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Abstract Protein—protein interactions are important in
many essential biological functions, such as transcription,
translation, and signal transduction. Much progress has been
made in understanding protein—protein association in dilute
solution via experimentation and simulation. Cells, howev-
er, contain various macromolecules, such as DNA, RNA,
proteins, among many others, and a myriad of non-specific
interactions (usually weak) are present between these cellu-
lar constituents. In this review article, we describe the im-
portant developments in recent years that have furthered our
understanding and even allowed prediction of the conse-
quences of macromolecular crowding on protein—protein
interactions. We outline the development of our crowding
theory that can predict the change in binding free energy due
to crowding quantitatively for both repulsive and attractive
protein—crowder interactions. One of the most important
findings from our recent work is that weak attractive inter-
actions between crowders and proteins can actually destabi-
lize protein complex formation as opposed to the commonly
assumed stabilizing effect predicted based on traditional
crowding theories that only account for the entropic-
excluded volume effects. We also discuss the implications
of macromolecular crowding on the population of encounter
versus specific native complex.
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Introduction

Many biological processes rely on protein—protein interac-
tions in a highly crowded cellular environment; up to 40 %
of a cell’s volume is occupied by various macromolecules,
such as DNA, RNA, proteins, sugars and other organelles.
Consequently, it is necessary for a protein to move around
crowding macromolecules to find its way to bind its inter-
action partner(s) to carry out a specific biological function.
Therefore, it is important to understand the effects of mac-
romolecular crowding on protein—protein interactions to
better understand biological processes in a living cell.

In recent years, significant progress has been made in
understanding protein—protein interactions at the molecular
level by both experimentation and simulation (Clore and
Iwahara 2009). However, most studies have been performed
in dilute solutions—in vitro or in silico—which are not
representative of in vivo conditions. This raises a number
of important following questions: (1) how can we under-
stand protein—protein interactions in a living cell given the
difficulties in designing experiments and simulations that
attempt to mimic the in vivo environment? (2) Can we
utilize the enormous amount of information collected on
protein—protein interactions in dilute solutions collected
over the years and relate it to protein—protein interactions
in a crowded cellular environment?

Studying protein—protein interactions via in vivo experi-
ments is extremely challenging although in-cell spectro-
scopic techniques are enabling great progress to be made
in terms of achieving this goal (Wang et al. 2011). Thus, to
answer the above questions, many experimental studies
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have been performed using synthetic polymers or specific
proteins as crowding agents. These studies have addressed
both the thermodynamics and kinetics of protein—protein
interactions in a crowded environment (Minton and Wilf
1981; Minton 1983; Jarvis and Ring 1990; van den Berg
etal. 1999; Wenner and Bloomfield 1999; Morar et al. 2001;
Patel et al. 2002; Kozer and Schreiber 2004; Zorrilla et al.
2004; Phillip et al. 2009; 2012; Wang et al. 2011; Fodeke
and Minton 2011). Using “inert” crowding agents, the pri-
mary focus in most of these studies was to understand the
excluded volume effects of crowding agents on the forma-
tion of protein complexes (Minton 1983; Kim et al. 2010).
As expected based on simple theoretical models, these
experiments have shown that the consequence of excluded
volume effects (entropic in nature) is to force proteins to
form a stable complex, thereby increasing the volume avail-
able to the crowding agents. However, a few experiments
have shown an unexpected trend, i.e., destabilization of
protein complexes in the presence of crowding agents
(Phillip et al. 2009; 2012; Jiao et al. 2010). This observation
can be explained by attractive interactions between proteins
and crowding agents, which can inevitably arise from a
combination of electrostatic interactions, hydrogen bonding,
hydrophobic interactions, and van der Waals interactions.
As opposed to the stabilizing effect of entropic-excluded
volume interactions, the attractive protein—crowder interac-
tions will actually increase the binding free energy due to
the enthalpic penalty in breaking favorable protein—crowder
contacts to form a protein complex. The separation of these
competing effects in an experimental setup is quite chal-
lenging due to unknown interaction parameters and presents
a major barrier in developing a theoretical model to interpret
(and even predict a priori) experimental observations.
Computational models can be helpful to form a basis of
our understanding in separating these various effects as the
interactions between proteins and crowding agents can be
tuned precisely. Earlier computational studies based on
purely repulsive protein—crowder interactions (such as
hard-sphere as well as soft repulsive interactions) have
shown that the repulsive interactions stabilize the formation
of the protein complex by lowering the binding free energy.
However, the extent of such stabilization has been found to
be rather modest (Kim et al. 2010). Interestingly, the popu-
lation of nonspecific encounter complexes, which are now
believed to play an important role in forming the native
functional complex, may well be decreased by the presence
of repulsive crowders. Rosen et al. very recently considered
attractive protein—crowder interactions in their protein bind-
ing simulations (2011). The work of these researchers has
highlighted the importance of accounting for enthalpic
effects arising from the attractive protein—crowder interac-
tions (if present) in addition to the commonly invoked
excluded volume effects (Douglas et al. 2009). Modest
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protein—crowder attractions can actually increase the bind-
ing free energy with respect to the crowder-free solution.
Even if the binding free energy is decreased with respect to
the crowder-free solution (weak protein—crowder attrac-
tions), the extent of this decrease is overestimated by theo-
retical models based solely on repulsive protein—crowder
interactions.

