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ABSTRACT The high total concentration of macromolecules, often referred to as macromolecular crowding, is one of the
characteristic features of living cells. Macromolecular crowding influences interactions between many types of macromolecules,
with consequent effects on, among others, the rates of reactions occurring in the cell. Simulations to study the influence of crowding
on macromolecular association rate were performed using a modified Brownian dynamics protocol. The calculated values of the
time-dependent self-diffusion coefficients in different crowding conditions are in a very good agreement with those obtained by
other authors. Simulations of the complex formation between the monoclonal antibody HyHEL-5 and its antigen hen egg lysozyme,
both represented at atomic level detail, show that the calculated association rates strongly depend on the volume excluded by
crowding. The rate obtained for the highest concentration of crowding particles is greater than twofold higher than the rate for
proteins without crowding.

INTRODUCTION

The high total concentration of macromolecules is one of the

characteristic features of living cells. Typically, proteins,

nucleic acids and other macromolecules occupy ;20–30% of

the total volume of cytoplasm (1–3). Because no single

macromolecular species is present at such high concentra-

tions, but many different species taken together exclude a

certain part of the volume, media such as cellular plasma are

referred to as crowded, not concentrated (4,5).

Transport properties of macromolecules, such as diffusion

coefficients, are significantly reduced by crowding. The ex-

cluded volume-induced change of time-dependent diffusion

coefficients applies to molecules regardless of their size, but

mobility of bigger molecules will be reduced more than that

of smaller molecules (3). Macromolecular crowding has been

observed to influence interactions between many types of

macromolecules, with consequent effects on rate and equi-

librium of reactions (6–8). The lowered diffusion decreases

the rate of diffusion-controlled reactions, such as in some of

the enzyme-substrate reactions. It has been theoretically

predicted and experimentally proven that crowding can en-

hance reactions such as: self-association (6,9,10), association

(4,11), polymerization (for example, in amyloid fibril for-

mation (12)), and protein folding (6,10,13,14). In general, the

presence of a crowding agent occupying a certain part of the

volume shifts the equilibrium toward more compact, aggre-

gate forms of macromolecules involved (3). The impact of

crowding on rates of such reactions depends on the level of

excluded volume, but also on sizes and shapes of crowding

particles. The speeding influence can be explained by the so-

called excluded volume effect. The effective concentration of

reacting molecules is higher than their actual concentration

due to volume excluded by crowding particles. From the

thermodynamics point of view, the activity of solutes in-

creases with excluded volume (4). The microscopic mecha-

nism underlying the effect of crowding on the protein-protein

association rates has not been addressed so far.

The above-mentioned experimental results obtained with

different crowding agents led to very interesting results that

are often very difficult to interpret quantitatively in terms of

influence of volume exclusion on reaction rates in biological

media. The main reason for this seems to be the problem with

choosing proper crowding agents mimicking the cytoplasm

properties (1). The crowding agent should have an adequate

molecular weight range; should be soluble in water at high

concentrations; should not aggregate; should consist of

globular molecules; and should not interact with reacting

molecules under test except for steric repulsion. None of the

crowding agents that have been used so far actually fulfills all

the conditions mentioned. This is why creating a theoretical

model of macromolecular crowding, allowing for prediction

of its influence on biochemical reactions, seems to be plau-

sible. Several simulations regarding the influence of crowd-

ing on processes such as escape of a protein from GroEL

chaperonin machinery (15), or protein folding and stability

(16–19), have already been performed. In this work, we

present a simple model allowing us to investigate the influ-

ence of crowding on protein-protein association rates from

the microscopic point of view.

