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ABSTRACT Unlike dilute experimental conditions under which biological molecules are typically characterized, the cell inte-
rior is crowded by macromolecules, which affects both the thermodynamics and kinetics of in vivo processes. Although the
excluded-volume effects of macromolecular crowding are expected to cause compaction of unfolded and disordered pro-
teins, the extent of this effect is uncertain. We use a coarse-grained model to represent proteins with varying sequence
content and directly observe changes in chain dimensions in the presence of purely repulsive spherical crowders. We
find that the extent of crowding-induced compaction is dependent not only on crowder size and concentration, but also on
the properties of the protein itself. In fact, we observe a nonmonotonic trend between the dimensions of the polypeptide chain
in bulk and the degree of compaction: the most extended chains experience up to 24% compaction, the most compact chains
show virtually no change, and intermediate chains compress by up to 40% in size at a 40% crowder volume fraction. Free-
volume theory combined with an impenetrable ellipsoidal representation of the chains predicts the crowding effects only for
collapsed protein chains. An additional scaling factor, which can be easily computed from protein-crowder potential of mean
force, corrects for the penetrability of extended chains and is sufficient to capture the observed nonmonotonic trend in
compaction.
INTRODUCTION
Our knowledge of the structural and functional properties
of proteins and other biological molecules continues to
expand rapidly, with thousands of structures added to the
Protein Data Bank (1) annually. However, these molecules
exist in the cell in a densely crowded environment, in
contrast to the dilute conditions in which most in vitro ob-
servations are typically made. In fact, estimates of the
crowded volume fraction in the cell reach as high as
40% (2). The presence of crowding macromolecules has
been shown to affect various protein processes, including
protein-protein interactions, protein aggregation, and pro-
tein folding (3–6). In protein folding, although crowding-
induced changes in the folded state have been reported
(7), the observed stabilization of the folded state under
crowded conditions is commonly attributed to destabi-
lization of the unfolded state of the protein (8–10). The pri-
mary effect of crowding is the reduction of the volume
available to proteins, which results in excluded volume ef-
fects (11). In the case of an unfolded protein, this may limit
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the accessibility of extended conformations of the protein,
resulting in stabilization of a more compact folded state
(12–14). In addition to affecting protein structure in the
context of folding, crowding may also drive aggregation
of disordered proteins (15–18).

It is expected that the expanded states of intrinsically
disordered proteins (IDPs), a functional class of proteins
that do not have a stable tertiary structure, can be similarly
disfavored by crowding. However, the effect of macromo-
lecular crowding on the properties of IDPs is yet unclear
(13,19,20). Although crowding-induced structure of an
IDP has been observed (21), it appears that this is not a
common effect across IDPs (22–26), and characterization
of the dimensions of IDPs in a crowded environment re-
veals varying degrees of compaction (27,28). Similarly,
studies of crowding effects on model polymers, such as
PEG, have yielded varied results (29,30). For example,
small-angle neutron scattering characterization of one
IDP, lN, in crowded solutions of up to 0.22 volume frac-
tion showed changes in the protein dimensions of only
3–6%, at most, without any observed dependence of pro-
tein radius of gyration (Rg) on crowder concentration
(27). On the other hand, in a study of four different proteins
across the charge/hydropathy space, a common metric to
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FIGURE 1 Pair potential between protein beads, including hydrophilic-

hydrophilic (blue), hydrophilic-hydrophobic (brown) and hydrophobic-hy-

drophobic (red) interactions. (Inset) Representative snapshot of an IDP

chain in a bath of crowders. To see this figure in color, go online.
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distinguish between foldable and disordered protein se-
quences, Soranno et al. found profoundly different effects
of crowding on the four sequences, with the one foldable
protein exhibiting the least collapse and the remaining
three IDPs experiencing greater collapse with increases in
charge and hydrophilicity (28).

Simulations have also been carried out in an effort to un-
derstand the excluded-volume effects of crowding, apart
from intermolecular attraction and other factors that are
difficult to control experimentally (27,31,32). From repre-
sentations of proteins with all nonhydrogen atoms to a
simplified self-avoiding walk (SAW), these previous studies
typically find modest to moderate compaction of the protein
chain of up to 35% for crowder volume fractions of up to
0.4, with both smaller crowders and higher packing frac-
tions yielding greater effects. In fact, Kang et al. found
that the effect of crowding at a given crowder concentration
may be determined solely by the ratio between the polymer
and crowder dimensions using an excluded-volume polymer
model (32).