Most analytical theories of macromolecular crowding are
based on the scaled particle theory (SPT) of hard-sphere
fluids developed almost half a century ago (Lebowitz and
Rowlinson 1964). The SPT provides an analytical expres-
sion for the free energy cost of creating a spherical cavity in
a bath of hard-sphere particles. By approximating proteins
as spherical particles, these theories have been applied to
interpret experimental (Patel et al. 2002; Snoussi and Halle
2008) and computational data with varying degrees of suc-
cess (Zhou et al. 2008; Kim et al. 2010; Mittal and Best
2010). However, these theories fail to account for any kind
of attractive protein—crowder interactions and need to be
modified before they can be applied to more realistic
circumstances.

A modification to account for protein—crowder attrac-
tions was recently proposed by Jiao et al. (2010) and
Rosen et al. (2011). These researchers added a phenomeno-
logical mean-field term (proportional to the protein surface
area) to the respective SPT-based crowding theories to in-
terpret experimental and simulation data successfully.

More recently, we introduced a microscopic theory based
on the statistical mechanics of simple liquids to describe the
protein binding simulation data in the presence of attractive
protein—crowder interactions (Kim and Mittal 2012).
Without any adjustable parameter in the model, this theory
was able to predict the change in binding free energy from
the molecular simulation remarkably well over a wide range
of parameters, such as crowder size, packing fraction and
the protein—crowder attraction strength. The aim of the
review presented here is to outline a brief summary of our
efforts to understand the thermodynamics of protein—protein
interactions in a crowded environment using computational
methods. This improved understanding is utilized in the
development of a quantitative analytical theory that can be
applied in future studies to predict macromolecular crowd-
ing effects on protein—protein interactions in an environment
closely resembling living cells.

Thermodynamics of protein—protein interactions
in a crowder solution

How can we characterize thermodynamics of protein—pro-
tein interactions in the presence of crowding molecules?
This is illustrated in Fig. 1 for the case of a simple dimer-
ization reaction, A + B = AB, in the presence of spherical



Biophys Rev (2013) 5:99-108

101

crowders. The thermodynamic quantity that is mostly
sought in both experiments and simulations is the change
in the binding free energy relative to that of the crowder-free
solution (¢=0), AAF""4(¢), in a crowded solution with
crowder packing fraction ¢ (bottom horizontal reaction in
Fig. 1). Theoretically, given the various solvation (or crowd-
ing) free energies, AF;{”W‘Z (X=A4, B, AB) — the free energy
of inserting X in a crowded solution, AAF?"?(¢) is then
simply given by (using a thermodynamic cycle),

AAFbmd((D) :AFbind(¢) _AFbinal(¢:())7 (1)
— AFj;;)Wd — A ijwd _ A Flc;rowd .

A major challenge is thus to calculate the crowding free
energy AF$* for a protein or a complex X.

Next, we describe our procedure for calculating this
crowding free energy. Without loss of generality, let Uy, x
(£2) be the overall interaction energy between a protein X
and a crowder, where ) denotes the collective variables of
protein atoms and the crowders. Thus, the crowding free
energy, AF¢"? can be obtained by

exp{ ~BAFF™) = ((exp{~BUnx})). @)

where f = 1/kgT and ((-)) refers to the canonical ensem-
ble average over protein and crowder configurations.
For weakly-to-moderately interacting proteins, structural
changes are minimal during binding events. Thus, the

double ensemble average in Eq. 2 can be further ap-
proximated to,

exp{—BAFY*"'} ~ (exp{=BUint. x }) e, 3
where ()., 1S the ensemble average over crowder

configurations using the native structures of individual
proteins and complexes.

