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Atomistic Modeling of Macromolecular Crowding Predicts Modest
Increases in Protein Folding and Binding Stability

Sanbo Qin and Huan-Xiang Zhou*
Department of Physics and Institute of Molecular Biophysics, Florida State University, Tallahassee, Florida

ABSTRACT Theoretical models predict that macromolecular crowding can increase protein folding stability, but depending on
details of the models (e.g., how the denatured state is represented), the level of stabilization predicted can be very different. In this
study, we represented the native and denatured states atomistically, with conformations sampled from explicit-solvent molecular
dynamics simulations at room temperature and high temperature, respectively. We then designed an efficient algorithm to calcu-
late the allowed fraction, f, when the protein molecule is placed inside a box of crowders. That a fraction of placements of the
protein molecule is disallowed because of volume exclusion by the crowders leads to an increase in chemical potential, given
by An = —kgT Inf. The difference in Au between the native and denatured states predicts the effect of crowding on the folding
free energy. Even when the crowders occupied 35% of the solution volume, the stabilization reached only 1.5 kcal/mol for cyto-
chrome bsg,. The modest stabilization predicted is consistent with experimental studies. Interestingly, a mixture of different sized
crowders was found to exert a greater effect than the sum of the individual species of crowders. The stabilization of crowding on
the binding stability of barnase and barstar, based on atomistic modeling of the proteins, was similarly modest. These findings

have profound implications for macromolecular crowding inside cells.

INTRODUCTION

Inside cells, protein and RNA molecules occupy >30% of
the volume (1). The crowded conditions are expected to
have significant effects on biophysical properties of proteins.
Thanks to concerted efforts based on theoretical modeling
(2-7), atomistic simulations (8,9), and in vitro experiments
(10-13), a qualitative understanding on the effects of macro-
molecular crowding on protein folding and binding stability
has been reached. Crowders, because of excluded volume,
raise the chemical potential of a test protein, and more so
to the protein molecule when its conformation is more open
(14). Thereby, crowding shifts the folding equilibrium
toward the native state and the binding equilibrium toward
the bound state. Here we report quantitative predictions of the
effects of crowding on folding and binding stability based on
atomistic modeling of protein molecules.

Simple theoretical models can be valuable in providing
physical insight into how crowding may affect protein
folding and binding. They are designed to capture the essen-
tial physics but lack realistic details. For examples, proteins in
the native state have been modeled as spheres. Although
theoretical models can be constructed to fit a specific set of
experimental data, the predictive power of such models is
questionable. In fact, the predicted levels of crowding-
induced stabilization by different models can be significantly
different (5,6). Therefore, quantitatively the value of simple
theoretical models may be limited. This limitation was
a main motivation for this approach of atomistic modeling.
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Cheung et al. (8) and Stagg et al. (9) carried out Langevin
dynamics simulations of the folding and unfolding of two
different proteins, each represented by a coarse-grained C,
side-chain model, in the presence of spherical crowders.
The simulations allowed them to calculate the changes in
folding free energy by the crowders. Similarly, Minh et al.
(15) carried out Brownian dynamics simulations of the flap
motions of a protein, represented by a coarse-grained C,-
only model, in the presence of spherical crowders. The simu-
lations showed that crowding shifts the equilibrium between
open and closed conformations toward the latter.

In this study, we took a different approach to calculate the
effects of crowding on thermodynamic properties. Instead of
calculating the free-energy differences between two end states
in the absence and presence of crowders, represented by the
two horizontal legs in Fig. 1 A for protein folding and Fig. 1 B
for protein binding, we calculated the transfer free energies of
protein molecules from a dilute solution to a crowded solu-
tion, as represented by the vertical legs in Fig. 1, A and B.
The change in folding free energy by crowding is (14)

AAG; = Apy — Aup, (1)

where Auy and Aup, respectively, are the changes in chem-
ical potential when a protein molecule in the native and
denatured states are placed in a crowded solution. Similarly,
the change in binding free energy of two proteins, A and B,
by crowding is