Although a SAW model may represent some intrinsically
disordered or unfolded proteins, variations in sequence
length and content give rise to varying degrees of disorder.
In the innumerable sequence combinations that can be con-
structed, efforts have been made to identify simple factors
that can be used to predict disorder among proteins. Uversky
et al. found that IDPs may be separated from folded proteins
by their position in a simplified two-dimensional space
defined by mean hydrophobicity and mean net charge
(33). This picture has expanded to include more complex
factors, such as proline content or patterning of charged res-
idues, to capture variation among IDPs (34–36). Unfolded
proteins and IDPs have likewise been described by polymer
theories and exist over a range of polymer scaling exponents
(37–40).

It is reasonable to expect, therefore, that the differences
in the polymeric properties or sequences of different
proteins may contribute to their varied responses to
macromolecular crowding. Here, we use a simplified
polymer IDP model proposed by Ashbaugh et al. to
explore the effect of crowding on proteins that span a
range of polymer scaling regimes (41,42). In a bath of
spherical, repulsive crowders, the proteins show varied de-
grees of compaction. In fact, there is a nonmonotonic
trend between the extent of compaction due to crowding
that an IDP experiences and the expansion of the protein
chain in bulk. Although the most collapsed chains show
virtually no change between crowded and bulk conditions
(as expected), the most extended chains do not conversely
experience the greatest effect. Predictions of existing
theoretical models are compared to the simulation data.
We find that free-volume theory of an ellipsoid in a bath
of hard spheres, with a simple correction factor for pene-
trability of expanded chains, is sufficient to nearly quanti-
tatively reproduce our simulation results.
MATERIALS AND METHODS

Computational model

A simplified coarse-grained model developed by Ashbaugh and co-workers

was used to model IDPs (41). This model has been shown to capture the

charge-hydropathy separation of disordered from folded proteins as a

coil-to-globule transition with changes in sequence content. Though all-

atom models provide the most accurate representation of systems of this

scale, the computational cost associated with such simulations is still chal-

lenging (43). Coarse-grained representations, on the other hand, can greatly

increase the time- and lengthscales that can be reached by simulations.

Here, we use a two-amino-acid alphabet consisting of only hydrophobic

and hydrophilic beads to capture a range of protein chain characteristics.

This representation allows us to capture the behavior of both extended

and compact proteins across varying solvent conditions, as is later dis-

cussed. Nonbonded interactions are described by a modified Lennard-Jones

potential (41):

VðrÞ ¼

8>>><
>>>:

VLJðrÞ þ ð1� lÞε r%2
1
6s;

lVLJðrÞ r > 2
1
6s;

(1)

where VLJ is the usual Lennard-Jones potential and l¼ 0, 1, and 2.5 for hy-

drophilic-hydrophilic, hydrophilic-hydrophobic, and hydrophobic-hy-

drophobic pair interactions, respectively (Fig. 1). For all intraprotein

interactions, we set s ¼ 5 Å and ε ¼ 0.3 kcal/mol. The potential cutoff is

set equal to 21=6s for all repulsive (l ¼ 0) interactions and 3s for attractive

interactions.

Proteins of 150 monomer units long were simulated with varying se-

quences. At each fraction of hydrophobic residues, <h>, four random se-

quences of hydrophobic and hydrophilic beads were generated. An

example of the four <h> ¼ 0.2 sequences used in the simulations is shown

in Fig. S1 in the Supporting Material. For each<h>, different random num-

ber seeds were also used to generate initial velocities for four different runs.

Molecular dynamics simulations were conducted using the LAMMPS

package (44). Temperature was maintained at 300 K using a Langevin

thermostat with a 1 ps damping coefficient, and dynamics were propagated

using the velocity Verlet algorithm. A time step of 10 fs was used, and
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simulations were carried out for 10 ms, discarding the first 0.1–0.2 ms as

equilibration time.

A Weeks-Chandler-Andersen potential (45) is used to model repulsive

crowder-crowder and crowder-protein interactions (l ¼ 0 in Eq. 1), with

ε ¼ 1 kcal/mol and crowder radii equal to 13, 25, and 40 Å. This allows

us to capture the excluded-volume effects of crowding. Although bulk sim-

ulations were carried out within a 400 Å cubic box, crowding simulations

were carried out at box sizes of ~150, 200, and 300 Å for crowders of

13, 25, and 40 Å, respectively. Exact box dimensions were adjusted to simu-

late crowder volume fractions of 0.1, 0.2, 0.3, and 0.4.

