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ABSTRACT 
The class of intrinsically disordered proteins lacks stable three-dimensional structures. Their flexibility 
allows them to engage in a wide variety of interactions with other biomolecules thus making them 
biologically relevant and efficient. The intrinsic disorders of these proteins, which undergo binding- 
induced folding, allow alterations in their topologies while conserving their binding sites. Due to the 
lack of well-defined three-dimensional structures in the absence of their physiological partners, the 
folding and the conformational dynamics of these proteins remained poorly understood. Particularly, it 
is unclear how these proteins exist in the crowded intracellular milieu. In the present study, molecular 
dynamic simulations of two intrinsically unstructured proteins and two controls (folded proteins) were 
conducted in the presence and absence of molecular crowders to obtain an in-depth insight into their 
conformational flexibility. The present study revealed that polymer crowders stabilize the disordered 
proteins through enthalpic as well as entropic effects that are significantly more than their monomeric 
counterpart. Taken together, the study delves deep into crowding effects on intrinsically disordered 
proteins and provides insights into how molecular crowders induce a significantly diverse ensemble of 
dynamic scaffolds needed to carry out diverse functions. 

Abbreviations: CDK1P: cyclin-dependent kinase inhibitor 1-interacting protein; IDP: intrinsically disor
dered protein; MD: molecular dynamics; PEG: polyethylene glycol; PCA: principal component analysis; 
RMSD: root-mean-square deviation; XPA: Xeroderma Pigmentosum group A
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1. Introduction

Intrinsically disordered proteins (IDPs), also known as intrin
sically dynamic or unstructured proteins, lack stable second
ary or tertiary structures. Due to their lack of stable structure, 
IDPs are very flexible. The disordered nature of these pro
teins allows them to have the potential to bind to a variety 
of biological partners. They interact with biomolecules such 
as DNA, RNA, proteins and carbohydrates (Bonucci et al., 
2021; Uversky, 2009) and play essential roles in cell prolifer
ation, cell signaling and protein-protein interactions and 
facilitate molecular communications (Bondos et al., 2022; 
Dunker et al., 2002; Dyson & Wright, 2005; Morris et al., 2021; 
Wright & Dyson, 1999).

Proteins are fundamental for the existence of all living 
organisms, yet the process of protein folding remains largely 
a mystery (Gething & Sambrook, 1992; Uversky, 2019). The 
complete structure of these workhorses of life is described 
at four levels: primary, secondary, tertiary and quaternary. 
The primary structure is the linear amino acid sequence, the 
secondary structure is the local spatial arrangement of the 

protein backbone, and the tertiary and quaternary structures 
are the three-dimensional organization adopted by a single 
polypeptide chain and multiple subunits, respectively, as they 
interact with the aqueous milieu (Rehman et al., 2022). The 
protein folding problem remains a challenging problem and 
it is the question of how a protein’s primary structure dictates 
its unique three-dimensional structure and what is the overall 
folding mechanism (Dill et al., 2008; Gething & Sambrook, 
1992). The complex three-dimensional architecture of a pro
tein and its stability are attributed to the combined effect of 
various noncovalent interactions. The tertiary/quaternary 
structure of a protein governs its function. Thus, the influence 
of the aqueous environment on the structure and its conse
quences on protein function is crucial to understand, as 
changes within the surrounding environment can profoundly 
impact a protein’s structure and consequently, its function. 
For instance, numerous studies have shown that macromol
ecular crowding can influence various aspects of protein 
properties, including protein fibrillation, folding rates, native 
structure stability, binding interactions, nuclear body forma
tion and macromolecular transport (Cheung et al., 2005; 
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Cho & Kim, 2012; Fagerberg et al., 2019; Fonin et al., 2018; 
Menon & Mondal, 2023; Munishkina et al., 2008; Qi et al., 
2014; Zhou, 2008; Zhou et al., 2008).

Due to their flexibility and lack of defined structure, IDPs 
are notoriously difficult to study using conventional techni
ques, such as X-ray crystallography (Li et al., 2018; Na et al., 
2018). To gain insight into the structure of IDPs without 
the need for crystallization, alternative methods such as 
Small-Angle X-ray Scattering (SAXS) and Nuclear Magnetic 
Resonance (NMR) spectroscopy are used. NMR spectroscopy, 
leveraging the magnetic properties of atomic nuclei, has 
proved helpful in determining the three-dimensional confor
mations of IDPs (Dyson & Wright, 2004; Felli & Pierattelli, 
2012; Kosol et al., 2013). SAXS, on the other hand, is a useful 
tool for studying the shape, flexibility and conformational 
polydispersity of IDPs (Fagerberg et al., 2019; Kikhney & 
Svergun, 2015; Receveur-Brechot & Durand, 2012). While 
these techniques are powerful, they are more informative 
when combined with additional experimental or molecular 
simulation data (Evans et al., 2023; Putnam et al., 2007). The 
development of computational methods like AlphaFold, an 
artificial intelligence method developed by DeepMind 
(Bertoline et al., 2023; Jumper et al., 2021; Straiton, 2023; 
Varadi et al., 2022) for predicting protein structure and fold
ing patterns (Jumper et al., 2021; Varadi et al., 2022), has 
aided in gaining a more comprehensive understanding of 
IDPs (Bertoline et al., 2023; Jumper et al., 2021; Straiton, 
2023); computational methods helped to overcome chal
lenges associated with studying IDPs using traditional experi
mental techniques (Chong et al., 2017; Li et al., 2018). An 
understanding of the folding and dynamics of the IDPs 
within the intracellular space can have a range of benefits. 
IDPs in the intracellular space are known to exhibit liquid- 
liquid phase separation behavior (Dignon et al., 2019; 
Dzuricky et al., 2020; Lin & Chan, 2017; Quiroz et al., 2019), a 
knowledge of which has the potential for designing biomate
rials and drug delivery (Dignon et al., 2019). Furthermore, it 
has been observed that within the intracellular milieu, other 
biomolecules influence protein folding and conformational 
space through crowding and confinement (Fonin et al., 2018; 
Sarkar et al., 2022; Zimmerman & Minton, 1993). Due to the 
ability of IDPs to adapt many different structures according 
to the changes in intracellular conditions, they are especially 
susceptible to the influence of crowders in their environ
ments (Fagerberg et al., 2019; Fonin et al., 2018; Menon & 