AAG, = Auc — (AMA + A:“B)v 2
where Aua, Aug, and Auc, respectively, are the changes in

chemical potential when the two protein molecules and their
complex are placed in a crowded solution.
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FIGURE 1 Thermodynamic cycles for calculating the effects of crowding
on (A) folding free energy and (B) binding free energy. The horizontal legs
are folding or binding free energies in the absence (AGg or AGy) and pres-
ence (AG¢or AGy,) of crowders; the vertical legs are the changes in chemical
potential of the denatured or unbound state (Aup or Aua + Aug) and native
or bound state (Auy or Auc). Orange and cyan ribbons show denatured and
native cytochrome bsg,, respectively; blue and red ribbons show barnase and
barstar, respectively. Black spheres represent crowders.

The approach based on the vertical legs complements
those based the horizontal legs. In particular, the crowd-
ing-induced changes in chemical potential of the end states
(e.g., the native and denatured states in protein folding) yield
valuable insight into the physical basis of crowding effects.
In addition, the approach makes it possible to dissect the
different contributing factors of crowding. In this study,
we specifically focused on the volume exclusion of crow-
ders. This volume exclusion precludes some of the place-
ments when a protein molecule is introduced into a crowded
solution, so that only a fraction, f, of all placements is
allowed. The resulting change in chemical potential is given
by

Ap = —kgTInf, 3

where kg is Boltzmann’s constant and T is absolute temper-
ature. Since f < 1, the change in chemical potential due to
volume exclusion of crowders is always positive. Equation
3 can be seen as a specialization of Widom’s insertion
theorem (16) to hard particles.
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Here we designed a very efficient algorithm for calculating
the allowed fraction f of a test protein and applied it to study
the effects of crowder volume exclusion on protein folding
and binding stability. The approach has significant potential
in other applications and in enabling more and more realistic
modeling of cellular environments.

METHODS

In the overall design of our approach, the test protein in a dilute solution and
a collection of crowders were independently simulated. Representative
conformations (totaling M,,) of the test protein and representative configura-
tions (totaling M,) of the crowders were saved. The protein in each represen-
tative conformation was then tested against each representative configuration
of the crowders to calculate a value for the allowed fraction f. The M, x M,
such values were averaged to give the final value for f.

Below we describe the procedures for the simulations of the test proteins,
the crowders, and the algorithm for calculating f.

Conformational sampling for cytochrome bsg,
in native and denatured states

Cytochrome bsg; is a four-helix protein with 106 residues (Fig. 1 A). In a sepa-
rate study to elucidate its unfolding mechanism, molecular dynamics simula-
tions of this protein were carried out at 300 K and 500 K in explicit solvent
(H. Tjong and H.-X. Zhou, unpublished), following protocols published in
a similar study (17). The total lengths of the two trajectories were 30 ns
and 15 ns, respectively. Here we sampled 1000 conformations each from
the room temperature and high temperature trajectories to represent cyto-
chrome bse, in the native and denatured states, respectively. (Note that the
focus in this study is on the folding stability. The effects of crowding on
folding intermediates such as the transition state will be presented in a further
study (H. Tjong and H.-X. Zhou, unpublished)). The average radii of gyration
in the two sets of conformations were 15.8 and 17.9 A, respectively. Repre-
sentative conformations of native and denatured cytochrome bsg, are
displayed in Fig. 1 A.

Conformational sampling for barnase and barstar
in bound and unbound states

To represent the bound state of barnase and barstar, 548 conformations of
their complex were sampled from a 7.2-ns trajectory generated in a previous
study (18). Each of these conformations was then separated to yield the
conformations of unbound barnase and barstar. A representative conforma-
tion of the barnase-barstar complex is displayed in Fig. 1 B.

