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Competition between Protein Folding and Aggregation with
Molecular Chaperones in Crowded Solutions: Insight

from Mesoscopic Simulations
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ABSTRACT The living cell is inherently crowded with proteins and macromolecules. To avoid aggregation of denatured
proteins in the living cell, molecular chaperones play important roles. Here we introduce a simple model to describe crowded
protein solutions with chaperone-like species based on a dynamic density functional theory. As predicted by others, our
simulations show that macromolecular crowding enhances the association of proteins and chaperones. However, when the
intrinsic folding rate of the protein is slow, it is possible that crowding also enhances aggregation of proteins. The results of
simulation suggest that, when the concentration of the crowding agent is as high as that in the cell, the association of the protein
and unbound chaperone becomes correlated with the aggregation process, and that the protein-bound chaperones efficiently
destroy the potential nuclei of aggregates and thus prevent the aggregation.

INTRODUCTION

The living cell is inherently crowded with various kinds of
macromolecules (Fulton, 1982). It is suspected that such
a crowded cell environment imposes significant effects
on the properties of proteins compared to the in vitro
environment (Minton, 2000, 2001; Ellis, 2001a,b). Some
studies have revealed that macromolecular crowding in-
creases the stability of G-actin (Tellam et al., 1983),
enhances self-assembly of FtsZ (Rivas et al., 2001), and
accelerates amyloid formation (Hatters et al., 2002; Uversky
et al., 2002).

Van den Berg et al. (2000) have studied the oxidative
folding of reduced hen lysozyme in crowded media and
found that the fast track of folding pathways becomes even
faster and the slow track even slower under crowded
conditions. They have also compared the folding yields of
oxidized and reduced lysozyme under various crowded
conditions, and examined crowding effects on the folding of
reduced lysozyme with or without protein disulfide isomer-
ase (PDI), a folding catalyst (van den Berg et al., 1999). It
was found that crowded conditions enhance aggregation of
reduced (slow-folding) lysozyme and abolish its folding
yield, whereas the folding yield of oxidized (fast-folding)
lysozyme was hardly affected (van den Berg et al., 1999).
Also found was that the chaperone activity of PDI on the
reduced lysozyme folding is enhanced by crowding, which
van den Berg et al. (1999) attributed to the increased binding
affinity of PDI to non-native lysozyme. Martin and Hartl
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(1997) also observed the increased affinity of the chaperonin
GroEL to non-native proteins under crowded conditions, so
that the release of structurally immature substrate proteins
from GroEL is prevented in the crowded media. These
studies exemplify the interplay among macromolecular
crowding, protein folding, and chaperone activity in the
cellular context.

Interactions between biological molecules in crowded
solutions are, of course, complex. However, as Minton
(1997) emphasizes, ‘‘although other types of interactions
may or may not be present, volume exclusion interactions
will always be present’” in crowded solutions. Therefore, one
of the fundamental aspects of crowded solutions is the
excluded volume effect—that caused by the volume
excluded by ““inert”” macromolecules (or crowders) to the
target species (the protein of interest). According to this in-
terpretation of crowding effects, Minton have developed
theories for a wide spectrum of macromolecular crowding
effects (e.g., Minton, 1998). Although thorough and, in some
cases, even quantitative (Zimmerman and Minton, 1993;
Minton, 2001), most of these theories are based on theories
of uniform fluid, so that it cannot directly treat inhomoge-
neous system such as one containing aggregates of proteins.

To complement Minton’s theory, we have recently
developed a theoretical framework (Kinjo and Takada,
2002a,b) based on a density functional theory (e.g., Hansen
and McDonald, 1986) that can be directly applied to
inhomogeneous systems (here, ‘‘density’’ is a synonym of
“‘concentration’’). This density functional formulation made
it possible to investigate protein stability, folding, and
aggregation in a unified framework. By solving the equa-
tion of state derived from this theory, we have obtained
theoretical phase diagrams with respect to various physical
parameters (Kinjo and Takada, 2002a). Fig. 1 shows
simplified phase diagrams with bulk crowder concentration
(number density, pc) and bulk protein concentration
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Phase diagram with the bulk concentrations of the crowder (pc) and protein (pp) as variables. No chaperone is present. The thick solid line

indicates the phase boundary between aggregation and uniform phases. The dashed line corresponds to denaturation midpoint where the native and denatured
proteins are of equal amount. Uy and Up, stand for the uniform phase in which proteins are dissolved in the solvent and the native or denatured protein is
dominant, respectively, and in the Ap phase there is one spherical aggregate of the denatured protein. (A) Mildly aggregating condition with weak attraction
between denatured proteins (¢p p = —0.058); (B) strongly aggregating condition with strong attraction between denatured proteins (epp = —0.11).