Average values presented below, including the average Rg, are first

calculated from each trajectory independently, using block averaging

with 10 blocks to determine the statistical uncertainty of each average.

Simple averaging and propagation of error give the average values and er-

rors across multiple sequences. Results from up to 12 randomly generated

sequences are compared in Fig. S2, showing that the average protein

properties are not significantly affected by the inclusion of additional

sequences. As a result, we restrict our simulations to four sequences at

each <h>.
Theoretical model

The simulation results are compared to the predictions of a theoretical

model based on the free-volume theory of an ellipsoid—representing a pro-

tein—in a bath of hard spheres (46). In this approach, the structures of pro-

tein chains at a given<h> value from bulk simulations are clustered using a

Euclidean distance in the ð ffiffiffiffiffiffi
Lx

p
;

ffiffiffiffiffiffi
Ly

p
;

ffiffiffiffiffiffi
Lz

p Þ space where LxRLyRLz

are the eigenvalues of the gyration tensor defined by

T ¼ 1

N

XN
i¼ 1

riri: (2)

Here, ri is the position of the ith bead of a protein with N segments from the

center of mass of the protein. The quality threshold (QT) clustering
algorithm with a threshold of 1 Åwas adopted to cluster the structures. Spe-

cifically, in the QT algorithm, from each structure, we first find all ne-

ighboring structures that are within the cutoff distance of 1 Å in the

ð ffiffiffiffiffiffi
Lx

p
;

ffiffiffiffiffiffi
Ly

p
;

ffiffiffiffiffiffi
Lz

p Þ space. The group with the largest number of neigh-

boring structures is chosen as the first cluster. The structures that belong

to this cluster are removed, and the same procedure is repeated with the

reduced data set until all the structures are clustered. Fig. S3 (top) shows

the resulting number of clusters out of 4 � 105 structures for each <h>

and the populations of the top 10 clusters (Fig. S3, bottom).

Each cluster represented by the three eigenvalues of the gyration tensor is

then mapped onto an ellipsoid whose principal radii, Ria; ða ¼ x; y; zÞ, are
given by

Ria ¼
ffiffiffiffiffiffiffiffiffiffi
5Lia

p
; (3)

where i denotes a cluster number. The
ffiffiffi
5

p
factor is the ratio between the

principal radii and the square root of the eigenvalues of the gyration tensor

for a uniform ellipsoid. The free energy required to insert an ellipsoid in a

bath of spherical crowders can be obtained using the fundamental measure

theory (47,48), a generalized form of the scaled particle theory, and is given

by

Dmi=kBT ¼ �lnð1� fÞ þ ðpVi þ gAi þ kCiÞ=kBT; (4)

where p, g, and k are the bulk pressure, surface tension at a planar wall, and

bending rigidity of the crowders, and Vi, Ai, and Ci are the volume, surface

area, and integrated mean curvature of an ellipsoid representing the ith clus-

ter. Here, f ¼ 4pr3cnc=3V is the crowder volume fraction where rc and nc
are the crowder radius and number of crowders and V ¼ L3 is the volume

of the simulation box. A general ellipsoid with principal radii Rix, Riy,
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and Riz has volume Vi ¼ ð4p=3ÞRixRiyRiz, and Ai and Ci are numerically

evaluated from the radii. The thermodynamic properties of the crowder

bath are approximated by the Carnahan-Starling expressions for hard

spheres (49):

p
�
kBT ¼ 3f

4pr3c

1þ fþ f2 � f3

ð1� fÞ3 ; (5)

� " #

g kBT ¼ 3

4pr2c

fð2� fÞ
ð1� fÞ2 þ lnð1� fÞ ; (6)

� 3f

k kBT ¼

rcð1� fÞ: (7)

The probability of finding a cluster i in a bath of crowders is

approximated by

PiðfÞ ¼ Pbulk
i e�Dmi=kBTP
iP

bulk
i e�Dmi=kBT

; (8)

where Pbulk
i is the probability for a cluster i in bulk with the eigenvalues of

the gyration tensor, Lia. The squared average of the radius of gyration,

R2
g ¼ Lx þLy þLz, is then calculated by

�
R2
g

� ¼
X
i

�
Lix þLiy þLiz

�
PiðfÞ: (9)