Mondal, 2023; Soranno et al., 2014; Uversky, 2009). Currently, 
there is a lack of information regarding the conformations of 
these disordered proteins in intracellular environments. We 
hypothesize that interactions with crowders will lead to a 
change in the conformational space and folding landscape 
of IDPs, a process that could likely alter their functions. The 
change in folding pattern can be studied by following 
conformational dynamics and shifts in the conformational 
ensemble for each IDP. Thus, in the present study, we 
studied the conformational changes of two disordered 
proteins and two folded proteins as controls in crowded 
environments using molecular dynamics (MD) simulations. 
The functions of these four proteins, which are about similar 
size, with varying degrees of disorders are briefly described 
in Table 1. Briefly, GTPase HRas, without the C-terminus, is a 
well-folded enzyme (Figure 1(a)) with critical roles in cell sig
naling, including regulation of the cell cycle via cyclin- 
dependent kinases, cell differentiation and apoptosis. 
Mutations of GTPase HRas proteins are linked to many can
cer types, including bladder and thyroid cancers (Berrada et 
al., 2015; Garcia-Rostan et al., 2003; Malumbres & Barbacid, 
2003; Nikiforov & Nikiforova, 2011; Vageli et al., 1996). The 
second protein studied was Xeroderma Pigmentosum group 
A (XPA), which is an IDP and involved in DNA repair path
ways by regulating nucleotide excision repair (NER) pathways 
(Rademakers et al., 2003; Sugasawa et al., 1998). Mutations in 
the XPA protein may lead to extreme sensitivity to UV light, 
as the ability to rectify DNA damage is impaired (Bradford 
et al., 2011; Garc�ıa-Carmona et al., 2021; Vries et al., 1995). 
This IDP has significantly unfolded regions (Figure 1(b)) and 
is therefore predicted to exhibit larger changes in conform
ation in crowded environments.

Cyclin-dependent kinase inhibitor 1-interacting protein 
(CDK1P) is another IDP, which mediates the G1-to-S phase 
transition of the cell cycle. The G1 checkpoint is responsible 
for controlling cell growth and division and is regulated by 
cyclin-dependent kinases (CDK). CDK1P inhibits these CDKs, 
causing cells to arrest in G1 (Al Bitar & Gali-Muhtasib, 2019; 
Bertoli et al., 2013; Deng et al., 1995). The native structure of 
this protein is primarily unfolded (Figure 1(c)) and is therefore 
predicted to experience greater conformational changes 
in vivo (Kriwacki et al., 1996). Lastly, the von Hippel-Lindau 
tumor suppressor protein (pVHL) plays an essential role in cel
lular oxygen sensing, targeting hypoxia-inducible factors for 
ubiquitination and degradation. Mutations of the pVHL 

Table 1. Summary of proteins utilized throughout simulations, including abbreviations and core functions.

Protein full name Abbreviated name Core function

GTPase HRas GTPase HRas GTPase activity ie GTP/GDP binding and hydrolysis. 
https://www.ncbi.nlm.nih.gov/gene/3265

Xeroderma Pigmentosum group A XPA Zinc finger protein is involved in repairing DNA damage 
via nucleotide excision repair. https://www.ncbi.nlm. 
nih.gov/gene/7507

Cyclin-dependent kinase inhibitor 1-interacting 
protein

CDK1P Regulator of cell cycle progression at G1; binds to and 
inhibits the activity of cyclin-dependent kinases (2 
and 4). https://www.ncbi.nlm.nih.gov/gene/1026

von Hippel-Lindau tumor suppressor protein pVHL Encodes component of ubiquitination complex; involved 
in ubiquitination and oxygen-related gene expression 
(via degradation of hypoxia-inducible factor). https:// 
www.ncbi.nlm.nih.gov/gene/7428
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protein are associated with tumorigenesis or Von Hippel- 
Lindau disease, characterized by highly vascularized tumors in 
vital human organs such as the spinal cord, retina and blood 
vessels in the brain (Igarashi et al., 2002; Kaelin, 2002, 2007; 
Kim & Kaelin, 2004; Ohh et al., 2022). This protein is partially 
folded (Figure 1(d)) and therefore is expected to undergo lim
ited conformational changes within the intracellular space.