(number density, pp) as variables. Fig. 1 A represents a mildly
aggregating condition with relatively weak attraction be-
tween denatured proteins, and Fig. 1 B, a strongly aggre-
gating condition with strong attraction between denatured
proteins. Both phase diagrams exhibit essential features of
the crowding effect on protein stability and aggregation
tendency. Our assumptions are that the native protein is more
compact than the denatured one, and that intermolecular at-
traction acts only between the denatured proteins and all
other interactions are purely repulsive, excluded, volume
interactions. There are three phases observed: the first phase
is the aggregation phase (Ap) in which one spherical aggre-
gate of denatured proteins is formed; the second is a uniform
phase in which the native protein is dominant (Uy); and the
third is another uniform phase in which the denatured protein
is dominant (Up). Fig. 1 shows that, as the bulk crowder
concentration increases, the aggregation is enhanced, but
that the native protein is more stabilized as long as the
aggregation does not take place.

The density functional theory was further extended to treat
dynamical phenomena such as aggregation process under
crowded conditions based on generalized diffusion-reaction
equations (Kinjo and Takada, 2002b). It was shown that, for
intrinsically fast-folding proteins (i.e., fast-folding in dilute
solutions), crowding can kinetically inhibit aggregation of
denatured proteins by accelerating the folding rate (Fig. 3 A),
whereas, for intrinsically slow-folding proteins, the aggre-
gation of denatured proteins is always enhanced and ac-
celerated (Fig. 3 B) (Kinjo and Takada, 2002b).

In the living cell, however, there exist slow-folding
proteins and they do fold to their native structures under
highly crowded cellular environments in which amorphous
aggregates of denatured proteins are not found. This is
possible, at least in part, due to the presence of molecular
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chaperones which assist folding and/or prevent aggregation.
In the present article, we introduce molecular species that
mimic chaperone’s activity to bind proteins and release them
in either native or denatured states (Fig. 2), and show that
this model chaperone can inhibit aggregation of slow-folding
proteins. Among various mechanisms suggested for chaper-
ones’ activity (Thirumalai and Lorimer, 2001; Hartl and
Hayer-Hartl, 2002), the present model is related to the kinetic
proofreading scheme proposed by Gulukota and Wolynes
(1994), which was later refined as the iterative annealing
scheme (Thirumalai and Lorimer, 2001). However, our main
interest here is the excluded volume or macromolecular
crowding effects on chaperone activity, protein folding, and
aggregation as well as their correlations. In addition to the
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FIGURE 2 A schematic diagram of the network of reactions in the system
including self-folding/unfolding, chaperone binding/unbinding, and aggre-
gation. The symbols N, D, X, and Y indicate the native protein, the denatured
protein, the unbound chaperone, and the bound chaperone species,
respectively.
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chaperone’s activity itself, the importance of the large-scale
spatial correlations between proteins and chaperones is
emphasized. The results of the simulations suggest that
crowding enhances not only the association of the chaperone
and protein, but also the correlation between the association
and the aggregation of the denatured proteins so that the
chaperones can efficiently prevent the aggregation.

THEORY AND MODELING
Density functional theory

The details of the density functional formulation are
described in our previous articles (Kinjo and Takada,
2002a,b), which we briefly summarize here with necessary
extension to include chaperone-like species.