RESULTS AND DISCUSSION

Model protein spans a range of polymer scaling
regimes

Using the protein model described above, one can capture
the diversity in sequence content among protein chains by
varying the fraction of hydrophobic residues, <h>, of the
simulated sequence. As <h> increases, the protein chains
begin to favor more compact conformations. The average
radius of gyration, Rg, of proteins with a given <h> there-
fore decreases with increasing hydrophobic content. In bulk,
increasing <h> values from 0 to 1 results in average Rg

values ranging from ~48 Å to 13 Å, respectively, for IDPs
of 150 monomer units. Note that a Gaussian chain (ε ¼ 0

in Eq. 1) with the same number of beads yields
Rg ¼

ffiffiffiffiffiffiffiffiffi
N=6

p
s ¼ 25 Å. Fig. S4 shows the changes in Rg dis-

tribution for <h> values of 0, 0.2, and 1. As the IDP
becomes increasingly hydrophobic and compact, the Rg dis-
tribution also narrows considerably. This is likewise re-
flected in the greater number of clusters at lower <h>,
shown in Fig. S3. The model proteins can be further charac-
terized by how their size scales with chain length, N, allow-
ing comparison to proteins and other polymers which may
behave similarly. Therefore, bulk simulations for protein
lengths of N ¼ 40, 80, 120, 180, 240, and 280 were perfor-
med in addition to the 150-bead simulations. The resulting
Rg values were fitted to RgðNÞ ¼ bNn to determine the
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polymer scaling exponent, n, of the IDPs at each <h>. In
good solvent, polymers expand with Rg scaling as N3=5,
whereas in poor solvent, collapse of polymers leads to a
scaling exponent of 1/3 (50,51). The n values resulting
from varying <h> in our simulations range from 0.30 at
high <h> (R 0.6) to 0.62 at <h> ¼ 0 (Fig. 2 lower, inset).
Furthermore, this range of polymer chain characteristics is
representative of proteins from compact globules to very
extended chains that populate the proteome (35,39). The
model used herein therefore provides the versatility required
to explore the effects of crowding on both extended and
collapsed chains, or on proteins in varied solvent conditions,
by varying the hydrophobic content, <h>, of a protein
sequence. Although such a model obviously cannot capture
the complexity of protein structure that arises from the 20
amino acids and additional posttranslational modifications
that occur in nature (52), it is sufficient to give us significant
insight into how general protein properties (i.e., polymer
scaling) can dictate the extent of that protein’s response to
crowding.
Crowding induces varying degrees of IDP
compaction

To determine the effect of crowding on proteins of varying
sequence content, the 150-mer protein chains of different
<h> values were simulated in a bath of repulsive, spherical
FIGURE 2 Rg of the IDP chains in bulk. (Top) The Rg shows a coil-to-

globule transition with increasing <h> (shown for 150-mer). (Bottom) Rg

as a function of sequence length and (inset) the resulting scaling exponent,

n, vs. <h> from a best fit of RgfNn. In this figure and hereafter, error bars

are smaller than the symbol size. To see this figure in color, go online.
crowders. We change both the volume fraction, f, and the
radius, rc, of the crowders to understand the effects of these
variables on the protein chain over biologically relevant
ranges. We use crowder radii, rc; of 13, 25, and 40 Å, which
are comparable to the dimensions of the most collapsed,
intermediate, and extended IDP chains, respectively. The
proteins of varying <h> show distinctly different responses
to their crowded environment. In Fig. 3 A, we plot the Rg of
the chains as a function of crowder volume fraction, f,
showing a compaction due to crowding for many of the pro-
teins. This compacting effect increases with both increasing
crowder concentration and decreasing crowder size. Both
these trends are expected, as both greater f and smaller rc
for a given f result in less volume accessible to a protein
chain. However, the degree of compaction under the same
crowding conditions varies greatly between different IDP
chains. In fact, the most hydrophobic chains (<h> R 0.5)
show virtually no compaction, even in a bath of the smallest
(rc ¼ 13 Å) crowders up to 40% crowder volume fraction,
whereas the less hydrophobic, more extended chains show
a significant decrease in Rg under the same conditions.