METHODS

Brownian dynamics

Brownian dynamics is the main computational method chosen for estab-

lishing the influence of crowded environment on association rates. It is a

widely used technique for computations of biomolecular diffusional asso-
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ciation rates (20–25). In this method, particles are subjected to random dif-

fusional translational and rotational movements, mimicking effects of col-

lisions with solvent molecules, which are not explicitly represented. The

positions of molecules (Dr) at every time step (Dt) are computed according to

the Ermak-McCammon equation (26),

Dr ¼ DFðkBTÞ�1
Dt 1 S;

where D is the translational diffusion tensor (assumed here to be isotropic),

F is the systematic interparticle force, kB is the Boltzmann constant, T is

absolute temperature, and S is the random component of the displacement

caused by collisions with solvent particles obeying the relationship

ÆS2æ ¼ 2DDt:

In the simulations, random displacement is taken from the Gaussian distri-

bution. An analogical equation governs the rotational motion of each particle.

The diffusion coefficient is obtained by means of Stokes-Einstein equations.

In the case of translational motion, it is

D ¼ kBT

6PhR
;

where h is the viscosity of the solvent and R is the Stokes radius of the

macromolecule.

All simulations were performed in cubic boxes, while the classical

Brownian dynamics is run in a spherical environment (for example see (22)).

This was done due to the need to keep the number of particles in the system

constant. To achieve this, periodic boundary conditions were applied, which

is much more straightforward and computationally beneficial in the cube than

in a sphere. Every simulation was started from random placement of mole-

cules. Because of the cubical container, the calculation of the association rate

had to be different from the classical Brownian dynamics. Here, the associ-

ation rate depends on the number of occurrences of single association events

in the simulation time. The association event is meant as mutual orientation of

molecules taking part in the simulation, fulfilling simple geometrical criteria,

namely—appropriately short distances between atoms known as interfacing

the two proteins in the complex. Trajectories are run until the association takes

place. In the macroscopic case, where one deals with a large number of re-

acting molecules, resulting in a large number of single associations, the rate is

k ¼ nr

TV½A�2
;

where nr is the number of single associations observed in the time T in

conditions of volume V and concentration of the reactant [A]. If the

concentration is treated as the number of molecules per volume, an expres-

sion appropriate for microscopic scale is obtained as

k ¼ ÆnræV
Tnmðnm � 1Þ;

where Ænræ is the average number of associations observed during the time T,

and nm is simply the number of reactant molecules in the simulated en-

vironment. The ‘‘�1’’ term is a correction to macroscopic formula origi-

nating from the assumption that a single molecule cannot create a complex

with itself. The temperature in all Brownian dynamics simulations was set to

298 K. All the molecules were represented as hard spheres except the last

simulation, where full-atom representations of the reacting proteins were

employed.

Simulations of the influence of macromolecular crowding on biomolec-

ular association rates using Brownian dynamics are extremely time-con-

suming, especially in the case of the full-atom representation of the reactants.

To obtain a certain level of statistical significance, every association has to

occur many times. This is the main reason why far-reaching simplification in

the simulated model of the crowding has been applied: the existence of any

interactions except for hard steric repulsion was neglected. If a steric overlap

between the molecules occurred during the simulation, the step of the dy-

namics was repeated. The number of steps that fail because of that depends

on the longevity of the step. The timestep was set to 0.2 ps, which allows for

keeping the number of repeated steps at a low level, namely ,10%.

RESULTS

Spherical particle models

As the initial tasks, transport properties in the crowded media

were calculated. The purpose of these simulations was only to

check the performance of the software used. Next, the asso-

ciation rate of spherical particles in the presence of crowding

was calculated.

Calculation of the time-dependent self-diffusion
coefficients in different crowding conditions

As a model of molecular species, for which the effective self-

diffusion coefficients were calculated from the simulations,

hard spheres of 18 Å radius were used. This size is considered

the size of a typical small globular protein (27). Five-thou-

sand such particles were placed in several cubic boxes of

different size, giving excluded volumes ranging from 5 to

35%. Starting positions of all molecules were chosen ran-

domly, the only limitation being that molecules could not

overlap. Fig. 1 depicts molecules in 5 and 35% of excluded

volume concentration. The diffusion coefficient (D) was

calculated as

FIGURE 1 Five-thousand spherical particles excluding

5% (a) and 35% (b) of the volume.
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D ¼ ÆS2æ
2t
;

where ÆS2æ is the mean of squared displacement vector in

the time t. The results of these calculations are presented in

Table 1 and Fig. 2. It is apparent that the observed diffusion

coefficient strongly depends on excluded volume. In the case

of 35% volume occupied by macromolecules, diffusion

decreases more than twofold. This experiment was only a

test for the system, a comparison with the previously

obtained predictions. The results are very close to those

obtained by Cichocki and Hinsen, who performed dynamics

of hard spheres (28).