In the system considered, there are three chemical species:
one protein species (denoted P), one crowder species (C),
and one molecular chaperone species (H). The crowders
impose only excluded volume interactions on themselves
and on other species. The chemical species are further
decomposed into physical species depending on their state.
That is, the protein can be either in the native state (N) or in
the denatured state (D), and the chaperone can be either in its
unbound form (X) without bound substrate protein or bound
form (Y) with bound substrate protein. Each physical species
is characterized by its intrinsic free energy, 1, (¢ =N, D, C,
X, and Y), in dilute solution. All the interactions between
physical species, u, g(r) where o, =N, D, C, X, and Y, and
r is intermolecular distance, are assumed to be isotropic and
of hard-core square-well potential,

[¢] (I'SRO( +RB)
Ea,8 (Ra + RB <r= C(Ra + Rﬁ)>7 (1)
0 (r>c(R,+Rp))

o p(T) =

where R, is the effective radius of the physical species «, and
c is a constant (which we arbitrarily set as ¢ = 3). For
simplicity, we set &, g = 0 except for ép p and ep x (=éx,p)-
Since denatured proteins tend to expose their hydrophobic
residues and hydrogen-bonding groups on their surface,
which cause aggregation, it is natural to assume attractive
interaction between them, hence epp < 0. To be consistent
with the previous work (Kinjo and Takada, 2002b), we set
epp = —0.11 (the unit is described in the Numerics
subsection), which corresponds to Fig. 1 B, a strongly
aggregating condition. Unbound chaperone (X) preferen-
tially binds non-native proteins, thus epx < O should be
reasonable.

The system is described by the number density (concen-
tration) of physical species at each point r in space, ¢*(r).
The free energy functional (density functional) of the system,
F[{¢$“}], consists of the ideal part and non-ideal part: F' = F;
+ F,. The ideal part, F;, consists of the intrinsic free energy
and mixing entropy terms,
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Fil{¢"(n)}] = Jdr [Z M.$"(r) + T Y. ¢"(r) In " (r)

+T¢*(r) In¢°(r)|, (2)

where ¢°(r) is the effective density of solvent defined by
d3(r) = po — Sad™(r) with the constant pg being the bulk
density of the system, and the Boltzmann constant kg is unity
in the current unit (see below). The non-ideal part of the free
energy originates from the intermolecular interactions. If we
take into account up to two-body correlation and if thus
obtained effective interaction is short-ranged, we obtain

Fl6" ()] = [dr S 0.6 (1104 1)

a,B
— Vg V" (r) - Vo (r)), 3)

where U =T [ds(1 — e %s(s)/T) and V, 5 = (T/12)
[ds|s|*(1 — e s(sD/T) can be regarded as excluded
volume parameters and surface tension parameters, re-
spectively (Kinjo and Takada, 2002a). The local chemical
potential, u,(r), of the species « at r can be obtained from
the relation u,(r) = 8F/6¢*(r), the functional derivative of
the free energy F with respect to the density field ¢*(r):

o (r) = m, + Tn[p" (r) /¢°(r)]
+ Y (Unp + Vap V')’ (r). )
B

Accordingly, the local (absolute) activity is defined by a,(r)
= ¢*®'T within a constant factor.

Dynamics equations

The dynamics of the system consists of diffusion of physical
species, folding-unfolding reactions of proteins (N < D),
and binding and unbinding between proteins and molecular
chaperones (D + X <~ Y <« N + X). These reactions are
depicted in Fig. 2. Aggregation of the denatured proteins—D
(monomers) « D(aggregate)—occurs by diffusion. Note
that the apparent reversibility does not necessarily mean that
the reaction D(aggregate) — D(monomers) can actually
occur in biologically relevant timescale: depending on free
energies of D(aggregate) relative to D(monomer), the
aggregation can be practically irreversible. Hence, we
assume the following generalized diffusion-reaction equa-
tions (Kinjo and Takada, 2002b):

d¢(r)/or = =V - J(r), )

0" (r) /01 = = V- (x) = k()™ (r) + k()" (x)
+ k(1) (1) — ko (1) (1) (r), ©)

06°(x) /0t = =V - J°(r) + ky(r)e" (x) — ki(r)p° (r)
+ kou(1)" () — ko ()" (1) (x), (D)
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O™ (r) /0t = — V- J(r) + ko (r)p" (1)

— ks (r) 9" (r)ep™ ()

+kpu (1) () — koy(r)$" (r)™ (r), (8)
0" (r) /0t ==V - J'(r) + kyn(r)d" (1)

+ ke (r)” (r) ™ (r)

+kpu (1) (1) + ko (r)d” (r)¢" (r). (9)

The flux J%(r) in the diffusion term is given as the spatial
gradient of the local activity as a consequence of the non-
ideality of crowded solutions: J%(r) = —Dg(q.')s)zVaa(r)
where Dy is a diffusion constant. This is a generalization
of Fick’s law for diffusion which states that J%(r) =
—DgVe“(r).