The focus of the present study was to elucidate how the 
conformational dynamics of IDPs and folded proteins (controls) 
respond to the changes in the crowded intracellular milieu. 
The crowded environment was generated by exposing these 
four target proteins to commonly used synthetic crowders, 
ethylene glycol (abbreviated hereafter as EG) and its polymers, 
polyethylene glycols (PEG, C2nH4nþ2Onþ1), of varying molecular 
weights. Using 50 ns MD simulations and subsequent conform
ational analyses, we probed how crowders impacted the con
formational landscape of the proteins under consideration.

2. Methods

The conformational dynamics of the above-mentioned four 
proteins (two IDPs and two controls) were analyzed in the 
presence of synthetic crowders. For these proteins, structural 
coordinates were obtained from the AlphaFold Protein 
Structure Database (Jumper et al., 2021). AlphaFold uses 
DeepMind to help predict the 3-D structure of a protein based 

on the primary amino acid sequence (Jumper et al., 2021; 
Varadi et al., 2022). The proteins were then visualized using 
Visual Molecular Dynamics (VMD) (Humphrey et al., 1996), a 
3-D molecular visualization program that can animate large 
biomolecular systems. All simulations were performed using 
GPU-enabled Nanoscale Molecular Dynamics (NAMD) (Phillips 
et al., 2020) using CHARMM36 force field (Brooks et al., 1983; 
Huang & Mackerell, 2013). Computations were carried out on 
the hybrid GPU-CPU Cluster (containing a total of 61 nodes 
and 3904 cores) at the Blugold Center for High-Performance 
Computing, UW-Eau Claire. MD simulations were carried out 
using the NAMD program (Phillips et al., 2005, 2020) on GPU 
nodes, each equipped with NVIDIA Tesla V100S 32GB GPU 
cards. Five different systems were built for each protein in (i) 
only water, (ii) crowded with EG and (iii)–(v) crowded with 
varying-sized PEG crowders (molecular weights � 600, 8k and 
20k Da). Lastly, 50 ns MD simulations were performed, and dcd 
trajectory files were used for further analysis of each system. 
The effects of molecular crowding on conformational dynamics 
and energetics were studied in detail using statistical tools.

2.1. Building up of crowder-protein-solvent systems

Hydrogen atoms were added to the protein structures by 
using standard scripts of VMD (Humphrey et al., 1996). 
PEG molecules were built as described previously (Laatsch 

Figure 1. The alpha-fold generated structure of the four proteins studied (a) GTPase HRas, (b) XPA, (c) CDK1P and (d) pVHL.
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et al., 2023). Using scripts generated in our lab, crowders 
were added and distributed around the target proteins. 
These crowders included EG, PEG 600, PEG 8k and PEG 20k. 
For PEG 8k and PEG 20k systems, these molecules were first 
simulated in water for 2 ns before being placed around the 
target protein, within the van der Waals interaction range. 
Each target protein in the crowded environment was then 
solvated in a water box so that all water molecules within 
2.4 Å distance from the protein atoms were eliminated 
(Jorgensen et al., 1983). To minimize the solvent volume, the 
protein-crowder complex was rotated in 10  increments and 
a 25 Å padding was maintained in all three dimensions. The 
solvated system was neutralized with ions.

2.2. Minimization and dynamics

Following the creation of the water box and ionization of 
the protein system, two separate minimizations were per
formed. The first consisted of 5000 steps in which the back
bone remained fixed. The second minimization utilized 
20,000 steps in which case all atoms moved freely, including 
the previously fixed protein backbone. This was followed by 
MD simulations of 50 ns using NAMD implementation of 
Langevin dynamics under periodic boundary conditions 
(Cheatham et al., 1995). Non-bonding interactions were mod
eled using a switching function with a ‘switchdist’ of 10 Å, a 
cutoff of 14 Å and a ‘pairlistdist’ of 16 Å. Electrostatic interac
tions were evaluated using the particle mesh Ewald method 
(Essmann et al., 1995). A time step of 2-fs was used in the 
leapfrog Verlet algorithm for integration (Verlet, 1967). For 
conformational sampling, a constant pressure dynamics was 
run generating isothermal-isobaric (NPT) ensemble (Feller 
et al., 1995) which provided the enthalpic changes of the 
molecular systems.

2.3. Essential dynamics analysis

The MD simulation trajectories were analyzed by studying 
the principal component of motions (Amadei et al., 1993; 
Tan et al., 2014), which is also known as essential dynamics 
analysis (EDA). The analysis produces the largest variance of 
the data, which in the present case would represent the col
lectivity of backbone motion.

The root-mean-square deviation per frame, the principal 
components and per-residue fluctuations were determined 
using the program CARMA (Glykos, 2006). The root-mean- 
square deviation (RMSD) for the ith frame is calculated from 
the square root of the mean square of the deviations, aver
aging the overall Ca atoms for that specific frame using 
Equation (1).