Calculation of the association rate of two
spherical particles in the presence of different
crowding molecules

The association rates of spherical, centrosymmetrically ac-

tive particles of 18 Å radius were calculated. In the simula-

tions, two such particles were placed in a cubic box of

volume 44444.44 nm3, giving 74.2 nM concentration. Re-

acting molecules shared the simulation box with crowding

molecules. Hard spheres of the same radius (ranging in sep-

arate simulations from 18 to 35 Å) were used as the crowding

molecules. For each of the crowding sphere radii, the simu-

lations were repeated with excluded volumes ranging from

0 to 35%. Simulations were started with all molecules at

random positions. The situation in which surfaces of reactants

got closer than 2 Å to one another was considered as oc-

currence of the association. Then, molecules were randomly

placed again and a new trajectory was started. Since the as-

sociation rate is a macroscopic quantity, it was necessary to

perform many repetitions of the whole procedure. Occurrence

of the association can be considered as a rare event in the

Poisson meaning, so its dependence on time can be described

by a Poisson distribution. The standard error can then be

simply estimated as the square root of the number of associa-

tion events simulated. Results of these calculations are shown

in Fig. 3, Fig. 4, and in Table 2. Without crowding, the mol-

ecules achieved a association rate of 5.53 3 109(61.27%)[1/Ms],

which is slightly less than the diffusion-limited association

rate of hard spherical particles theoretically estimated by

Smoluchowski (29)—;7.80 3 109[1/Ms]. The association

rate decreases in the presence of crowding: the greater the

number of disturbing molecules in the solution, the higher the

drop of association rate. The change of the rate depends not

only on excluded volume, but on the size of crowding agents

as well. The observed dependence of the rate on the size of

crowding molecules can be understood when the mobility of

molecules is taken into account. The bigger the molecule, the

more slowly it diffuses, and hence, limits the diffusion of

reactants less significantly.

TABLE 1 Dependence of observed self-diffusion coefficient

(D) on percent of excluded volume; normalization factor D0

is the diffusion coefficient obtained for free spheres

(without the crowding)

D/D0

f Cichocki and Hinsen (28) This work

5.00% 0.904 6 0.6%

10.00% 0.816 6 2.3% 0.817 6 1.5%

15.00% 0.728 6 0.9%

20.00% 0.647 6 1.7% 0.641 6 0.9%

25.00% 0.584 6 0.9%

30.00% 0.486 6 1.2% 0.496 6 0.5%

35.00% 0.408 6 0.7%

40.00% 0.303 6 1.4%

50.00% 0.094 6 1.4%

FIGURE 2 Dependence of observed self-diffusion coefficient on the

percentage of excluded volume.

FIGURE 3 Dependence of association rate on excluded volume for

crowding species of different size. The association rate is influenced much

more strongly by the crowding agent composed of smaller molecules.
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Calculation of the association rate of the hen egg
lysozyme and the HyHEL-5 antibody in the
presence of crowding

As in previous simulations, the crowding was represented as

hard spheres of 18 Å radius, while the reacting proteins were

represented by the atomic-detail models. The models were

prepared as follows: The structure of the complex of mono-

clonal antibody HyHEL-5 and its antigen hen egg lysozyme

(HEL) were downloaded from Protein Data Bank (3HFL

entry). The 3HFL components were chosen as input proteins

for the simulations, because association rates for those pro-

teins are known (experimentally measured without presence

of crowding agent (30)). The second, very important factor

was very weak dependence of experimentally obtained as-

sociation rate on the ionic strength of the solution. The

measured association rate in 50 mM ionic strength (2.9 3

107[1/Ms]) was only twofold higher than in 500 mM con-

ditions (1.5 3 107[1/Ms]) for the HyHEL-5 HEL pair. It has

also been shown that changes in ionic strength weakly

affect the rate of encounter complex formation (23,30). That

was important, because electrostatic interactions between

molecules were neglected in the simulations. This is, of

course, great oversimplification in most cases; however, it

was necessary for limiting the simulation time to acceptable

limits.