The various reaction rate constants are site-dependent
reflecting the non-ideality and inhomogeneity of the
crowded system. The unfolding and folding reaction rates
are given previously (Kinjo and Takada, 2002b) by k,(r) =
ko expl—{nts + Wrs(r) — nn — Wn(r)}] and ke(r) =
ko exp[—{nrs T Wrs(r) — np — Wp(r)}, respectively,
where mrs parameterizes the intrinsic free energy of the
transition state in dilute solution, and Wrs, Wy, and Wy, are
the potentials of mean force of the folding-unfolding
transition state, the native state, and the denatured state,
respectively. The potential of mean force W,(r) for « = N,
D, C, X, and Y are defined by the third term on the RHS of
Eq. 4, ie., Wo(r) = 35Uy g + VagV)PP(r). The potential
of mean force for the transition state is defined by Wrg(r) =
wWy(r) + (1 — w)Wp(r) where w is a constant which we set
o = 0.8 in the following (see Kinjo and Takada, 2002b).

The chaperone-related reaction rates are modeled in the
following way. For the reaction X + o — Y (@ = N,D), the
rate constant is defined by kop(r) = k§elatWall/T
e HEWXIO/T where kg is a constant factor. For the reverse
reaction ¥ — X + «, the rate constant is defined
by keu(r) = k5 S (r)emWyl/T Note that with this choice
of rate constants, the equations ko p(r)d*(r) ¢*(r) =
K[ (0 aq (F)ax (£)and ke (£)9Y () = 5[6° (r)ax (r)
hold. In a similar manner as the previous article without the
chaperone species (Kinjo and Takada, 2002b), it can be
shown that the free energy is a decreasing function of time:
dF/dt = 0.

Numerics

The total bulk density of the system p, (see Eq. 2) is set to
unity. The radius of the native protein is set Ry = 0.4 in an
arbitrary unit of length. The denatured protein is expected to
be more expanded by 50-100% in its radius than the native
protein (e.g., Fersht, 1999), hence we set Rp = 0.6. For
example, let the unit of length be 5 nm, then the radius of the
native protein is 2 nm, and that of the denatured protein is 3
nm. Throughout this study, we consider the crowder that is
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of the same size as the native protein (Rc = 0.4). With this
choice of R¢, the bulk crowder concentration of pc = 0.8
corresponds to the volume fraction of ~22% which is
a biologically relevant value (Ellis, 2001a). The bound
chaperone species, Y, is expected to be larger than the
unbound counterpart, X, hence Ry > Ry should hold. We set
Rx = 0.4 and Ry = 0.6. The temperature is defined to be the
unit of energy, hence T = 1. Furthermore, this temperature is
assumed to correspond to the folding temperature of the
protein in dilute solution, hence 1y = mp. The intrinsic free
energy of the crowder species does not play any role in the
theory so we set nc = 0 for convenience. The relation
between mx and my is not trivial. For simplicity, we set nx =
ny. After all, we have set n, = O for all the physical species
a =N,D, C, X, and Y. All the diffusion constants D are
arbitrarily set to 0.1, and reaction constants are set to ko = 0.1
as in the previous article (Kinjo and Takada, 2002b). In most
cases, the chaperone-related reaction rates are set such that
kg = Kg = 0.1, but we also use the values KSI = 0.01 and
0.001 to examine the significance of chaperone’s ability to
assist protein folding.

The physical size of the system is set to 64 X 64 X 64 in
the given unit length, which is discretized into 32 X 32 X 32
lattice sites. Therefore, if the native protein has Ry = 2 nm,
then the linear length of the system corresponds to 0.32 wm.
The periodic boundary condition is imposed on all
directions. The differential operation with respect to the
spatial coordinates is calculated using the 27-point isotropic
stencil of van Vlimmeren and Fraaije (1996). For the details
of the discretization scheme, see Kinjo and Takada (2002b).
The numerical integration of the diffusion-reaction equations
(Egs. 5-9) are carried out with the second-order, variable
time step Runge-Kutta-Chebyshev method of Abdulle and
Medovikov (2001).