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

XN

j¼1

ðri, j − r0, jÞ
2

v
u
u
t (1) 

The calculation for root-mean-square deviation, where N 
is the number of Ca atoms, and ri, j and r0, j are position 
vectors for the jth Ca atom observed in the ith frame and 
the 0th (ie starting frame), respectively. The principal 

components were generated using the Ca− Ca covariance 
matrix using the entire 50 ns trajectory data. Analysis of the 
conformational ensemble was carried out using the top two 
clusters selected based on contributions of the first three prin
cipal components of motion (Glykos, 2006). Molecular struc
tures corresponding to two densely populated clusters were 
used for further visual analysis and for generating average 
representative structures for each cluster. The RMSD of these 
average structures, calculated using Equation (1), represented 
the extent of conformational diversity of the protein, pro
duced under the constraints of each crowding environment.

2.4. Calculation of energetics

The energetic changes were computed from the stored con
formations of 50 ns MD simulations. The enthalpic changes 
for the solvated protein-crowder system were calculated 
from the total energy values averaging over 0.2 ns. In add
ition to the total energy changes, the crowder-protein inter
action energies were also computed. To study the entropy of 
the protein component of the system only, Schlitter’s config
urational entropy was computed (Schlitter, 1993).

3. Results and discussions

In the study, two significantly disordered (XPA and CDK1P) 
and two well-folded (GTPase HRas and pVHL) protein sys
tems were studied in four different crowding conditions and 
compared with the dilute condition. These proteins were of 
small size (<5000 atoms) as illustrated in Table S1. The 
assemblies of these solvated protein-crowder systems were 
of varied dimensions and atom sizes (Table S1). Two experi
ments were carried out: the first was designed to assess the 
impact of monomeric versus polymer crowders by adding 
either monomeric EG or polymer PEG 600 to each protein 
system in addition to water. Each system was built from ran
domly placed crowders surrounding the target protein and 
had approximately similar numbers (�245) of monomeric EG 
units (Table S1). In the second experiment, the effect of the 
polymer’s size was investigated by adding either two PEG 8K 
or one PEG 20k molecule in addition to water to each pro
tein (Table S1).

3.1. Crowders’ impact on backbone flexibility

The convergence of the simulation was assessed by plotting 
the ensemble-averaged potential energy difference along the 
simulation time. As demonstrated in Figure S1, the represen
tative models comprising XPA in PEG 600 and CDKIP in PEG 
8k demonstrate that the energies fluctuated less than 1 kcal/ 
mol indicating that all protein systems converged before 
20 ns.

The conformational evolution of the protein, i.e. the struc
tural change of the backbone over time compared to the 
starting frame of reference was studied by plotting the 
evolution of RMSD along the MD simulation (Figure S2). For 
all protein systems, the overall conformational changes, 
measured by the net RMSD are listed in Table 2 and 
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illustrated as histograms in Figure 2. The calculated standard 
deviations of RMSDs were less than 1 Å, which demonstrates 
the equilibration of all protein systems consistent with the 
observed energetics (discussed above) of these simulated 
systems.

3.1.1. Well-folded proteins
GTPase HRas (without the highly flexible C-terminus) and 
pVHL, displayed reduced changes in RMSD in all crowded sys
tems as compared to the dilute system (Figure S2a and 
Figure S2d). For the two well-folded proteins GTPase HRAS 
and pVHL (Table 2, the first and the fourth columns), the con
formational space remained largely unperturbed by the crow
ders. The consistency of the fold, when either in an aqueous 
environment or surrounded by PEG crowders, suggests that 
these proteins tend to preserve their native conformation, 
which is critical for their various biological roles. In contrast, 
standard deviations of the RMSDs calculated using the last 
10 ns of the simulation data reduced notably for all crowders 
(Figure 2 and Table 2). This demonstrates that for both pro
teins, the magnitude of conformational fluctuations was 
reduced in the presence of all crowders (Figure 2).

3.1.2. Partially folded proteins
Significant variations in conformational flexibilities were 
noted in the crowded environment for partially folded pro
teins XPA and CDK1P (Table 2). For these protein-crowder 
systems, the major structural changes occurred within the 
first 10 ns (Figures S2b and S2c). XPA experienced large 
changes in RMSD, ranging from 17 to 22 Å, in all crowded 
conditions, with similar changes occurring in dilute (without 
crowders) and crowded environments (Figure S2b). The 
higher-than-usual RMSDs indicate that the XPA protein 
underwent significant conformational changes when simu
lated in different crowded conditions. CDK1P also experi
enced large changes in RMSD, ranging from 16 to 24 Å, with 
the largest change occurring in the simulation with the 
dilute system. Thus, RMSD analysis suggests that XPA and 
CDK1P are both highly disordered with large conformational 
changes occurring in the dilute as well as in the crowded 
environment.