The proteins were separated into two PDB files. Their

translational and rotational diffusion coefficients were cal-

culated by means of Hydropro software (31). Next, atoms

accessible to the solvent were selected by means of an im-

plementation of Shrake and Rupley algorithm (32) employ-

ing Fibonacci numbers for even distribution of points on the

sphere surface. A probe sphere of 0.2-nm radius was used.

The atoms that did not have any solvent-accessible surface

were considered as buried and removed, giving models

consisting of atomic shells. The latter step was taken to re-

duce computational complexity of the Brownian dynamics.

Since inner atoms of the molecules could not take part in

interaction with other macromolecules in the system, the

outer atom shell was a sufficient representation of the protein.

The association criteria were adapted from the atom contact

criterion described by Gabdoulline and Wade (22). On the

interface between the lysozyme and the antibody in the 3HFL

PDB entry, pairs of atoms on both proteins that can create

hydrogen bonds were selected. From those, 16 pairs of atoms

with the distance not exceeding 3.20 Å were chosen as useful

in defining criteria of the association. Those pairs are shown

in Table 3.

During the simulation, distances between selected atom

pairs were monitored. The creation of the diffusional en-

counter complex was defined as an event in which atoms for

three of all possible selected pairs were closer than 3 Å1

distance in the bound state measured in the original PDB

entry, with the restriction that a contact between two side

chains is counted as one contact even if there are two or more

contacts between atoms in those side chains. Using this

model of proteins and definition of their association, several

Brownian dynamics simulations were performed. The sim-

ulation process took much more time than in the case of

simple spherical models of proteins for several reasons. First,

due to complexity of simulated object (atoms), checking

possible collisions between macromolecules required many

more computations. The second, more important reason was

that the interfaces require the proper mutual orientation for

the association to occur. In other words, the association cri-

teria for macromolecules are restrictive compared to reacting

FIGURE 4 Dependence of association rate on the size of crowding

molecules. Every line depicts association rate change at a certain level of

excluded volume (5, 20, and 35%). The only difference between points on

the line is the size of crowding particles (sizes shown on vertical axis).

TABLE 2 Dependence of the observed association rate (k) on the excluded volume (f) and the size of the crowding molecules

k/109[1/Ms]

f r ¼ 18 Å r ¼ 20 Å r ¼ 25 Å r ¼ 30 Å r ¼ 35 Å

5% 5.39 6 1.63% 5.42 6 1.52% 5.46 6 1.51% 5.56 6 1.80% 5.59 6 1.69%

10% 5.12 6 4.84% 5.30 6 6.57% 5.27 6 2.85% 5.57 6 6.54%

15% 4.84 6 4.51% 4.83 6 2.45% 5.35 6 5.85% 5.06 6 3.92%

20% 4.14 6 4.21% 4.44 6 8.43% 4.48 6 5.02% 5.05 6 6.05%

25% 3.56 6 3.16% 4.18 6 5.88% 4.32 6 4.04% 4.64 6 5.10%

30% 3.29 6 12.94% 3.32 6 8.03% 3.67 6 7.23% 4.30 6 7.89%

35% 2.61 6 6.61% 2.78 6 10.82% 3.61 6 9.79% 4.12 6 5.76%
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spheres. This is why the average time needed for the creation

of a diffusional encounter complex was significantly longer

than in simulations of centrosymmetrically active particles.

