs in the benchmark
set can be found in the Supporting Information (Figure S3).

Additionally, we generated a relative energy surface
projected onto the radius of gyration and end-to-end distance.
As shown in Figure 3, the Rg and end-to-end distance
distributions of the Ashl UNRES ensemble (400 K) are in
good agreement with the a99SB-disp ensemble. Since the Ashl
a99SB-disp simulation generated 10 times more frames, as
shown in Figure 3B, the abundance of data points yielded a
clear energy basin. We can also see the structural preference for
the same region in the UNRES ensemble, as shown in Figure
3A. However, for some IDP UNRES/a99SB-disp ensembles,
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such as PaaA2 and a-synuclein, a clear deviation of the relative
energy surface was observed, as shown in Figure S$4.

Validation of the UNRES Force Field with Exper-
imental Measurements. Based on the calculated NMR
observable root-mean-square deviation (rmsd) and the Rg
penalty, the force field scores were calculated. With the force
field scores, we determined the optimal temperatures of
UNRES simulations for each IDP in the benchmark set, as
shown in Table 1. Subsequent structural analyses demonstrate
that structural ensembles yielded by UNRES simulations at the
optimal temperature are more similar to experimentally
detected structures than at other temperatures. The temper-
ature dependence of force field scores reveals that temperature
is a tunable parameter to produce a more reliable structural
ensemble using UNRES/REMD simulations. This work also
provides insights into the structural prediction of other
understudied disordered proteins of interest.
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The force field score assesses the similarity between
experimental observables obtained from UNRES ensembles
and experimental measurements by comparing the overall
compactness and local structural features. As shown in Figure
4, IDPs in the benchmark set have higher force field scores
(score 1 is comparable to the experimental data) at lower
temperatures; as the temperature increases, they begin to
sample structures with characteristics resembling experimental
states. For example, the UNRES ensembles of Af40, ACTR,
Sicl, and a-synuclein achieve optimal performance at 430 K.
But extremely high temperatures do not always yield the best
outcomes, because disordered proteins are not always
completely disordered; sometimes, they can form transient
secondary structures in some regions. If the simulation
temperature is very high, the sparsely populated local
structures will be destroyed, leading to structural deviation.
For example, PaaA2 reached the best outcomes at 320 K and
Nrap at 385 K, as observed in Figure 4. Consequently,
UNRES simulations at the optimal temperature strike a better
balance between the disordered character of IDPs and the local
structural tendency. Such a temperature dependency feature in
structural similarity is similar to the evaluation result against
the all-atom ensembles in the previous section. In general, as
observed in Figure 4, temperatures above 385 K are favorable
for IDP simulations, so NMR observable rmsd, Rg penalty, and
the force field score at 400 K with the exception of PaaA2 at
320 K are shown in Table S1. For comparing the accuracy of
UNRES ensembles relative to the a99SB-disp force field,
a99SB-disp scores are also shown as the rightmost bar for each
IDP in Figure 4. It is obvious that a99SB-disp scores are close
to 1, suggesting that it achieved the best results among all
UNRES and a99SB-disp ensembles. And the UNRES
ensembles at higher simulation temperatures are more accurate
compared to those UNRES ensembles at lower temperatures.
In addition, as shown in Table 1, the optimal temperature of
the benchmark varies from case to case, because the amino
acid composition of IDPs has an essential influence on their
secondary structural preference and the overall compactness.
The post-transcriptional modification, such as phosphoryla-
tion, is such a case in nature, which is a common way to
activate IDPs by changing the biophysical properties of specific
residues.
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Global and Local Structural Analysis. With the force
field scores at different temperatures, the optical temperature
corresponding to the most reliable structural ensemble can be
identified. To evaluate the structural similarity in detail, we
further analyzed structural properties such as radius of gyration
(Rg) distribution and secondary chemical shifts for the
benchmark.