3.2. Crowders’ impact on the size of protein molecules

The radius of gyration (RG) was determined for the four pro
teins in dilute (ie without crowders) and crowded conditions. 
The RG measures the distribution of mass around an object’s 

center of rotation using cross sections and thus when 
applied to a protein system in a simulated molecular crowd
ing environment, this measurement can provide key insight 
into the compactness and its change due the molecular 
crowding. The computed RG values were plotted over the 
simulated 50 ns time and shown in Figure S3 and the aver
age values of the last 10 ns was plotted as a histogram 
(Figure 3). The RG remained invariant over the course of the 
simulation for GTPase HRas and pVHL protein systems 
(Figure 3). However, a decrease in the RG values over the 
course of the simulation was noted for partially folded XPA 
and CDK1P (Figures S3b–S3c). As illustrated in Figure 3, the 
RG values differed significantly between the dilute and 
crowded conditions. As these plots do not reveal any 
discernible pattern or correlation between polymer crowder’s 
size and the change in RG, we investigated the interactions 
of crowders and these proteins.

3.3. Evidence of soft interactions between protein and 
crowders

The interactions between the protein and crowders were 
studied and the crowders’ impact on the stabilization of 
protein was examined.

3.3.1. Interaction energy
The interaction energies with crowders plotted against the 
simulated time (Table 3, Figure 4) demonstrated stabilization 
due to protein-crowder interactions as the systems evolved. 

Table 2. Average RMSD (Å) calculated using the conformations last 10 ns of 
MD simulations.

Protein/crowders GTPase HRas XPA CDK1P pVHL

Dilute 4.0 (0.8) 21.4 (0.7) 23.9 (0.6) 6.3 (0.8)
EG 2.2 (0.2) 16.8 (0.7) 19.3 (0.5) 5.2 (0.3)
PEG 600 2.0 (0.1) 18.8 (0.4) 19.1 (0.4) 5.7 (0.3)
PEG 8k 2.8 (0.1) 20.8 (0.7) 18.8 (0.4) 7.6 (0.3)
PEG 20K 2.4 (0.1) 21.6 (0.5) 15.6 (0.6) 7.3 (0.2)

Notes: The standard deviations are given in parenthesis. Absolute RMSDs for 
all protein systems were computed using Equation (1).

Figure 2. Histogram plots containing the RMSD (in Å) for (a) GTPase HRas, 
(b) XPA, (c) CDK1P and (d) pVHL. RMSDs for the backbone Ca atom were calcu
lated using Equation (1). The average and standard deviations (shown as error 
bars) of the RMSDs were calculated using the last 10 ns of simulation data.
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For the well-folded proteins (GTPase HRas and pVHL), the 
interaction energy varied between −65 to −113 kcal/mol 
for the EG, PEG 8K and PEG 20K systems, while decreasing 
to �–340 kcal/mol for the PEG 600 system (Table 3, 
Figure 4(a,d)). These large negative interaction energies for 
PEG 600 systems (Figure 4, green lines) are indicative of 
enthalpic stabilization.

For the partially folded IDPs (XPA and CDKIP), the role of 
polymer crowders in enthalpic stabilization is more notable 
(Table 3). For the EG systems, the interaction energies were 
positive (Table 3, Figure 4(b,c), orange lines) indicating that 
the EG molecules tend to stay away from the protein surface. 
In contrast, the polymer crowders produced significantly nega
tive interactions (Table 3) with the most negative values 
appearing for the PEG 600 systems. The significant enthalpic 
stabilization is also consistent with the visual analysis of the 
PEG 600 structure (Figure 5), which revealed that PEG 600 
molecules tend to form aggregates (shown in Figure 5(a)) that 
attach to the protein surface, causing a large decrease in the 
enthalpy of the solvated protein-crowder system. The PEG 8k 
and PEG 20k shown in Figure 5(b,c) were also found to self- 
aggregate. Both polymers were found to wrap segments of 
protein surfaces, which is consistent with the variable magni
tude of interaction energies: −49 to −157 kcal/mol with PEG 
8k and −67 to −147 kcal/mol with PEG 20k, observed for vari
ous proteins. Thus, the above analysis provided an unambigu
ous interpretation of the protein-crowder soft interactions at 
the core of stabilizing the disordered proteins.

3.3.2. Total energy
Consistent with the large enthalpic changes due to protein- 
crowder interactions, the total energy in PEG 600 systems for 
all proteins appears to undergo a significant decrease (green 

Figure 3. The radius of gyration of the four proteins averaged over the last 
10 ns simulations in water, EG and PEG 600, PEG 8k and PEG 20k. The uncer
tainties are within 1.3 Å.

Table 3. Interaction energies (in kcal/mol) between crowders and proteins.

Protein/ crowder GTPase HRas XPA CDK1P pVHL

EG –101.6 (26) 67.2 (42) 98.3 (33) –64.7 (28)
PEG 600 –340.7 (38) –393.2 (74) –399.1 (54) –339.8 (38)
PEG 8k –111.5 (16) –157.3 (21) –48.6 (20) –85.6 (14)
PEG 20k –101.8 (14) –66.6 (12) –147.4 (15) –112.4 (14)

Notes: The energies are the average quantities for the last 10 ns simulation. 
Uncertainties are given in parentheses.