Following the Weeks—Chandler—Andersen (WCA) theo-
ry (Weeks 1971), we decompose Uiy, x into the repulsive
and attractive parts. The crowding free energy, AFZ"(¢),
can thus be divided into two separable contributions as,

AF;rowd (¢) _ AFcrowd(¢) + AFcrowd (¢) , (4)

X,rep Xatt

crowd
where AF' ¥ veplatt)

energy from the repulsive (attractive) protein—crowder
interactions.

Now, for any generic type of interaction between proteins
and crowders, the task of calculating crowding free energy
is divided into calculating the repulsive and attractive con-
tributions for isolated proteins and the bound complex.

We note that most of the currently used theoretical mod-
els aiming to describe experimental data ignore the attrac-
tive contribution to the change in the binding free energy,
assuming that the interactions between inert crowding
agents and proteins can be approximated effectively by
repulsive potentials.

is the contribution to the crowding free

AFbind(¢=O)

©O 0 O

AF?nd(g)

Fig. 1 Thermodynamic cycle for the formation of a protein complex (between ubiquitin and UIM1) in bulk and in a crowded solution
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Next, we outline our recently developed theory (Kim and
Mittal 2012) that can account for repulsive as well as attrac-
tive protein—crowder interactions.

Repulsive contribution to the crowding free energy

To calculate the repulsive contribution to the crowding
free energy, we adopt the scaled particle theory (SPT)
(Reiss et al. 1959).

The SPT provides an analytical expression for the free
energy of creating a spherical cavity of radius R in a hard-
sphere fluid (particle radius R.) at packing fraction ¢ which
is given by,

~2

AFspr(9) = 3y + 30" +)°)o + (4.5 +3)°)¢

+3°6 — In(1 — 9), (5)

where ¢ = ¢/(1 —¢) and y=R/R.. The most important
question that may arise from the use of SPT to predict
the first term in Eq. 4 is: can anisometric proteins and
commonly used crowding agents be represented as hard
spheres to form the physical basis of excluded volume
interactions?

One may argue that for the cases in which long-range
electrostatic interactions are negligible, the interactions
between proteins and crowders and between crowders
themselves can be approximated by effective hard-sphere
potentials with contact distances adjusted to fit the exper-
imental/simulation data. Previous successes in this direc-
tion indicate that such an approximation is acceptable in
several cases (Minton 1983; Ellis 2001; Hatters et al.
2002; Ellis and Minton 2006; Stagg et al. 2007), and in
fact one can even come up with rational ways to define
effective hard-sphere diameter for proteins (Kim et al.
2010; Mittal and Best 2010). On the other hand, the
failure of the SPT to explain the crowding data does not
necessarily invalidate the SPT or the underlying spherical
approximation. In fact, it highlights the importance of
attractive interactions that must be present between pro-
teins and crowders.

In most simulations crowders are represented by hard
spheres or spheres with purely repulsive potentials. In addi-
tion, the details of pairwise interactions between protein
atoms (or collection of atoms in a coarse-grained protein
model) and crowders are given explicitly. Thus, to validate
the SPT for the effects of repulsive protein—crowder inter-
actions on protein binding thermodynamics, it is essential to
provide an unambiguous way to determine the effective
sphere radius, Ry, for a protein or complex X. One approach
suggested by us is to use the Boltzmann factor criteria
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(Ben-Amotz and Stell 2004) and define the effective
radius for a crowder size R, as