Generation of configurations for crowders

In this study, the crowders were represented by spheres. We have previously
used such a hard-sphere system to study the effects of crowding on protein
binding kinetics (19). Following that study, we used the hard-sphere simu-
lation program in the book of Allen and Tildesley (20) to generate configu-
rations of crowders with the same size. Briefly, hard sphere were initially
present at the sites of a face-centered cubic (FCC) lattice and randomly
assigned velocities according to the Maxwell distribution. They moved
with uniform velocity until elastic collision with other spheres. The periodic
boundary condition and minimum-image convention were applied during
the simulations. Snapshots were then saved as representative configurations
of the crowders.

The primary simulation box was a cube with side length of 10> A. For
a desired crowder radius R, and a desired crowder volume fraction ¢, the
number, N, of crowders was determined from N(47/3)R.> = ¢ x 10° A3,
The total number of sites of an FCC lattice is given by 4n°, where n is an
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integer. We chose the minimum # that satisfied 4n® > N. From the 4n° sites,
N was randomly selected as initial positions for the crowders. Four crowder
radii, at 15, 20, 30, and 50 A, and four volume fractions, at 5%, 15%, 25%,
and 35%, were studied. The 16 combinations of R, and ¢, the number
of crowders in the simulation box for each combination, and the size
of the FCC lattice used for initial positions of the crowders, are listed in
Table 1.

For each combination of R, and ¢ except for R, = 15 A and ¢ = 35%,
a single simulation trajectory was initiated; 10 configurations of the crowders,
separated by 10° collisions, were saved as representatives. The case R, = 15 A
and ¢ = 35% yielded the lowest value for the allowed fraction (see below)
and hence had the greatest demand on calculation accuracy. In this case, we
started 84 independent trajectories. After 1.5 x 107 collisions, the final config-
urations of the 84 trajectories were saved as representatives.

Mixtures of crowders with two different sizes, at 15 and 50 A, were also
studied. With the total volume fraction kept at 35%, the two types of crowders
were mixed in 18 different proportions (see Table 2). Generating representa-
tive configurations for these mixtures required modifications of the procedure
just described for crowders with the same size. In preparing the initial config-
uration for each mixture, two FCC lattices were used. One was for the 15 A
crowders and had 4 x 193 sites; the other was for the 50 A crowders and had
4 x 6° sites. From the second lattice, the desired number of sites was
randomly selected as initial positions of the 50 A crowders. The first lattice
was then superimposed onto the second, and all sites were eliminated where
the placement of a 15 A crowder would lead to overlap with the existing 50 A
crowders. Among the remaining sites in the first lattice, the desired number
was randomly selected as initial positions of the 15 A crowders. In the prop-
agation of the mixed crowders, the Allen-Tildesley program was also modi-
fied to account for the different radii of the crowders. For each mixture, 10
representative configurations of the crowders, separated by 10° collisions,
were saved.

Algorithm for calculating the fraction of allowed
placements

In calculating the allowed fraction f, we treated the test protein molecule in
each conformation and the crowders in each configuration as hard particles.
The protein molecule was modeled as a collection of van der Waals spheres
with Bondi radii (21). In principle, f can be calculated by randomly placing
the protein molecule, with a given conformation, inside a given configura-
tion of the crowders (the system was kept at constant volume). If out of
P random placements, P, placements were successful in that they do not
lead to overlap between the test protein and the crowders, then /' = P,/P.

TABLE 1 Crowded solutions generated by crowders with

a single size

R. (A) ¢ (%) N 4n’

15 5 3537 4 x 10° = 4000
15 15 10,610 4 x 143 = 10976
15 25 17,684 4 x 17° = 19652
15 35 24,757 4 x 19° = 27436
20 5 1492 4 x 8 =2048
20 15 4476 4 x 11°=5324
20 25 7460 4 x 13° = 8788
20 35 10,445 4 x 14> = 10976
30 5 442 4 x 5* =500

30 15 1326 4x7°=1372
30 25 2210 4 x 9% =2916
30 35 3095 4 x 10° = 4000
50 5 95 4 x3°=108

50 15 286 4 x 5% =500

50 25 477 4 x 5% =500

50 35 668 4 x 6° = 864
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TABLE 2 Crowded solutions generated by mixed crowders
with two sizes