The models of antibody and lysozyme were placed in

random positions and orientations in a cubic box with a

300 Å edge, giving ;61.5 nM concentration of each protein

species. In addition to the reacting molecules, different

quantities of spherical particles of 18 Å radius were put into

the simulation boxes, ranging from 0 to 30 percent of ex-

cluded volume (see Fig. 6, for example). Such systems un-

derwent Brownian dynamics simulation in periodic boundary

conditions at 298.14 K.

The timestep was 0.2 ps. To speed-up the computations,

the Verlet neighbor lists or linked cells neighbor lists were

used, depending on how many molecules were in the system.

When the association criteria were satisfied, the proteins were

given new random positions. In this manner the simulation

was repeated many times from different starting positions,

until statistical significance was achieved (standard deviation

stabilized at the level allowing for certain distinction of re-

sults obtained for every excluded volume). The information

about total simulated time and number of single associations

for each system is shown in Table 4.

The association rate (k) was calculated as

k ¼ Ænræ
Tnhelnhyhel5

;

where Ænræ is the average number of association events that

occurred in the time T, and nhel and nhyhel5 represent the

number or reacting molecules in the volume V. Results are

presented in Fig. 5. Without crowding, the proteins create an

encounter complex at the rate 2.79 3 107[1/Ms], while ex-

perimentally obtained association rate in 500 mM ionic

strength was 1.5 3 107[1/Ms] and calculated rate was 4.0 3

107[1/Ms] (30). Calculated association rates strongly depend

on the volume excluded by crowding. The rate obtained for

the highest concentration of crowding particles is more than

twofold higher than the rate for proteins without crowding.

Time profiles of HyHEL-5-HEL encounter
complex formation

To observe the influence of crowding on dynamics of en-

counter complex formation, another set of simulations with

the same protein models in crowded media were performed

(see the snapshot in Fig. 6). Conditions of the simulations

were the same as above. After the association criteria were

fulfilled, the trajectories were not restarted from another

random position. Instead, simulations were run until the en-

counter complex had been created for 1,000,000 steps. The

count of the encounter complex formation in time during the

simulation is shown in Fig. 7. These results will be discussed

in the next section.

DISCUSSION

Brownian dynamics simulations were performed to study the

influence of crowding on diffusion coefficients and macro-

molecular association rate, and to find out whether the pro-

TABLE 3 Atoms in 3HFL PDB entry selected for definition of

bound state of lysozyme (HEL) and its antibody (HyHEL-5)

Lysozyme Antibody

Chain Residue Atom Chain Residue Atom Distance [Å]

Y Gln-41 NE2 H Gly-55 O 3.16

Y Gln-41 O H Ser-56 OG 2.58

Y Thr-43 OG1 H Thr-57 O 3.21

Y Thr-43 OG1 H Asn-58 ND2 2.6

Y Thr-43 O H Asn-58 ND2 2.8

Y Tyr-53 OH H Trp-33 NE1 3.07

Y Arg-45 NH1 H Glu-50 OE2 2.97

Y Arg-68 NH1 H Glu-50 OE1 3.3

Y Gly-67 O H Tyr-97 N 3.01

Y Arg-45 NH2 L Trp-91 O 2.95

Y Arg-45 NH2 L Gly-92 O 3.11

Y Arg-45 NE L Gly-92 O 3.05

Y Asn-44 OD1 L Arg-93 NH2 3.05

Y Asn-46 OD1 L Arg-93 NH2 3.01

Y Arg-45 O L Arg-93 NH2 3.2

Y Arg-45 O L Arg-93 NE 2.49

TABLE 4 Time simulated for each crowding condition (T)

and number of encounter complexes observed during the

simulation (nr)

f T[ms] nr

0% 2329.41 4000

5% 295.89 592

10% 135.44 285

15% 80.06 189

20% 240.5 773

25% 124.09 483

30% 131.16 593
FIGURE 5 Dependence of association rate of HEL and HyHEL5 on the

volume excluded by crowding particles.

5034 Wieczorek and Zielenkiewicz

Biophysical Journal 95(11) 5030–5036



posed simple model of crowding can mimic behavior of bi-

ological (or other experimentally investigated) crowded

media.