Figure 4. The change in the interaction energy between protein and crowders along the path of simulation: (a) GTPase HRas, (b) XPA, (c) CDK1P and (d) pVHL.
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lines, Figure S4), compared to the dilute and EG (red and 
orange lines, respectively) systems. Notably, in the PEG 600- 
containing protein systems, a rapid decrease in energy 
occurred within the first 10 ns of the simulation, with a gradual 
decrease in the rate of change as the simulation progressed 
toward 50 ns. The average enthalpic change after 50 ns of 
simulation across all protein systems was � −2300 kcal/mol 
(Figure S4). Thus, the energetic analysis provides solid evidence 
of the presence of non-covalent interactions between crowder 
molecules as well as between crowders and proteins.

3.4. Structural alterations and disorders of proteins

As the computed RMSDs and RG along the simulation path 
indicates structural changes, the disorder in these proteins 
was also investigated by computing the conformational 
entropy in the presence and absence of various crowder. In 

general, the dilute (crowder-free) did exhibit higher entropy 
(Table 4) than the systems simulated in the presence of poly
mer crowders. The PEG 600 systems across all proteins exhib
ited a slight decrease in entropy (Table 4). This is completely 
consistent with the significant stabilization observed for PEG 
600 interactions with protein molecules and hence demon
strates the impact of soft interactions in lowering the 
disorders.

Figure 5. Visual representation of interactions between a representative protein pVHL and polymer PEG crowders: (a) PEG 600, (b) PEG 8k and (c) PEG 20k.

Table 4. Schlitter’s entropy in kcal/(mol � K) of the IDPs, calculated for the 
backbone Ca atoms.

Protein/ crowder GTPase HRas XPA CDK1P pVHL

Dilute 1.20 ± 0.01 2.4 ± 0.1 1.58 ± 0.06 1.33 ± 0.01
EG 1.14 ± 0.02 2.37 ± 0.04 1.44 ± 0.04 1.35 ± 0.01
PEG 600 1.086 ± 0.003 2.24 ± 0.06 1.42 ± 0.02 1.27 ± 0.01
PEG 8k 1.12 ± 0.01 2.35 ± 0.05 1.39 ± 0.04 1.30 ± 0.01
PEG 20k 1.103 ± 0.006 2.4 ± 0.1 1.40 ± 0.04 1.33 ± 0.04

Note: The uncertainties are expressed in terms of the standard deviations of 
the entropy calculated using three sets of 10 ns data.
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3.5. Structural alterations and disorders of the polymer 
crowders

Analysis of energetics revealed that maximum stabilization of 
proteins occurred in the presence of PEG 600 (Figure 4). The 
protein RMSD (Figure 2) as well as the configurational back
bone entropy (Table 4) suggests that the addition of PEG 600 
caused the proteins to reduce backbone fluctuations. However, 
our visualization indicated that the PEG 600 formed clusters of 
variable sizes that remained dynamic throughout the simula
tions. To investigate if the entropy of the crowders impacted 
the protein stability, the disorder of polymer chains was quan
tified by computing the configurational entropy and conform
ational changes for the three polymer crowders.

3.5.1. Configurational entropy
The configurational entropies of polymer crowders were com
parable in all four protein systems indicating a consistent 
behavior of the crowders (Table 5). The entropies of PEG 600 
were 97–99 kcal/(mol.K), which was significantly elevated com
pared to PEG 8k and PEG 20k, which varied 5–7 kcal/(mol.K). 
The increased entropy of the PEG 600 system is indicative of 
significant disorder.

3.5.2. RMSD of conformational change
With initial positions as a reference, the RMSD changes aver
aged over all atoms of these polymer crowders were com
puted (Figure 6). The graphical representation of the RMSD 
changes exhibits much larger change and fluctuations in PEG 
600 compared to other polymer crowders. In addition to the 
increase in RMSD, the plots exhibited a larger RMSD fluctu
ation in PEG 600 across all four protein systems. This demon
strates a larger disorder of the PEG 600 crowders, consistent 
to the observed entropic changes. The molecular visualiza
tion confirms that the PEG 600 molecules form dynamic 
clusters, which are constantly changing their sizes; a few PEG 
600 molecules will dissociate from the old cluster to join 
a new neighboring cluster during simulations. These dynam
ics and disordered PEG clusters in water are therefore 
responsible for creating increased entropy. Therefore, it 
seems reasonable to conclude that the disorder of the poly
mer crowders themselves compensated for the entropic loss 
due to reduced backbone fluctuations of the disordered 
proteins.

3.6. Impact on dynamics and conformational ensemble

The conformational analysis examined changes in the aver
age structure of computed conformational ensembles of 
each protein-crowder system using the essential dynamics 
analysis (Amadei et al., 1993; Tan et al., 2014). Ensembled- 
averaged structures representing the two main clusters of 
conformations in the three-dimensional principal component 
space (Figure 7) were determined following standard litera
ture procedures (Glykos, 2006). For each protein-crowder 
system, an RMSD of the average structure was computed 
with respect to the ensemble-averaged structure in the 

Table 5. Schlitter’s entropy in kcal/(mol � K) for the polymer crowders.