RESULTS AND DISCUSSION

In the following, the average concentration (density) of the
protein, pp, is always set to pp = 0.1, and that of the
chaperone to py = 0.01. The protein concentration pp = 0.1
does not correspond to a dilute solution even in absence of
other molecular species because this amount of protein can
trigger aggregation (see Fig. 1 and below). Initially, most of
the chaperones are set to be unbound to proteins: py = 0.001
pu, and thus px = 0.999 py. Proteins are set initially mostly
denatured so that the concentration of the native protein is set
pn = 0.001 pp, and that of the denatured protein is set pp =
Pp — PN — Py- Initial concentrations are set weakly fluc-
tuated in space such that ¢*(r) = p,[1 + £%(r)] where —O0.1
< &*(r) < 0.1 is a random field. We repeated simulations
with different random fields but the results are hardly
affected. As noted above, the temperature is set to the fold-
ing temperature of the protein in dilute solution in all the
following simulations so that the intrinsic free energies of the
native and denatured proteins are the same: ny = mp. This
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FIGURE 3 Time course of the fraction of the native protein fy with or without chaperones at various concentration of the crowder pc = 0.05, 0.2, 0.4, and
0.8. (A) Fast-folding protein (nys = 1) without chaperones; (B) slow-folding (nts = 5) without chaperones; (C) fast-folding protein with chaperone (py =

0.01); and (D) slow-folding protein with chaperones.

temperature condition can be regarded as a mild heat-shock
condition.

In most of the cases, the time course of simulations is
monitored in terms of the fraction of the native protein, fy =
(d™) / pp where (-) is the spatial average (i.e., (-) = (1/V) f X
dr with V being the volume of the system). Although not
shown explicitly, aggregation in the system is monitored in
terms of relative spatial deviation of a density field: s, =
[((d™ — (N )1'/ /(). If the value of 5, (e.g., sx) is very
small (i.e., sy < 10_8), the system is considered as uniform,
otherwise the system is non-uniform and contains aggre-
gates.

Effects of molecular chaperones on fast- and
slow-folding proteins

First, the simulation results without molecular chaperones
(i.e., pg = 0) are shown as a reference (Fig. 3, A and B).
Folding (initially denatured) simulations of fast- and slow-
folding proteins can be performed by adjusting the parameter
for the intrinsic free energy of the folding transition state,
Mts. As in our previous study, we set s = 1 for the fast-

folding protein, and ns = 5 for the slow-folding one (Kinjo
and Takada, 2002b). As was shown previously, these two
cases show qualitatively different behavior regarding folding
and aggregation (Fig. 3, A and B). That is, the fast-folding
protein forms aggregates at low bulk concentrations of the
crowder (pc = 0.05, 0.2), but becomes dissolved in more
crowded solutions pc = 0.4, 0.8 (Fig. 3 A), whereas the
slow-folding protein exhibits the aggregation of denatured
proteins at all the tested crowder concentrations (Fig. 3 B).
Note that the drops in the fraction of the native protein, fy,
toward zero means aggregation in these cases (Kinjo and
Takada, 2002b). It should also be noted that thermodynam-
ically, as Fig. 1 indicates, the aggregation of the denatured
proteins is enhanced by crowding (Kinjo and Takada, 2002a)
regardless of the folding rate of the protein. Therefore, the
inhibition of aggregation by crowding for the fast-folding
protein is a kinetic one.

Next the molecular chaperone species was added with the
bulk concentration py = 0.01. The attraction parameter
between the denatured protein and unbound form of the
chaperone was set to a small negative value, ep x = —0.01,
compared to the attraction between the denatured proteins,
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FIGURE 4 Time course of the fraction of the bound chaperone species. (A) Fast-folding protein; (B) slow-folding protein.

epp = —0.11. In Fig. 3, C and D, we see that the fast- and
slow-folding proteins show qualitatively the same behavior
regarding folding and aggregation. In both the fast- and
slow-folding cases, aggregation occurs at low concentrations
of the crowder, pc = 0.05, 0.2, but not at higher con-
centrations pc = 0.4, 0.8. Closer examination showed
that aggregation takes place for the crowder concentration
pc = 0.34 for both the fast- and slow-folding cases with
chaperone. However, this value depends on the choice of
the rate constants kj and K5 (see below). It is not trivial
that the present model for the chaperone can prevent the ag-
gregation of the denatured proteins, because not only the
reaction D + X — Y but also the reactions ¥ — D + X and
N + X — Y are included in the dynamics. The denatured
proteins released from the chaperones can, in principle,
again attract each other and form aggregates.