43—”(RX +R) = / dr, (6)
Uint X rep(n)=ipT
where Uy, x o 1is the repulsive part of the interaction
energy between protein X and a spherical crowder, while
r is the three-dimensional vector pointing from the center
of mass of the protein to the center of the crowder. We
use f=2, which has been successful in describing the
thermodynamic and dynamic behavior of Lennard-Jones
(LJ) fluid based on hard-sphere fluid (Mittal et al. 2007).
Further justification of this f value can be found in the
work of Speedy et al. (1989). Moreover, a slightly dif-
ferent value of f (e.g., /=1) does not result in significant-
ly different results. Note that Ry will then depend weakly
on R. as well as on a given protein conformation X.
The success of the SPT Eq. 5 using the above prescrip-
tion for the spherical approximation for anisometric proteins
has been demonstrated in simulation studies of two distinct
protein complexes, ubiquitin/UIM1 (Ubg/UIM1) and cyto-
chrome c/cytochrome ¢ peroxidase (Cc/CcP). Here, Ubq,
Cc, and CcP are globular proteins close to spherical shape
with 76, 108 and 294 residues, respectively. On the other
hand, UIM1 is a 24-residue rod-like protein. It was observed
that AAF?™"4 (¢, R.) from the SPT-based theory for repulsive
protein—crowder interactions agreed remarkably well with
simulation data for a wide range of ¢ and R, even for the
Ubg/UIM1 complex (Kim et al. 2010). Note, however, that
whether the theory will work for other highly anisometric
proteins/complexes needs further investigation.

Attractive contribution to the crowding free energy

Calculating the attractive contribution, AF;ZZ;‘;“’, to the
crowding free energy is more challenging than calculating
the repulsive contribution even for a simple spherical solute.
In principle, one can use the thermodynamic perturbation
theory approach to obtain an approximate analytical expres-
sion for AFY’ owd " The validity of this approach will then
depend on the strength of the attractive interactions between
proteins and crowders and if the reference repulsive inter-
actions can describe the structure (protein—crowder, crow-
der—crowder) well. Thus, up to the first order in the
attractive part of the interaction energy, Ui xan, AFx an
can be expressed as (Garde et al. 1999),

AF;‘ZZ‘;d ~ <Uvint,XAatt>rep = /pl]int,.X,att(r7 w)go(r)r*drde, (7)

where p is the crowder number density related to ¢ via
p=09 / (47rR2 / 3), and g(r) is the radial distribution function
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between a protein and a crowder in the reference repulsive
ensemble (-),,,, while w denotes the angular degree of free-
dom. We approximate go(7) to be a stepwise function, i.e.,
20(r)=0 for r<ry, go(r)=gmax for ro<r<ry, and gy(r)=1 for
r>ry. Employing the accurate Carnahan—Starling equation of
state for a hard sphere fluid for g, we thereby obtain

crowding free energy up to linear order in ¢ as

AF{ ~ —k(Re)uy Sy 9, (8)
where Sy is the surface area of a protein or complex encom-
passed by the center of a crowder, uy is the average strength of
the attractive protein—crowder interaction on the surface Sy,
while x depends only on R,.

It was observed that uy depends weakly on the type of
protein X (Kim and Mittal 2012). We then obtain the attrac-
tive contribution to the change in the binding free energy
using Egs. (1), (4), and (8) as
AAFY™ ~ —k(R.)uAS9, 9)

att

where 7 = (uy + up + uyp)/3 and AS = Syp — Sy — Sp are
the change in the surface area upon binding. Note that our
theory provides a microscopic foundation for the phenome-
nological expressions proposed earlier by Jiao et al. (2010)
and Rosen et al. (2011).

From Eq. 9 it is evident that the attractive protein—crow-
der interactions destabilize complex formation or stabilize
isolated proteins in a crowded solution (AAF" > ()
because AS < 0in general. This enthalpic effect (dependent
on protein surface areas) is in contrast to the entropic effect
caused by repulsive interactions (dependent on protein vol-
umes) that favors compact structures that occupy lesser
volume. This competition can then give rise to numerous
different scenarios in experiments or simulations depending
on their individual contributions.

Computational model of protein—protein interactions
in a crowded solution

It is quite challenging to test the theory presented above
experimentally since the exact nature of the microscopic
interactions between proteins and crowders is unknown in
most cases. In the case of experimental data (if available),
one can consider the physical parameters in our crowding
theory as fitting parameters to describe the experimental
data. The resulting fit parameters will have a sound physical
basis and can therefore provide information on unknown
microscopic interactions. However, such an approach is still
ambiguous, as pointed out by Elcock (2010); for dextran, a
commonly used crowding agent, three different spherical
approximations have been used to fit the SPT equation in
three different experiments (Batra et al. 2009a, b).