To understand how the degree of compaction by
crowders depends on the protein sequence content, we
show Fig. 3, B and C, the absolute magnitude of compac-
tion, DRghRgð0Þ � RgðfÞ, and the scaled radius of gyra-
tion, RgðfÞ=Rgð0Þ, respectively. The unscaled RgðfÞ are
also shown in the inset of Fig. 3 B, which show that Rg de-
creases monotonically with increasing protein hydrophobic-
ity for a given environment, as expected. To understand the
crowding-induced changes in protein size, it is more instruc-
tive to focus on the relative change in protein dimensions
represented by DRg or RgðfÞ=Rgð0Þ (32), because the bulk
reference systems are different. We find that both these mea-
sures show a nonmonotonic trend as a function of <h>.
Comparing the collapse due to crowding that the IDP shows
across varying <h>, the greatest compaction is seen for
chains composed of 20–25% hydrophobic residues. These
chains correspond to scaling exponents of 0.54 to 0.49,
respectively. With increasing hydrophobicity beyond this
range, the chains are intrinsically more collapsed
and undergo less compaction upon crowding, as may be ex-
pected. It may come as a surprise, however, that the most
extended chains (<h> ¼ 0) do not conversely exhibit the
greatest compaction. This trend persists across the range
of crowder sizes and packing fractions studied, although
the effect is most striking with greater packing fractions
and smaller crowders. Under these most crowded condi-
tions, compaction of up to 40% is observed for the proteins
composed of 20% hydrophobic residues. This effect dimin-
ishes to only 24% for the most hydrophilic, extended chains
and to <1% for the most hydrophobic chains.

This effect on the protein dimensions is furthermore
accompanied by a complementary change in the shape of
the IDP chain. Fig. S5 shows the average asphericity of
the IDPs both in bulk and in the presence of crowders. As
Biophysical Journal 111, 28–37, July 12, 2016 31
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is the case for the Rg, the asphericity of the protein in bulk
shows a monotonic decrease, becoming increasingly spher-
ical (As/0) with increasing <h>. Increasing the crowder
concentration for an IDP with a given hydrophobicity like-
wise results in a decrease in asphericity, and scaling aspher-
icity values by those in bulk results in a nonmonotonic
collapse, similar to that seen in Rg.

Considering the distributions of the protein Rg in addition
to the average value gives further insight into the effect of
crowding on these proteins. In bulk, the Rg distributions
become increasingly narrow (i.e., the variance decreases)
with increasing<h> (Fig. S4). In the crowded environment,
not only do the average Rg values change, but the shapes of
the distribution also display different behavior, as shown in
Fig. S6. At <h> ¼ 1, the distributions show essentially no
change, as expected based on the average Rg. At the oppo-
site end, <h> ¼ 0, although the protein chains show up
to 23% reduction in Rg in 13 Å crowders, the shape of the
distribution is again largely unchanged. At <h> ¼ 0.2,
however, where the chains are compacted by up to 40%,
the protein Rg distribution narrows considerably. In a previ-
ous simulation work, Qin and Zhou observed similar
changes in Rg distributions for IDP chains of varying intra-
molecular interaction strength (31). There, too, a maximum
compaction was observed at intermediate values of the in-
32 Biophysical Journal 111, 28–37, July 12, 2016
traprotein interaction parameter. The maximum in compac-
tion observed by Qin and Zhou was explained by the greater
width in the bulk distribution of that polymer. In other
words, the degree of compaction was correlated with the
variance of the polymer Rg distribution; this is not the
case in our simulations. However, we do find that the third
moment, or skewness, of the Rg distributions is greatest at
intermediate <h> (Fig. S7). The greater-valued positive
skewness of these distributions indicates that the distribu-
tion is more asymmetrical and spreads more at greater Rg

values. Because the expanded states are more affected by
crowding than more compact states, this results in a greater
change in Rg in the presence of crowders.
Theoretical model development to account for
IDP compaction