By comparing Fig. 3, B and D, we can see that the
acceleration of folding of the slow-folding protein by the
chaperone is most pronounced in the case with pc = 0.8, the
most crowded condition. On the other hand, the acceleration
of the folding of the fast-folding protein is not so pronounced
even at pc = 0.8.

To see the effect of crowding on the stability of the bound
chaperone species Y, the time course of its fraction, fy =
(¢¥)/pu, is plotted in Fig. 4. It can be seen that crowding
enhances the formation of the bound chaperone Y. There is
no apparent difference between the cases of the fast-folding
and slow-folding proteins. When the crowder concentration
pc is small (pc = 0.05 and 0.2), there is not a significant
amount of the bound chaperone, and fy approaches to zero as
aggregation proceeds. When the aggregation of the dena-
tured protein does not occur (pc = 0.4, 0.8), the value of fy
approaches to a finite constant as the system becomes
uniform (fy ~ 0.1 or 0.47 for pc = 0.4 or 0.8, respectively).
The difference between the cases for pc = 0.4 and pc = 0.8
is significant in both the rates of increase and final values of
fy- In terms of the equilibrium constant fy/fx, the bound
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form of the chaperone Y is more favored by more than
eightfold when the crowder concentration pc is increased
from pc = 0.4 to pc = 0.8.

In terms of the native fraction fy and bound chaperone
fraction fy, the fast- and slow-folding proteins show
qualitatively the same behavior for folding in the presence
of the chaperone species (Figs. 3 and 4). The difference
becomes apparent if the folding yield is divided into the
“self-folding” and ‘‘chaperone-assisted folding” parts
(Fig. 5). The (instantaneous) self-folding yield, Gp, is
defined by Gp = (kir)¢p°(r) — ky(r)™(r)), and the
(instantaneous) chaperone-assisted folding yield, Gy =
(kux@®P¥ (@) — kN ()P (). Tt is evident from
Fig. 5 that the self-folding yield Gp is dominant for the
fast-folding protein, but for the slow-folding protein,
the chaperone-assisted folding yield Gp is dominant and
self-folding yield Gp is relatively negligible. In both fast-
and slow-folding cases, the increase in the crowder concen-
tration significantly increases the chaperone-assisted folding
yield. The peaks in Gy for the slow-folding protein are
slightly higher and significantly broader than those for the
fast-folding protein; see Fig. 5, C and D. The fast-folding
protein in the present study should correspond to a class of
proteins which do not require chaperone’s assistance for its
folding (Thirumalai and Lorimer, 2001).

To examine the significance of chaperone’s activity to
assist the folding of the slow-folding protein, we also carried
out simulations with slower rate constants kg for the
reactions N + X < Y. With the rate kg’ = 0.01, aggregation
was observed for pc = 0.4, but not for pc = 0.8. With kg’ =
0.001 and pc = 0.8, the aggregation did occur, but by
increasing the crowder concentration to pc = 0.85 the
aggregation was again inhibited (data not shown). Therefore,
although crowding can enhance the chaperone’s activity, the
chaperone must intrinsically have its ability to assist protein
folding. Chaperone’s ability to bind denatured proteins is not
sufficient to avoid aggregation.
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FIGURE 5 Self-folding yield Gp and chaperone-assisted folding yield Gy for the fast-folding protein (A) and the slow-folding protein (B). Colors in A and B
are indicated as follows: red, Gp with pc = 0.4; green, Gy with pc = 0.4; blue, Gp with pc = 0.8; and magenta, Gy with pc = 0.8. C and D compare the chaperone-
assisted folding yield Gy for fast-folding and slow-folding proteins, pc = 0.4 in C, and pc = 0.8 in D. Note that vertical scales are different in C and D.