The results of first computations—the drop in self-diffu-

sion coefficient, and in the association rate, in the case of

spherical models submerged in crowded solutions—can be

intuitively understood. In the case of spherical molecules able

to react by their whole surface, the only factor limiting the

association rate is speed of the translational diffusion. Since

the diffusion is lowered by crowding (33), the association rate

is lower as well (see Table 1 and Table 2).

In contrast to these results, the influence of crowding in the

next simulation (employing hen egg lysozyme and its anti-

body models) was exactly the opposite—the association rate

increased with the crowd concentration (Fig. 5). It is known

from experiments and previous theoretical predictions (6,9)

that crowding can speed-up protein association. The increase

of association rate due to exclusion of the volume in the case

of HyHEL5-Hel simulations is in agreement with these ob-

servations. The key to the speedup of macromolecular as-

sociations occurring in crowded media seems to be the ratio

of changes in translational and rotational diffusion compared

with their values measured in uncrowded condition. Both

rotational and translational diffusion of proteins are highly

limited in solutions saturated with small molecules, such as

glycerol (34), which increases viscosity. If, however, the

media are occupied by large molecules, like PEG for exam-

ple, the translational diffusion is highly affected by increased

macroscopic viscosity, while macromolecules still can rotate

almost freely. Thus, because of limited translational diffu-

sion, when reactants get close to one another in crowded

media, they have more time for assuming a proper mutual

orientation allowing for the association than is had in diluted

solutions. Large crowding particles create a cavity that does

not allow fast dissociation of reactive proteins and does not

disturb potential reactants in search for interactions by their

binding interfaces (34).

In addition to the obtained association rate (Fig. 5), this

phenomenon is well illustrated by the dynamics of encounter

complex formation (Fig. 7). Horizontal fragments of curves

reflect parts of simulations, in which orientations of proteins

do not fall into association criteria. Vertical fragments cor-

respond to situations in which molecules react. The resulting

curve for the most crowded solution is the steepest one;

molecules spend much more time in the reacting state, when

the crowding is high. In addition, the stairs on the curve for

crowded media are largest. It means that in the crowded

media, it takes longer for molecules to get close to one an-

other, but the time needed for getting proteins apart is much

longer as well. Thus, the molecules have much more time to

search for the proper orientation.

The model used was very simplified—it did not take

electrostatic or hydrodynamic interactions into account.

However, HyHEL5-Hel association does not strongly depend

on electrostatics (23,30), and the chosen size of crowding

molecules ensures very weak dependence of the rotational

diffusion on excluded volume (34). Recently, computational

studies employing simple spherical models have been con-

ducted that took hydrodynamic interactions into account (35).

The authors attempted to quantify the contributions coming

from excluded volume and hydrodynamic interactions to the

crowding effect. The results of this work suggest that ne-

glecting hydrodynamic interactions leads to overestimation of

the translational mobility. Because only spherical models

have been used, the phenomenon of search for proper orien-

tation between reacting molecules was beyond the scope of

those simulations. The accelerating influence of crowding on

association rates was not captured. Thus, the influence of

hydrodynamic interactions on association of real proteins in

crowded media has not been established.

FIGURE 6 Snapshot of the simulation of HEL and HyHEL5 in 20%

excluded volume in periodic boundary conditions.

FIGURE 7 Dependence of the number of steps in which HEL and

HyHEL5 fulfilled the association criteria on the total number of steps in

different crowding conditions. Every curve on this figure represents progress

of only one, example trajectory.
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Although very simple, the model presented in this work is

still one of just a few quantitative approaches to the subject

considering freely diffusing reacting macromolecules in

crowded media, allowing for better understanding of non-

specific factors influencing association rates. Along with the

growing computer power available, it will be possible to

simulate more detailed representations of complex biological

systems, such as cellular compartments, and also possible to

grapple with many types of interacting molecules, that in turn

may lead to better quantitative understanding of processes

occurring in living cells. This can give clues about possible

molecular causes of malfunctions (diseases), and suggest

ways of dealing with them.
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