These results clearly demonstrate the differing effects
crowding can have on IDPs of different sequence content.
It is expected that purely repulsive crowders cause com-
paction of protein chains. This is due to the known
entropic effects associated with loss of available volume.
As the available volume is reduced, many more expanded
conformations are disallowed, favoring a more compact
ensemble. That is, the free energy of insertion of a more
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expanded chain (represented as a larger volume) in a bath
of crowders is greater than that of its more compact
(smaller volume) conformations. The effect of crowding
is dependent not only on the size and density of the crow-
ders, which directly affect the available volume, but also
on the bulk properties of the protein itself. It is easy to
rationalize why the most compact chains see the least effect
due to crowding: at this extreme, the effect of crowding
is limited by steric effects between residues, which are
already very closely packed. However, this does not explain
the reduced effect also seen for more extended chains in
the <h> < 0.25 range. Although the crowders are purely
repulsive, the polymer chain itself includes both repulsive
and varying degrees of attractive interactions. Whereas
crowders induce a modest degree of compaction in the
most extended chain, which includes only repulsive inter-
actions, the addition of hydrophobic residues adds an
additional driving force for compaction. Going further, we
compare prominent theoretical predictions to determine
whether the nonmonotonic collapse with <h> can be theo-
retically resolved.

In an insightful simulation study of excluded-volume
polymers, Kang et al. found that the effects of crowding
on biopolymers could be described in a phase space of crow-
der concentration and the ratio between polymer and crow-
der size (32). The scaling argument therein is based on the
expectation that when this ratio is on the order of 1, the poly-
mer will be minimally impacted, whereas a much greater ra-
tio will cause collapse of the polymer. The authors further
note that this model may not be applied to highly charged
polymers. Indeed, these observations have value in predict-
ing the behavior of excluded volume polymers (those that
scale with n � 0:6) in crowded environments. Our excluded
volume (<h> ¼ 0) IDP chain shows similar compaction for
varying chain lengths at a given Rgðf ¼ 0Þ=rc ratio of 3.66
(Fig. S8). However, the effects of crowding on IDPs with
varying <h> are not predicted by this argument. Holding
Rgðf ¼ 0Þ=rc constant, the <h> ¼ 0.2 and 0.25 proteins
show twice as much compaction (47–48% at f ¼ 0:4) as
is seen in the <h> ¼ 0 case (Fig. S8). This suggests that
additional parameters, which take into account the much
different conformational ensembles associated with varying
chain hydrophobicity or solvent conditions (polymer
scaling), may be needed to describe biopolymer collapse
due to crowding.

In developing a theoretical model, it is therefore neces-
sary to consider not only the ratio between protein and
crowder sizes, but also details of protein shapes for
different <h> values. Here, we adopt free-volume theory
of an ellipsoid representing an IDP chain (see Materials
and Methods) (46) and compare our simulation data to
the predictions of this theory. First, when the representative
ellipsoid is assumed to be impenetrable to crowders (as
in Eq. 3), the free-volume theory predicts the extent of
compaction quantitatively only for the most compact pro-
tein chains (see Fig. S9). The theory consistently overesti-
mates the degree of compaction for small <h> (<0.3).
Furthermore, the standard free-volume theory does not cap-
ture the nonmonotonic trend in compaction as a function
of <h>.

To help understand the breakdown of the free-volume the-
ory, we also calculate the spatial distribution of the crowders
relative to the protein chain. At high <h>, the collapse of
the protein chain precludes crowders from occupying space
within a distance of � Rg þ rc of the protein center of mass.
For <h> ¼ 0.2 and below, however, extended conforma-
tions are able to occupy regions between crowders, making
the likelihood of finding a crowder near the center of mass
of the protein not only finite, but also considerable
(Fig. 4). This implies that at low <h>, the volume traced
out by the Rg of the protein is no longer impenetrable to
crowders. As discussed below, this observation is crucial
in developing a theoretical model that describes the nonmo-
notonic trend in the crowding-induced extent of compaction
for IDPs of varying hydrophobicity.
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Modified free-volume theory based on the
penetrable ellipsoid model

Approximating protein chains as hard (impenetrable) ellip-
soids whose principal radii are determined by the eigen-
values of the gyration tensor may work well for globular
states, which occur at higher <h> values. However, for
extended chain conformations predominant at small <h>
values, such an approximation fails to describe the simula-
tion data, as shown above. This is also apparent in the poten-
tial of mean force (PMF) between a protein chain and a
spherical crowder (see Fig. S10). As shown in Fig. S10
(bottom), the PMF remains finite for small rc and <h>,
even as the distance between the centers of mass of a protein
chain and a crowder approaches zero. This results from the
fact that at small <h>, the protein chains are highly
extended, such that a small crowder particle can penetrate
to the protein center of mass. Under such conditions, an
impenetrable ellipsoid representation is not sufficient to
describe the crowding effects on such a protein chain.
A more realistic model for an extended chain must account
for voids not represented by an ellipsoid of any shape.
Unfortunately, an analytically tractable expression for esti-
mating the insertion free energy of such a model in a bath
of spherical crowders is not available in the current litera-
ture. Tran and Pappu have shown that the average shape
of a highly denatured protein, which corresponds to
<h> ¼ 0 in this study, is represented by a prolate ellipsoid
independent of protein sequence in the excluded-volume
limit (53). However, the fluctuations in the Rg and aspheric-
ity values are large, suggesting that the chains in this limit
are soft penetrable ellipsoids, which is also consistent with
our simulation data.