Spatial correlations between the protein and
molecular chaperone

Protein folding, chaperone binding, and protein aggregation
—all of these processes take place inhomogeneously in
space. In particular, induced spatial inhomogeneity plays
a crucial role in aggregation. As mentioned above, the
current density functional formalism can directly treat this
inhomogeneity. Here we look into the above processes more
closely for the intrinsically slow-folding case because it is
in this case where the molecular chaperone plays a critical
role. The parameters are the same as in the previous section
(epx = —0.01, kg’ = 0.1). The spatial correlation between
the proteins and chaperones can be monitored in terms of
the quantity C, g, which is defined by C, g = ((¢* — (¢*))
@* — (")) /(™) () where @ = N.D and B = X.Y.
The positive value of C, g means that the species @ and 3,
on average, tend to be close to each other in space.

The time evolution of the correlation shows similar
tendency for pc = 0.05, 0.2, and 0.4, except that aggregation

does not take place for pc = 0.4. Fig. 6 A shows the case with
pc = 0.05. The correlation between the denatured protein
and the bound chaperone starts to increase at time ¢ ~ 0.01,
which corresponds to the onset of increase in the bound
chaperone fraction shown in Fig. 4 B. This positive
correlation corresponds to the fact that the bound chaperone
Y is likely to be created at the sites where the denatured
proteins are relatively abundant. Then the positive correla-
tion between the native protein and bound chaperone starts to
appear at ¢ ~ 0.1, indicating that the native proteins are likely
to appear near the bound chaperones, that is, the native
proteins are released from the bound chaperones. In fact, the
peak in C.y roughly corresponds to the onset of increase in
the native fraction shown in Fig. 3 D. Until the aggregation
of the denatured proteins is triggered, there is no apparent
correlation between the native protein and the unbound
chaperone (i.e., Cnx ~ 0). This suggests that the native
proteins released from the chaperones quickly diffuses away
from them, which in turn explains the negative correlation
between the denatured protein and unbound chaperone at
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FIGURE 6 Time course of density field correlations with the bulk concentration pc = 0.05 in A and pc = 0.8 in B.

t =~ 1. That is, after the native proteins diffuse away from the
chaperones, the proteins unfold and start to aggregate at the
sites where the chaperones are less abundant. Due to the fast
diffusion of proteins away from the chaperones, proteins are
unlikely to stay near the chaperone whether the proteins are
native or denatured.

(A) (B)

time = 1.000e-05 time = 2.000e-02

: D Y n D&Y
1|mu = 1.000e-02 time = 1.000e+00
aN&X EN&X

FIGURE 7 Correlation of density fields in terms of density distribution on
a cross-section of the system with pc = 0.8. Red sites indicate that ¢“(r) >
(%) and ¢P(r) < (¢P); green sites, p*(r) < (¢*) and ¢°(r) > (¢°); blue
sites, ¢*(r) > (¢*) and ¢P(r) > (¢P); and black sites, ¢*(r) < (¢*) and
¢P(r) < (¢P), wherea =D and B =Y andinA;a =NinB;and =X in C
and D.
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The case with pc = 0.8 (Fig. 6 B) exhibits quantitatively
and qualitatively different behavior from those with pc =
0.4. The correlations are in general much stronger than those
for pc = 0.4. The correlation between the denatured protein
and bound chaperone starts to increase earlier at  ~ 10~*
and its height is higher than that for pc = 0.4. However, this
positive correlation is not conspicuous when visualized as
cross-sections of local concentrations in Fig. 7, A and B, in
which the blue spots indicate the sites where both the
denatured and chaperone concentrations are higher than their
respective average values. On the other hand, the correlation
between the native and unbound chaperone is very strong at
t ~ 1 which is clearly seen in Fig. 7, C and D. The correlation
between the native protein and bound chaperone now shows
anegative peak at t ~ 0.1 but it soon becomes positive at t ~
1. The behavior of the correlation Cp x is also completely
different from that for pc = 0.4. That is, for the case with pc
= (.8, the correlation is positive whereas it was negative for
the cases with pc = 0.4. This positive correlation indicates
that the denatured proteins tend to exist around the unbound
chaperones, which facilitates the reaction D + X — Y so that
the danger of aggregation is reduced. Time course of these
reactions is summarized in Table 1. Although not apparent in
the values of C,pg, a large-scale spatial correlation is

TABLE 1 Time course of the system with pc = 0.8 and
chaperones (corresponding to Fig. 6 B)

Time range Reaction Correlation
~1072 D + X — Y proceeds Cpy >0
~107! D — N proceeds far Cny >0

from chaperones
~1 Y — N + X proceeds Cnx >0
~10 N — D proceeds near X Cpx >0
N + X — Y proceeds Cny >0
D + X — Y proceeds Cpy >0
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FIGURE 8 Large-scale correlations of density fields at a late stage in
terms of density distribution on a cross-section of the system with pc = 0.8.
Color scheme is the same as Fig. 7 witha = Nand 8 =X in A; and @« = N
and B =Y in B.

observed between the protein and chaperone density fields at
t ~ 1000 (Fig. 8, A and B).