Protein/ crowder GTPase HRas XPA CDK1P pVHL

PEG 600 99.0 ± 0.5 99.4 ± 0.4 97.6 ± 0.5 98.9 ± 0.5
PEG 8k 6.71 ± 0.09 6.60 ± 0.09 6.74 ± 0.04 6.60 ± 0.04
PEG 20k 5.13 ± 0.04 5.03 ± 0.02 5.01 ± 0.02 5.15 ± 0.02

Notes: In each case, the coordinates of only carbon atoms of the PEG back
bone were taken into the calculations. The uncertainties are expressed in 
terms of the standard deviations of the entropy calculated using three sets of 
10 ns data.
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Figure 6. Plots of RMSD of PEG molecules from the initial conformation along simulation time for (a) GTPase HRas, (b) XPA, (c) CDK1P and (d) pVHL.
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dilute (ie crowder-free) state (Table 6). The percentage of 
conformations obtained in these PCA-derived ensembles is 
shown in parentheses. For each protein system, the average 

structures of the main cluster of conformations differ across 
the crowders, and the pair-wise calculated RMDSs are given 
in Table S2.

Figure 7. The major clusters identified by the first three principal components simulated in the presence of various crowders for proteins. Left to right: the GTPase 
HRas, XPA, CDK1P and pVHL. The top panel illustrates the alpha-fold structures. The red-to-blue colors are representative of the conformational span with the 
beginning and ending structures, respectively, during the course of 50 ns simulations.
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3.6.1. GTPase HRas and pVHL
The PCA-derived cluster analysis (Table 6) of GTPase HRas 
demonstrated revealed only minor changes in the RMSD 
across all crowded systems compared to the dilute system 
(Figure 7, the left-most columns). In particular, the RMSD val
ues for GTPase HRas ranged from 2.0 to 3.8 Å, with the larg
est deviation occurring in the presence of the PEG 8k 
crowder (Table 6). A pair-wise analysis of these cluster-aver
aged structures (Table S2) across various crowders exhibited 
that the RMSD changed by only 1.6 to 2.8 Å confirming the 
conformational rigidity of the protein in crowded conditions.

The population analysis (in %) revealed that GTPase HRas 
conformations were redistributed between the two main clus
ters (Table 6, in parentheses) as crowder conditions changed. 
This suggests that although conformational changes were 
marginal, the crowders altered the distribution of conforma
tions in the two ensembles in GTPase HRas.

Like GTPase HRas, pVHL underwent minimal structural 
changes in the ensemble of structures (Figure 7, the right- 
most column). This is also evident from the RMSD of the rep
resentative structure of the largest cluster of conformations in 
the dilute structure taken as a reference structure. Notably, 
PEG 20k induced the largest conformational shift in the pVHL 
system, at 7.61 Å. A pair-wise analysis of these cluster-averaged 
structures (Table S2) exhibited a larger variation, 3.8 to 7.6 Å, 
which suggests relatively more crowder-induced conform
ational flexibility than GTPase HRas. A significant change in 
the conformational distribution was noted for this protein. For 
the EG and PEG 20k systems, there was a single predominant 
cluster, while for PEG 600, the second cluster was significantly 
more populated (54%) than the first one (24%). This indicates 
that the conformational distribution was certainly impacted by 
the type of crowders.

3.6.2. XPA and CDK1P
In the XPA-containing systems the structural changes are sig
nificant as indicated by the large span of the backbone 
(Figure 7, second from the left). The computed RMSDs 
ranged from 14.68–22.64 Å in crowded conditions compared 
to the dilute references (Table 6) confirming that the 

crowder impacted conformational diversity. A pair-wise struc
tural analysis of the first major cluster of conformations was 
carried out (Table S2), which confirm that these crowder- 
induced clusters of conformations are significantly different 
from each other. As a representative comparative study, 
Figure 8 displays the diversity of these structures of XPA 
across all crowders by computing the RMSDs. The distribu
tion of population in the major cluster of conformations was 
also significantly different in different environments (Table 6).

Large conformational variation, similar to XPA, was 
also observed for the PCA-derived major cluster of CDK1P 
(Figure 7, third column from the left). The ensemble-average 
structures exhibited relatively large changes in RMSD ranging 
from 15 to 23 Å (Table 6), as compared to the structure 
observed in the dilute system. The pair-wise structure com
parison (Table S2) reinforces the idea that the molecular 
crowders significantly impacted conformational diversity. The 
population distribution differed as well (Table 6, in parenthe
ses). The analysis shows that for the partially folded proteins, 
the crowders not only altered the conformational space sig
nificantly but also its distribution across different conform
ational ensembles.

In summary, the results of the two experiments portray 
the enthalpic and entropic contributions of the molecular 
crowders in the stabilization of disordered proteins. The first 
experiment demonstrates that for polymer crowders the 
enthalpic (crowder-protein interactions) as well as entropic 
(disorders in crowders) effects are significantly stronger than 
their monomer and crowder-free (dilute) states. The second 
experiment reveals that the enthalpic and entropic effects do 
not depend on the chain length of the PEG polymers.

Table 6. Conformational change of proteins in the presence of various 
crowders.