The Rg distribution, indicating the global compactness of
proteins, shifts to greater sizes and simultaneously exhibits a
broader distribution as the temperature increases. Take Af40
as an example, as the temperature increases, the average Rg
increases from below 10 A to falling within the experimentally
determined values””* (12.0 + 1.3 A). As shown in Figure §,
from the perspective of the Rg distributions, a temperature
from 370 to 430 K is a better choice, which achieves
comparable results to the a99SB-disp ensemble. More factors
affecting the IDP structural ensemble (reflected in NMR
observable assessment) will help in the final determination of
the optimal temperature. Rg distributions of the remaining
IDPs in the benchmark set can be found in the Supporting
Information (Figures SS and S6).

Apart from the Rg distribution analysis, NMR secondary
chemical shifts, as an indicator closely related to protein
structures, are also employed to demonstrate the structural
similarity between UNRES structures and experimental
detected structures. As observed in Figure 6, secondary
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Figure 6. Secondary chemical shifts for atoms C, H, and N of Ashl.
The lines for experimental secondary chemical shifts with subtraction
of random coil chemical shifts are colored in red, and lines for the
UNRES values are in black.
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chemical shifts of atoms Ca, C, Ha, HN, Cf, and N, obtained
from the Ashl UNRES ensemble at 400 K, agree with the
experimental values, exhibiting some deviations at SHN. A
previous work claimed that the backbone *Jynu, scalar
coupling constants can be affected by adding amide hydrogen
in the idealized position,®" which may also slightly affect other
NMR observables. It is known that secondary chemical shifts
are closely related to residues’ structural preference to either a-
helix or f-sheet; thereby, the consistence illustrates that
residues adopt alike secondary structures.

B DISCUSSION

The UNRES Force Field can Simulate Disordered
Proteins with Reasonable Accuracy. By tuning the
simulation temperature, the UNRES simulation can generate
structural ensembles similar to the a99SB-disp simulations at
the optimal temperature. Through the study of RMSEF,
secondary structural analysis, the contact map, and the relative
energy surface in detail, we found that the UNRES force field
can probe some local structural properties and predict
conformers with contact patterns similar to the a99SB-disp
simulations. Also, relative energy surfaces projected onto Rg
and the end-to-end distance suggest that most of the IDP
UNRES ensembles at the optimal simulation temperature
exhibit good agreement with the corresponding a99SB-disp
ensembles, as shown in Figure 3 and Figure S4. Furthermore,
the NMR observables and Rg predicted from UNRES
ensembles were compared with the experimental values,
indicating the temperature dependence in force field scores.
Rg analyses suggest that the UNRES model is capable of
yielding less compacted conformers at high temperatures. And
the local structural similarity can be demonstrated by the
secondary chemical shift comparisons in Figure 6 and Figure
S7. Therefore, the UNRES force field can be optimized for the
structural prediction of disordered proteins with reasonable
accuracy by simply adjusting the temperature. In addition, we
need to keep in mind that the UNRES force field, a physics-
based coarse-grained model, can simulate proteins more
efficiently than the currently popular all-atom force fields
optimized for disordered proteins with moderate sacrifice on
accuracy. And simulations can be performed in the freely
accessible UNRES web server.”

The temperature indeed improves the simulation quality;
however, in some cases, we noticed that the structural
ensembles generated from the UNRES simulations, even
simulation trajectories at the optimal temperature, deviated
from that obtained from the all-atom a99SB-disp force field and
from the experimental data. As observed in Figure 4, in general,
the a99SB-disp force field shows a better agreement with the
experimental data compared to the UNRES force field. While
the UNRES force field may not exhibit the same level of
accuracy as a99SB-disp, it is a physics-based coarse-grained
force field that can yield an excellent sampling of the
conformational space with appropriate temperature selection,
without the need for high computational demands. It is
worthwhile to note that, in spite of the structural deviation
from a99SB-disp, structural features calculated from the a99SB-
disp are not exactly the same as those observed in experiments,
such as Rg distributions in Figures S5 and S6, which highlight
the challenges in studying IDPs using computer simulations.
Moreover, it takes a few weeks to simulate proteins consisting
of more than 100 residues. Based on the limitations of our
techniques, there are two ways to further improve the
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performance: (1) the UNRES force field needs to be
parametrized specifically for IDPs and (2) experimental data
can be introduced to guide protein simulations. In particular,
the combination of a variety of experimental techniques and
computational methods has shown the power to explore
complex biological systems from different aspects.'”**
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