¢1 (%) ¢ (%) Ny N
35 0 24,757 0
31.5 3.5 22,281 66
28 7 19,805 133
24.5 10.5 17,330 200
21 14 14,854 267
17.5 17.5 12,378 334
14 21 9902 401
10.5 24.5 7427 467
7 28 4951 534
6.125 28.875 4332 551
5.25 29.75 3713 568
4.375 30.625 3094 584
3.5 31.5 2475 601
2.8 32.2 1980 614
1.75 33.25 1237 635
0.7 343 495 655
0.35 34.65 247 661
0 35 0 668

We developed a far more efficient algorithm for calculating the allowed
fraction when a protein, represented with atomic details, is placed into
a random distribution of crowders. The basic idea of the algorithm is to first
expand each crowder to the largest distances at which the test protein can
still overlap with the crowder and then calculate f as the fraction of space
not filled by the expanded crowders (Fig. 2). In our calculation, the center
of the test protein was placed on a three-dimensional grid (and the center
of each crowder is moved to the nearest grid as an approximation). To
find the required expansion of a crowder, the test protein was placed at
grid points around the crowder. At each grid point, overlap between the
test protein and the crowder was checked by calculating the distance
between each protein atom and the crowder. The expansion was comprised
of all the grid points that led to overlap. This part of the calculation was done
only once and then by translation mapped to all the crowders in the simula-
tion box. After the mapping, f was obtained by counting the number of grid
points not covered by any expanded crowder. The value of f was then aver-
aged over crowder configurations and over conformations of the test protein.
Finally, the change in chemical potential by crowding was calculated by
Eq. 3. For protein folding, the calculations were done separately for the
native protein and for the denatured protein, yielding the effect of crowding
on the folding stability (Eq. 1). Similarly, for protein binding, the calcula-
tions were done separately for the complex and for the two subunits, yielding
the effect of crowding on the binding stability (Eq. 2).

Test of the algorithm

This algorithm was exhaustively tested. Because the test protein was placed
on a grid, a sufficiently fine grid spacing must be used. To illustrate the effect
of the grid spacing, in Fig. 3 we display the volume of the expanded crowder
calculated at grid spacings from 0.14 to 3.0 A. The relative error decreased
to <0.1% as the grid spacing was reduced to 1.5 A and further decreased to
0.01% at a grid spacing of 1 A. We used a 1 A grid spacing in all subse-
quently calculations.

By comparing the results for AAGy calculated on different configurations
of the crowders, the calculation errors were found to be under 0.05 kgT
except for the case R, = 15 A and ¢ = 35%; in that case, the error was
0.2 kgT.

The problem of placing a spherical test protein into a box of spherical
crowders has an approximate analytical solution, provided by the scaled
particle theory (SPT) (22). The theory, which has been used to model
macromolecular crowding (2,3,5-7), predicts the allowed fraction accord-
ing to
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where a, S, and V are the radius, surface area, and volume, respectively, of
the test protein, S. = 471'RC2 is the surface area of the crowders, and C is their
number density. For a = 20 AandR, =20 A, the fvalues obtained from our
calculations were 0.644 = 0.001, 0.194 = 0.001, 0.0296 + 0.0005, and
0.00130 = 0.00009, respectively, at ¢ = 5%, 15%, 25%, and 35%. The
values predicted by the SPT are 0.643, 0.192, 0.0283, and 0.00107, respec-
tively. Overall, there is good agreement between calculation and theory, but
there are systematic discrepancies at high ¢-values. The discrepancies
increase with decreasing R.. We attributed the discrepancies to underestima-
tion by the SPT. The severity of the approximation made in the SPT is
known to increase both with increasing ¢ and with decreasing R..

1.5

relative error (%)
<

0 1 2 3

grid spacing (A)

FIGURE 3 Effect of grid spacing on the calculated volume of an
expanded crowder. The radius of the bare crowder was 15 A. At a given
grid spacing, the relative error was calculated by comparing the calculated
volume against the exact result; the latter was taken as the average of the
values calculated at six fine grid spacings: 0.14-0.19 A with an increment
of 0.01 A.