Computational models can provide a concrete platform
on which to test a theory without much difficulty and can
also provide new physical insight. Although there have been
computational studies mimicking the cellular environment
by employing various molecules measured experimentally
inside the cytoplasm of Escherichia coli (McGuffee and
Elcock 2010), such an approach can be computationally
prohibitive to the sampling of binding thermodynamics
and kinetics accurately. Thus, most simulations have been
performed using spherical crowders and such models still
continue to provide valuable insights (Wang and Cheung
2012). Although atomistic description is desirable for protein
simulations, computational cost is again prohibitive in sam-
pling protein—protein interactions. Consequently, a coarse-
grained protein model is often used in simulating protein—
protein interactions (Kim and Hummer 2008). In particular,
the residue-level coarse-grained model developed by one of us
has been quite successful in yielding binding free energies for
weakly-to-moderately binding protein complexes and in de-
scribing the non-specific complexes in good agreement with
nuclear magnetic resonance experiments (Kim et al. 2008).

For the interaction between a protein residue and a crow-
der, modified LJ potential has been found to be suitable and
is given by

0= (=55) o (=257
(10)

where ¢ is the contact radius [i.e., V(r=0)=0] between a
protein residue and a crowder, while o, is the interaction
range (set equal to 6 A). The potential acts from r=c — o, to
an arbitrary r defined by the simulation cutoff distance. Note
that unlike the standard LJ form, this potential ensures that
the interaction range is independent of the crowder size R..

)

Effects of crowding on the thermodynamic stability
of a protein complex

Our crowding theory described here and its variants pro-
posed earlier by others predict that excluded volume inter-
actions due to repulsive protein—crowder interactions will
lower the binding free energy, thereby favoring complex
formation in a crowded solution. The extent of this binding
free energy change with respect to crowder-free solution
will depend on various factors, such as the crowder packing
fraction, crowder size, and size of the protein molecules.
Simulation studies employing repulsive protein—crowder
interactions have essentially validated this qualitative expec-
tation and shown strengthened protein complex formation
(Kim et al. 2010). In our recent work (Kim et al. 2010) in
which we used LJ-type repulsive interaction potential, a
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similar trend was observed as shown in Fig. 2a for the
Cc/CcP complexes. Again, these results were anticipated,
since these protein complexes occupy less volume as com-
pared to the total volume occupied by the isolated proteins.
With increasing crowder packing fraction, the binding free
energy is lowered in a non-linear fashion. Also, for a given
crowder packing fraction, smaller crowders have a more
stabilizing influence on the complex formation—a predic-
tion borne out by the SPT.

The predictions of our crowding theory presented in the
previous section, for which proteins are mapped onto spheres,
agree remarkably well with the simulation data over a wide
range of crowder sizes and crowder packing fractions. This
theory can provide quantitative predictions for the change in
binding free energy in the presence of repulsive spherical
crowders with minimal information (protein structures).

Note, however, that whether the theory can be still valid
for highly anisometric proteins, in general, requires further
tests in future work.

(a) Repulsive crowding
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Fig. 2 The change in the binding free energy (AAF"™(¢)) data
obtained from replica exchange Monte Carlo (REMC) simulations
(symbols) are shown as a function of the crowder packing fraction (¢)
for different protein—crowder interaction strengths ranging from a purely
repulsive interaction €,=1.69k3T (a) to attractive interactions for the
cytochrome c/cytochrome ¢ peroxidase (Cc/CcP) complex(b). R.. Effective
particle radius for a crowder size, ¢, crowder—protein repulsive strength,
solid lines the predictions of our crowding theory as described in the text
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Thus, thermodynamically, the excluded volume effect
due to crowding favors the association of macromolecules.
Various experimental studies that are consistent with this
expectation are reviewed by Zimmerman and Minton (1993;
Table 2) and Zhou et al. (2008; Table 1). Adding to the
repertoire, a recent study (Aguilar et al. 2011) probed the
effect of crowding (using Ficoll 70) on a heptameric protein
(human cpnl0 or GroES in E. coli) consisting of seven
identical (3-barrel subunits assembling into a ring. Using
tyrosine fluorescence, it was observed that the monomer—
heptamer dissociation constant value is lower in the Ficoll
70 solution than in the buffer, thereby suggesting a stabili-
zation of the heptameric complex due to crowding.