Hence, we propose a penetrable ellipsoid model to repre-
sent extended protein chains for small<h> by introducing a
scaling factor in the principal radii to capture the correct
PMF behavior. Explicitly, the principal radii for a cluster
i are now given by

Ria ¼ s
ffiffiffiffiffiffiffiffiffiffi
5Lia

p
; (10)

where the scaling factor, s, depends on<h> and the crowder
size, rc. Note that the cluster is still represented as a hard
ellipsoid, but with principal radii now renormalized from
the original values determined by the eigenvalues of the
gyration tensor. To obtain the scaling factor, we first calculate
the ‘‘effective’’ hard diameter from the crowder-protein
PMF as

Reffð<h> ; rcÞ ¼
Z N

0

½1� expf �Wðr; <h> ; rcÞ=kBTg�dr;
(11)

where Wðr; <h> Þ is the orientation-averaged PMF be-
tween the crowder and the protein chain (Fig. S10). This
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approach has been applied to Lennard-Jones fluids via
perturbation of hard-sphere fluids (54). The scaling factor
for a given <h> is then defined by equating the average
mean curvature of ellipsoids to that of a hard sphere of
radius Reff � rc as
s ¼ �
Reff � rc

��X
i

Pbulk
i Ci; (12)

where Ci is the mean curvature of the ellipsoid representing
cluster i. The dependence of the scaling factor on <h> and
rc is shown in Fig. S11. As anticipated, the scaling factor is
small at small <h> but approaches a value close to unity as
<h>/1.

The introduction of this scaling factor captures the non-
monotonic collapse observed in our simulations as shown
in Fig. 5. In fact, it quantitatively captures the simulated re-
sults for most conditions, failing only by underestimating
compaction of the intermediate protein chains (<h> be-
tween 0 and 0.3) at high packing fractions of small crowders
(rc ¼ 13Å).
A simple homopolymer model is sufficient to
recapitulate the observed trends in chain
compaction

The results of Qin and Zhou (31) imply that the nonmono-
tonic trend in crowding-induced collapse we observe may
be captured by a simple homopolymer model. We have
therefore compared the results of our heteropolymer simula-
tions with those of a similar homopolymer, allowing us to
ensure that our observed results are not unique to the heter-
opolymer model used in this study. The homopolymer
model for the IDP chain consists of 150 beads of the same
kind in which the hydrophobicity is tuned by varying l

(Eq. 1) between all protein beads. To compare the two
models across the same span of hydrophobicity, l was var-
ied between 0 and 2.5, which are taken to be the fully hydro-
philic (<h> ¼ 0) and fully hydrophobic (<h> ¼ 1) cases,
respectively, for the homopolymer. Such a model can also be
used to more closely represent biological homopolymers,
where changing l tunes the solvent quality. Fig. 6 shows
the results of this comparison. In bulk, the two models
show a remarkably similar relationship between Rg and hy-
drophobicity. Additionally, in a crowded environment, the
nonmonotonic compaction of the protein chain with respect
to <h> is preserved by the homopolymer representation.
This result confirms that the nonmonotonic response to
crowding exhibited by our model is not unique to the indi-
vidual sequences simulated and the structures particular to
those sequences (e.g., internal loops formed by hydrophobic
contacts). Rather, the effect may be related to more general
chain properties, such as mean hydrophobicity or, more
generally, polymer scaling.
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FIGURE 5 RgðfÞ/Rgð0Þ for our 150-mer IDP chains (open circles) and

the corresponding predictions by the ellipsoid model with free-volume the-

ory (solid circles) at crowding volume fractions of f ¼ 0.1–0.4. The simu-

lation results are compared with theoretical predictions for rc ¼ 13 Å (top)

and 40 Å (bottom). To see this figure in color, go online.