15

FIGURE 2 Illustration of the algorithm for calculating
the allowed fraction. (A) The region around a crowder is
filled by grids, each representing a location where the test
protein will overlap with the crowder. (B) The filled region
is mapped to each crowder in the simulation box. The total
number of unfilled grids divided by the total number of
grids in the box gives the allowed fraction.

RESULTS

Folding stability in the presence of a single
species of crowders

The change in folding stability of cytochrome bsq, by the
addition of 85 g/L of PEG 20 K has been measured by Ai
et al. (12). We calculated Auyn and Apup, the crowding-
induced increases in chemical potential of this protein in
the native and denatured states. The resulting change in the
folding free energy is displayed in Fig. 4 for four crowder
sizes (R, from 15 to 50 A) and four crowder volume fractions
(¢ from 5% to 35%). At a given crowder size, the level of
stabilization increases with increasing volume fraction occu-
pied by the crowders, consistent with expectation.

At a given crowder volume fraction, the level of stabiliza-
tion decreases as the crowder size increases from 15 to 50 A.
This result can be understood as follows. Only a small number
of large crowders is needed to produce the same volume frac-
tion as a large number of small crowders. The small number of
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FIGURE 4 Dependence of AAG; on crowder radius R. and volume frac-

tion ¢. Circles show calculated results; curves show results from fitting to
Eq. 4.

Biophysical Journal 97(1) 12-19



16

large crowders leaves large voids in which the more open
denatured state can be accommodated nearly as well as the
compact native state, leading to a diminishing AAGy. In
contrast, a large number of small crowders would lead to
small voids, which become much more discriminating against
the more open denatured state, leading to a relatively large
magnitude in AAGy.

The dependences of Auyn and Aup on R, and ¢ can be
fitted very well to Eq. 4 when a, S, and V were treated as
adjustable parameters. The fitted values of these parameters
were 20.6 A, 5165 Z\z, and 16,569 A3 , respectively, for native
cytochrome bsg, and 24.9 A, 6873 A? and 18,154 A3,
respectively, for the denatured protein. Fig. 3 shows that
the results for AAGy calculated from the fitting of Auy and
Aup and from the actual values of Auy and Aup are indistin-
guishable.

Experimentally, Ai et al. (12) observed a level of stabiliza-
tion at 0.4 kgT by the addition of 85 g/L of PEG 20 K. In our
atomistic modeling, this level of stabilization could be
produced by crowders with a radius of 20 A and occupying
15% of volume. The highest level obtained in our study,
produced by crowders with a radius of 15 A and occupying
35% of volume, was 2.5 kgT, or 1.5 kcal/mol at room
temperature.

Folding stability in the presence of mixed
crowders

The cytosol is crowded by many species of macromolecules.
To make progress toward mimicking cellular environments,
we studied the effects of mixtures of crowders with two
different sizes on folding stability. Crowders with radii of
15 and 50 A were mixed to yield a fixed total volume fraction
of 35%. Fig. 5 displays the results for AAGy as a function of
¢>/(¢1 + ¢»), which represents the percentage of the total
volume fraction occupied by the larger crowders. The level

—AAG kT

0 20 40 60 80 100

¢A(¢1+ 92) (%)
FIGURE 5 Increase in folding stability of cytochrome bsg, by mixtures of

crowders with 15 and 50 A radii. Circles show the actual results for AAG
obtained from atomistic modeling; the curve shows additive prediction.
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of stabilization decreases as the content of the larger crow-
ders increases, echoing the finding in Fig. 4 that the larger
crowders are less effective in stabilization than the smaller
crowders.