Although crowding effects by hemoglobin, serum albu-
min and dextran can be quantitatively accounted for (Rivas
et al. 2001), excluded volume-based models fail to account
for the crowding effects exerted by another commonly used
crowding agent, i.e., polyethylene glycol (PEG). Phillip et
al. (2009) found a negligible impact on the binding affinity
of TEMI1-3-lactamase with its inhibitor (3-lactamase and
barnase with barstar due to increased PEG 1000 crowding
that varied up to 30 % packing fraction. Results from ex-
perimental studies (Crowley et al. 2008; Phillip et al. 2009)
suggest the presence of an attractive interaction between
PEG molecules and proteins. Based on our earlier discus-
sion, attractive protein—crowder interactions will actually
counteract the stabilizing effect of excluded volume on
complex formation and can help explain this trend.

To probe the effect of attractive interactions in addition to
the excluded volume effects, we conducted simulations over
a wide range of parameters (Rosen et al. 2011). As shown in
Fig. 2b, after a critical threshold, increasing the protein—
crowder attraction strength results in the destabilization of
the protein complex relative to the crowder-free solution (i.e.,
AAF? > (). This effect is found to be more pronounced
for crowders of smaller sizes. At low protein—crowder attrac-
tion strengths, we find that the stabilizing entropic effect is
dominant over the destabilizing enthalpic effect. In fact, the
critical attraction strength for which the binding free energy
exhibits no change in a crowded solution as compared to the
crowder-free solution (i.e., AAF?™ = () is approximately
independent of the crowder packing fraction ¢ as shown in
Fig. 3. This observation is a reflection of the approximate linear
dependence of the binding free energy near the critical attrac-
tion strength with fraction up to modest packing fractions.
Importantly, the agreement between our crowding theory (solid
curves in Fig. 3) and simulation data is quite remarkable.

Probing the effects of attractive interactions experimen-
tally also have begun only quite recently. Jiao et al. (2010)
have recently studied catalase and superoxide dismutase
interactions in the presence of dextran 70, ficoll 70, and
PEG 2000 at various concentrations and temperatures.
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Fig. 3 The change in binding free energy data calculated from REMC
simulations (symbols) are shown as a function of crowder—protein
attraction strengths (g,) for various crowder packing fractions ¢ for
the Cc/CcP complex. The fit curves for different ¢ converge around the
point where AAF?™ ~

These researchers found that above a particular temperature,
denoted by T, the primary effect of addition of crowders
was the enhancement of protein association, whereas at a
temperature below 7}, attractive interactions between the
proteins and polymers predominate, inhibiting protein asso-
ciation. At a temperature T approximately equal to 7, the
two effects cancel each other, thereby showing no effect on
protein association (similar to our critical protein—crowder
interaction strength) upon increasing the concentration of
the crowding polymers.

Effects of mixed macromolecular crowding

So far we have discussed the development of a theory
and associated simulation results for a single type of
crowder in a crowded solution only. However, macro-
molecules present in a cell are quite diverse in terms of
their sizes and interactions. Therefore, mixed crowding
with different types of crowder particles will be a more
realistic description of cellular crowding. One then may
ask if there is any difference in treating the effects of
mixed macromolecular crowding compared to the single-
component crowders and if one may observe qualitatively
different results?

A few recent studies, experimental as well as theoretical,
have proposed that the mixed crowding solution may actu-
ally enhance the effect of crowding and may result in non-
monotonic effects unlike single-component results (Batra et
al. 2009b; Du et al. 2006). However, our simulation data for
a binary crowder mixture (repulsive protein—crowder inter-
actions) did not show anything qualitatively different from a
single-component crowder solution (Kim et al. 2010).
Moreover, within the SPT-like approach the effects of mixed

repulsive crowding on the binding free energy are actually
additive and we had proposed the following “ansatz,”

AAFbmd(¢l7¢2>'”a¢N) = ZmiAAF}biﬂd (¢)7 (11)

where i=1 to N, ¢; is the packing fraction of component i in
a crowding mixture, z;=¢;/¢ is the relative fraction of
component i, ¢ =, ¢, and AAFP™" is the change in the
binding free energy of a pure component i at total crowder
packing fraction ¢. Simulations for repulsive protein—crow-
der interactions with a binary crowder mixture for the sizes
between 12 and 20 A showed an excellent agreement with
the prediction of Eq. 11 (Kim et al. 2010). In the case of
attractive protein—crowder interactions, the additivity ansatz
Eq. 11 still holds for a range of crowder sizes (12-20 A) and
for weak attractive interactions. However, mutual attraction
between different crowder components can affect the behav-
ior in a way that cannot be captured in an additive sense.
More work is needed to identify the parameter range for
which Eq. 11 is a good approximation to yield an accurate
estimate of AAF?"? for a crowder mixture.