Disordered Proteins Under Crowding
Degree and variation of observed compaction is
comparable to experimental observations

Our results are also consistent with experimental findings
on the effects of crowding on protein properties. Previous
experimental studies have shown a great range in the
responsiveness of the size of an IDP to a crowded environ-
ment, from virtually no effect to >30% reduction in Rg

(27,28). In an NMR study, Cino et al. showed that
although disorder is largely maintained by three IDPs in
the presence of crowders, crowding may induce local sta-
bilization of structured regions. Yet the structure of ubiq-
uitin, a globular protein, was unaffected by crowding (26).
Work by Goldenberg and Argyle found very little
observed effect of crowding on lN, an IDP. Based on
our results, the excluded-volume effects of crowding
alone should cause moderate compaction of this extended
protein. This difference can be accounted for by weak
attractive crowder-protein interactions (27), as such
attractive interactions can counter the excluded-volume
effects of crowding (55). Soranno et al. explored the ef-
fects of crowding on four different IDPs of varying hydro-
phobicity and charge fractions (28). They observed that
the most hydrophobic sequences, which are also the least
charged, exhibit the least compaction. Although they
found that increases, rather than decreases, in crowder
size lead to increased compaction of their proteins,
changes in crowder size are realized by increasing poly-
merization index. The crowder, polyethylene glycol
(PEG), has a scaling exponent of 0.62, and the crowding
effects of PEG of increasing weight therefore cannot
necessarily be mapped to those of spherical crowders of
increasing radius. Furthermore, the addition of ethylene
glycol appears to have no effect on the proteins, indicating
that some attractive interactions that are diminished by the
Biophysical Journal 111, 28–37, July 12, 2016 35
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effect of polymerization of the crowder may be at play. In-
clusion of polymeric crowders in future work can provide
additional insight into the effect of crowder configuration
on protein chains.

A study of the effect of crowding by Ficoll on PEG, which
is representative of a random-coil polymer, found a rela-
tively high effect due to crowding of up to 50% compaction;
however, experimental uncertainty is significant beyond
~30% compaction (29). Additionally, polymeric effects of
the crowder, which does not behave as a sphere, may
contribute to additional compaction as in the work by Sor-
anno et al. (28)
CONCLUSIONS

Here, we use a simplified model to represent proteins of
varied characteristics, from expanded chains to compact
globules, to sample across the space of naturally occurring
proteins of varied intrinsic characteristics or in different
solvent quality. This model is able to capture the wide var-
iations in crowding effects on biological polymers that are
observed experimentally. We find that crowding effects are
greatest for our protein chains of intermediate hydrophobic-
ity. Here, the intrachain attraction between hydrophobic
residues may help to stabilize more compact conformations
that are entropically disfavored. For both the purely repul-
sive excluded-volume chain, which does not experience
intrachain attraction, and the more hydrophobic chains,
whose compact bulk configurations are already closely
packed, the effect of crowding is less. For naturally occur-
ring proteins in vivo, this may lead not only to a varied
response among different proteins, but also to local differ-
ences in crowding effects within the same IDP, as previ-
ously observed experimentally (26). As a result, areas of
local structure may be stabilized, whereas more flexible re-
gions remain relatively expanded. In vitro behavior and
functionality may thereby be maintained, as long disor-
dered coils as well as shorter, transiently structured
target-binding regions are both associated with the func-
tional roles of IDPs (56).

Predictions of the free-volume theory with an IDP chain
represented as an ellipsoid are in good agreement with the
simulation results for the more compact protein chains.
However, this simple theory fails to predict the nonmono-
tonic behavior of the relative compaction of the average
Rg as a function of hydrophobicity. It is shown that intro-
ducing an additional scaling factor to account for the pene-
trability of the expanded chains yields predictions that
capture the nonmonotonic compaction under crowding, in
near agreement with the simulation results for the hydro-
philic proteins in the most crowded (high f and small crow-
der radius) conditions and in close quantitative agreement
under all other conditions. However, future work is neces-
sary to determine whether additional factors, such as charge
content, may have a significant effect in different regions
36 Biophysical Journal 111, 28–37, July 12, 2016
of the charge/hydropathy space. The coarse-grained model
used here provides an extremely flexible framework in
which to include added complexity, such as charged interac-
tions, attractive protein-crowder interactions, and polymeric
crowders, the characterization of which can lead to robust
understanding and prediction of the effects of crowding on
biomolecules in vivo.
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