An important question is whether the stabilization effect of
the mixture is additive of the separate effects of the constit-
uents. As an example, let AAG,, be the change in folding
stability by a mixture of the smaller and larger crowders,
respectively occupying 15% and 20% of the total volume.
Now let AAG, be the change in folding stability by the
smaller crowders alone at a volume fraction of 15%, and
AAG, be the counterpart for the larger crowders alone at
a volume fraction of 20%. Is AAG, predicted well by adding
AAG; and AAG,? Because the fit to Eq. 4 worked so well for
crowders with a single size, we simply used the fit to
generate AAGy for the smaller or the larger crowders alone
at desired volume fractions. Upon pairing the respective
volume fractions to yield a total of 35%, the levels of stabi-
lization due to the two types of crowders alone were added
and the results are displayed in Fig. 5. It can be seen that
the levels of stabilization produced by mixtures of the two
types of crowders are greater than predicted by additivity.

Binding stability under crowding

Because two protein molecules become more compact when
they form a complex, crowding is expected to stabilize the
bound state (14). In this study, we used barnase and barstar
as a test system. Fig. 6 displays the changes in binding free
energy by crowders at four sizes (R from 15 to 50 A) and at
four volume fractions (¢ from 5% to 35%). The trends
observed here are very similar to those displayed in Fig. 3
for protein folding stability. The maximal increase in binding
free energy, produced by crowders with a radius of 15 A and
occupying 35% of volume, was 3.2 kgT, or 1.9 kcal/mol at
room temperature.
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FIGURE 6 Dependence of AAGy on crowder radius R. and volume
fraction ¢.
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DISCUSSION
The magnitude of crowding-induced stabilization

The modest stabilization obtained in this study, based on
atomistic modeling of macromolecular crowding, is in line
with experimental measurements of crowding effects on
protein folding stability (10—13). The maximal levels of stabi-
lization observed in these experimental studies, using dextran,
Ficoll, or polyethylene glycol as a crowding agent, were
~1 kcal/mol. Interestingly, simulations based on a coarse-
grained model also yielded similarly modest stabilization by
crowding (8,9). On the other hand, simple theoretical models,
depending on how the denatured state is represented, have
either predicted modest (5) or substantial (6) stabilization,
indicating that these models are of limited value at a quantita-
tive level.

The modest level of stabilization, of ~1 kcal/mol, can
nevertheless be of physiological importance. In particular,
in protein aggregation the modest stabilization of individual
folding and binding equilibria can accumulate into signifi-
cant stabilization of the nucleus for aggregation, resulting
in considerable reduction in the lag time of aggregation.
As illustrated in Fig. 7, a nucleus consisting of four mono-
mers involve four folding events and three bimolecular
binding events. If crowding favors each equilibrium in the
forward direction by 1 kcal/mol, cumulatively, the stability
of the nucleus (relative to the unfolded and unbound mono-
mers) will be enhanced by 7 kcal/mol. This stabilization may
explain the shortening of aggregation lag time from months
to days observed for a-synuclein by the addition of crowding
agents (23,24). Aggregation of this natively unfolded protein
is implicated in Parkinson’s disease.

The influence of crowder size on the level of
stabilization

Our calculation results show that, when present at the same
volume fraction, crowders with different sizes can lead to
different levels of increase in protein folding and binding
stability. This finding suggests that different crowding agents,
when present at the same concentration, will produce different
levels of stabilization.

This study only explored the variation in crowder size.
Another important variable is crowder shape. When crow-

@ = oo— cEEES

FIGURE 7 Illustration of a protein aggregation process. (Top row) Four
unfolded monomers slowly form a nucleus; thereafter aggregation proceeds
quickly. (Bottom row) The free-energy difference between the nucleus and
the four unfolded monomers can be reconstructed sequentially, first forming
four folded monomers and then adding monomers one at a time.
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ders differing in both shape and size are compared, one
can only expect greater variation in the level of stabilization.
Such variations in level of stabilization have been observed
in an experimental study in which the effects of dextran
species with different sizes and Ficoll were compared (25).