Effects of crowding on protein complex specificity:
native vs encounter complex

Recent experiments and simulation have shown the ex-
istence of nonspecific complexes in solution, albeit in
low population (<10 %), which may play an important
role in the complex formation by reducing the degree of
freedom during the binding target search process
(Schreiber et al. 2009; Li et al. 2010; Wang et al.
2011). What is the effect of macromolecular crowding
on the presence and stability of such nonspecific
complexes?

Figure 4a shows the cumulative distributions of distance
root mean square (dRMS) with increasing crowder packing
fraction ¢ for the Cc/CcP complex in the presence of repulsive
crowders. Here, dRMS is a measure of similarity between the
experimental native complex and simulated structures.
Structures with a dRMS of <5 A are very similar to the native
complex structure. It was observed that as the crowder packing
fraction increases, the population of native-like structures with
dRMS of <5 A increases, while the populations of transient
encounter complexes (ARMS >5 A) decrease (Kim et al. 2010).
This result suggests that proteins in the presence of repulsive
crowders are more likely to form more compact native com-
plexes (Fig. 4c) than metastable intermediate states (Fig. 4d).

On the contrary, as the attractive protein—crowder inter-
actions tend to maximize contact between a protein and
crowders, one would expect that the nonspecific complexes
with larger surface area exposed to the crowders are
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Fig. 4 a, b Cumulative
distributions of bound 1
complexes are shown as a
function of dRMS calculated
based on the experimental
native structure for the Cc/CcP
complex. ¢ The specific bound
complexes are shown where the
red—blue combination is used
for the experimental structure
(PDB: 2pcc) and the red—green
combination is used for the
complex structure obtained
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stabilized in this case. This expectation is confirmed in our
simulations as shown in Fig. 4b; the population of nonspe-
cific complexes (ARMS >5 A) is enhanced as the protein—
crowder attraction strength increases. These findings are
also consistent with recent experimental results (Phillip et
al. 2012).

Conclusions

We have presented a review of the development of a general
theory to describe the effects of macromolecular crowding
on protein—protein interactions. The theory accounts for
both repulsive and attractive protein—crowder interactions.
The change in the binding free energy due to crowding can
be separated into repulsive and attractive contributions. The
repulsive contribution is well described by the scaled parti-
cle theory (SPT) by approximating proteins as spherical
objects. Meanwhile, an approximate analytical expression
is obtained for weak protein—crowder interactions by using
the statistical mechanics of hard-sphere fluid and the first-
order perturbation theory. To validate the theory, we per-
formed simulations on two distinct protein complexes,
Ubq/UIM1 and Cc/CcP, using a residue-level coarse-
grained protein model and spherical crowders. The results

@ Springer

of these simulations show that the theory can describe the
simulation data remarkably well for both repulsive and
attractive protein—crowder interactions over a wide range
of parameters. In addition, the simulations show that the
repulsive protein—crowder interactions increase the popula-
tion of the native complex at the expense of transient en-
counter complexes, while the opposite trend was observed
for the attractive protein—crowder interactions.

Most of the work to date, however, has been focused on
the formation of complexes between well-structured pro-
teins, thus ignoring any protein conformational change. In
such cases, it was found that a single conformation of a
protein or complex was sufficient to calculate the crowding
free energy. However, there exist many eukaryotic proteins
which are disordered in isolation under physiological con-
ditions, but fold into their native conformations upon bind-
ing to target proteins (Wright and Dyson 2009). No
theoretical and computational studies have focused on the
effects of macromolecular crowding on such protein com-
plexes. Since the folding of a protein is tightly coupled to
the binding event, and crowding agents may exert a different
level of effect on the stability of the folded state and the
association equilibria, one may encounter complex scenar-
ios in the presence of crowders. Although it can easily be
predicted that the binding of these complexes would be
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enhanced by the excluded volume effects, it is still unclear
whether the theory introduced here will be adequate to
describe their behavior. In addition, one may ask whether
the kinetics (Kim and Yethiraj 2009), and, in particular, the
underlying mechanism remain the same in the presence of
generic crowding agents. Thus, further theoretical as well as
computational studies are warranted along these directions.
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