Clusters Dilute EG PEG 600 PEG 8k PEG 20K

GTPase HRas First 0.00 (65) 3.37 (12) 3.40 (24) 3.79 (34) 1.99 (21)
Second 0.00 (9) 3.27 (13) 3.05 (12) 3.46 (15) 2.84 (20)

XPA First 0.00 (33) 21.77 (13) 22.64 (42) 15.95 (58) 20.95 (56)
Second 0.00 (8) 14.68 (17) 17.07 (6) 18.72 (8) 20.50 (19)

CDK1P First 0.00 (17) 18.96 (40) 19.98 (41) 14.96 (30) 15.44 (49)
Second 0.00 (26) 17.38 (7) 18.22 (30) 23.41 (20) 21.33 (11)

pVHL First 0.00 (20) 3.76 (50) 3.86 (24) 3.86 (36) 7.61 (58)
Second 0.00 (8) – 7.26 (54) 5.88 (24) –

Notes: The conformational change is measured as RMSD (in Å) between the 
average structure of conformational ensembles, obtained for the two densely 
populated clusters in the three-dimensional principal component space during 
essential dynamics analysis. The percentage of populations is given in paren
theses. For each protein, the conformation of the average structure obtained 
from the highest populated cluster in dilute condition was taken as a 
reference.

Figure 8. Significant conformational dynamism was observed for the proteins 
using essential dynamics and cluster analysis. The significantly disordered pro
tein XPA was taken as a representative model. The structural differences 
between the average structures obtained from the densest cluster of conforma
tions are presented as a 2D matrix. The structures shown are color-coded with 
red (dilute), orange (EG), green (PEG 600), blue (PEG 8k) and purple (PEG 20k). 
The matrix is symmetric with the off-diagonal elements in gray colormap 
labeled with backbone RMSD values between two conformations. The black 
indicates a 0 Å RMSD occurring between the same protein conformation.
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4. Conclusions

Protein dynamics are dependent on the type of crowders. 
The present study provides insight into how crowders impact 
the well-folded and partially folded proteins (Figure 1, Table 
1). Four proteins of similar size were studied using a 50 ns 
MD simulation. The structural changes indicated the extent 
of folding; RMSDs of the well-folded GTPase HRas and pVHL 
were less than 8 Å. In contrast, the RMSDs of partially folded 
XPA and CDKIP were recorded to reach as high as 25 Å 
(Figure 2, Table 2). The analysis of simulated structures found 
that the partially folded proteins shrunk in size as evidenced 
by the decrease in their radius of gyration (Figure S3).

The study found that the stability of IDPs was contributed 
by enthalpic as well as entropic changes. The computed pro
tein-crowders interaction energies demonstrate that mono
mer crowders tend to destabilize the partially folded proteins 
while stabilizing the well-folded proteins (Table 3). The inter
action energy is significantly negative for polymer crowders 
indicating enthalpic stabilization through soft interactions. 
The largest stabilization energy occurred for PEG 600 
(Table 3). Our study also confirms that the interactions 
reduced the disorder of the protein backbone. Schlitter’s 
entropy calculations exhibited a consistent pattern of 
decreasing disorder of the protein backbone, with the 
largest decrease occurring for PEG 600 (Figure 4, Table 4). 
This demonstrates the existence of soft interaction between 
protein and polymer crowders, which was confirmed visually 
(Figure 5).

The essential dynamics analysis revealed that for GTPase 
HRas and pVHL, the two well-folded proteins, the crowded 
environments caused little change in the conformational 
space observed through three major principal component 
dimensions (Figure 7, left and right columns). Due to their 
folded structure, these proteins have segments with limited 
conformational flexibility, which exhibited little or no change 
due to the presence of crowders. This is established by the 
smaller values of RMSDs, generated by PCA-derived clusters 
in crowders when measured with respect to their dilute state 
backbone structure (Table 6). The population analysis how
ever exhibited a significant difference in the major conform
ation ensembles. Therefore, crowder-induced dynamics 
appear to contribute to the disorder through a conform
ational redistribution.

In contrast, for the partially folded protein systems, XPA 
and CDK1P, the top clusters show significant RMSD differen
ces (Table 6) indicating large conformational changes in the 
predominant cluster of conformations. Interestingly, the dis
order decreases noticeably when surrounded by polymer 
crowders (Figure 7, the two central columns) compared to 
what was observed in the dilute condition, especially for PEG 
600. Additionally, the simulated models exhibited that these 
crowders led to a significant change in the conformational 
distribution of these IDPs as well, when compared with vari
ous crowded surroundings.

Taken together, the MD simulation study using two dis
tinct experiments demonstrated that polymer crowders have 
a higher impact in restricting the conformational space of 
the disordered proteins compared to the monomer and 

crowder-free states. However, increasing the chain length did 
not produce a different outcome. Under various crowded 
states, these partially folded proteins can adopt a signifi
cantly diverse ensemble of conformational states (Figure 8), 
which is indicative of their ability to generate dynamic scaf
folds needed to carry out diverse functions. Although the 
current study is limited in observing the effect of various 
crowders on the structural transition, the theoretical models 
can be used as a prototype to further probe the structure- 
function relationships of these IDPs.
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