Nonadditive effects of mixed crowding

We found that the effect of a mixture of two types of crowders
on protein folding stability is greater than the sum of the
effects of the constituents. This nonadditive behavior has
also been observed in an experimental study using dextran
and Ficoll as mixed crowding agents (25). The nonadditivity
can be viewed as a manifestation of the nonlinear dependence
of the crowding-induced change in chemical potential on
crowder concentrations (see Eq. 4 and Fig. 4). In particular,
Fig. 4 shows that the —AAG; function curves upward as ¢
increases, The upward curving explains why the effect of
mixed crowding, insofar as volume exclusion is concerned,
is greater than predicted by additivity, The fact that this
nonadditive behavior is precisely what is observed on
mixtures of dextran and Ficoll (25) is strong evidence that
volume exclusion plays an important role in the effects of
these crowding agents on folding stability.

Since the cytosol is crowded by many species of macro-
molecules, the nonadditive effects of mixed crowding have
important implications. First, they suggest that future studies
should be directed at more-complex mixtures of crowding
agents to realistically mimic cellular environments. Second,
they identify composition as another important variable in
controlling the effects of crowding. Together, crowder
shape, size, composition, and concentration may inject
significant variability in the effects of crowding on biophys-
ical properties of proteins. It is known that abnormal (e.g.,
misfolded) proteins accumulate with age inside cells because
of impairment of the cellular degradation machinery. The
accumulation may lead to enhanced crowding effects, which
in turn may explain why susceptibility to aggregation-related
diseases such as Parkinson’s disease increases with age.

Extensions and other applications

The subtle dependences on crowder species, concentration,
and concentration make quantitative prediction of crowding
effects a formidable challenge. The approach introduced in
this study is well suited to meet this challenge. In our
approach, simulations of test proteins and crowders are sepa-
rated. The tasks for test proteins and for crowders are very
different. For test proteins, the main interest is in sampling
internal conformations; for crowders, the main interest is in
generating an equilibrium distribution of crowder positions
and orientations. The protein simulations require short time
steps; without the encumbrance of crowders, relatively long
simulations can be afforded. The crowder simulations can
be accomplished by running Brownian dynamics simulations
with relatively large time steps (26).
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We have developed an efficient algorithm for calculating
the increase in chemical potential of a test protein due to
volume exclusion by crowders. Like other simulation studies
of crowding and confinement (8,9,15,27,28), here we only
considered a simple, spherical representation of crowders.
In future work we will extend the approach to model crow-
ders with atomic details and to account for other types of
interactions between a test protein and crowders. These
extensions will allow us to directly compare calculation
results with experimental data.

Here our approach to the modeling of macromolecular
crowding was applied to protein folding and binding equi-
libria. There are many other potential applications. For
example, the biological functions of many proteins (or
protein complexes) involve different conformational states;
crowding may affect their equilibria. Minh et al. (15) have
simulated the opening and closing of the flaps of an HIV-1
protease dimer in the presence of crowders. Our approach
can be applied to reanalyze the many published simulations
of conformational transitions carried out in the absence of
crowding to find how crowding affects the results.

The approach works not only for equilibrium but also for
kinetic properties. For example, when applied to the reactant
and transition states, the effect of crowding on the activation
barrier can be obtained. For the binding of proteins, we have
developed a transient-complex theory, which predicts the
rate constant as (29,30)

ka = Ka0 exp( - Al]l-r * /kBT)7 (5)

where Uy* is the interaction energy, due to long-range
forces, in the transient complex for protein binding, and
ka0 is the binding rate constant in the absence of any force.
In the absence of crowding, U,,* comes from electrostatic
interactions between the binding molecules. Crowding
induces an effective interaction potential; its effect on k,
depends on whether it is long-ranged, i.e., with magnitude
decreasing slowly as the binding molecules are moved apart.
If the effective potential is short-ranged, then its effect on k,
is minimal (31). On the other hand, if the effective potential
turns out to be long-ranged, its effect on the binding rate can
be accounted for by including it as an additive contribution
in calculating U,/ * (5).

This work was supported in part by National Institutes of Health grant No.
GMO058187.
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