It was shown above that crowding enhances the aggrega-
tion of the denatured proteins in the absence of the chaperone
(Fig. 3 B) as well as the formation of the bound chaperone
(Fig. 4 B). Also shown was that, under the presence of the
chaperone, crowding prevents the aggregation of the
denatured proteins and enhances the correlation between
the denatured protein and the bound chaperone (Fig. 6). Can
we further expect that crowding enhances the correlation
between the aggregation and the formation of the bound
chaperone? This expectation is clearly confirmed by Fig. 9,
which shows that the denatured proteins and bound
chaperones are spatially more correlated when pc = 0.8
(Fig. 9 B) than when pc = 0.4 (Fig. 9 A). In other words, the
bound chaperones are likely to exist in a potential nucleus of
the aggregate of the denatured proteins under more crowded
conditions. However, since the bound chaperone imposes
repulsion on its surrounding as well as releases native
proteins, it acts to disperse and destroy the potential nucleus
of the aggregate. Hence, by strongly correlating the precursor
of protein aggregates with the formation of the bound

(A) (B)

time = 1.000e+02 time = 1.000e+02

s D mY nD&Y n D nY n D&Y

FIGURE 9 Correlation of the denatured protein and bound chaperone
density fields with pc = 0.4 (A) and pc = 0.8 (B) at time ¢ = 100. Coloring
scheme is the same as Fig. 7.
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chaperones, crowding can help the chaperone to efficiently
assist protein folding and to prevent aggregation.

We have also examined an extreme case in which the
attraction between the denatured protein and unbound
chaperone is very strong, epx = —0.1. This value is
comparable to the attraction between the denatured proteins
(éepp = —0.11) and is so strong that aggregation, when it
occurred, involved not only the denatured proteins but also
the unbound chaperones. However, at the crowder concen-
tration of pc = 0.8, the result was essentially the same as
above, that is, the aggregation did not take place and the final
fraction of the native protein was almost the same as in the
case with ep x = —0.01 (data not shown).

Validity of the model molecular chaperone

In the present study, we have introduced a crude model for
the molecular chaperone. The internal structure and
mechanism of the molecular chaperone are not treated
explicitly. We examine the extent to which the present model
represents the characteristics of real molecular chaperones.
First of all, no external energy source is exerted upon the
system in the present simulations. Therefore, those chaper-
ones which require ATP hydrolysis to catalyze protein
folding cannot be fully represented by our model. Some
molecular chaperones are known not to require ATP.
Examples are the HSP110 family of heat shock proteins,
and a class of protein-folding catalysts such as peptidyl-
prolyl isomerase or protein disulfide isomerase (Ohtsuka,
2001). The role of ATP hydrolysis in molecular chaperone’s
ability to assist protein folding and to avoid aggregation is
left for future study. A straightforward prediction is that
exerting external energy via ATP hydrolysis will shift the
equilibrium of the protein toward its native state, and thus
aggregation may be inhibited at lower crowder concen-
trations than the present study.

Secondly, due to the limitation of the theoretical
framework, only those chaperones whose sizes, in terms of
the effective radii, are comparable to those of the target
proteins can be treated. This limitation stems from the
parameter p in the present treatment of mixing entropy (see
Theory and Modeling). Because of the value of py = 1, it
becomes technically difficult to set R, > 0.6, otherwise
the volume fraction can exceed unity. Nevertheless, if the
unbound and bound chaperones were larger in their size, the
results would be qualitatively the same and quantitatively
become more exaggerated, because the reaction D + X — Y
will be more enhanced and the repulsion caused by the
bound chaperone (Y) on its surrounding will be more
stringent due to the larger excluded volume.

Apart from the above limitations, the present model
captures essential features of molecular chaperones in that
binding of denatured proteins is preferred to that of native
proteins, and that after bound complex (Y) is formed the
chaperone can release either the denatured or native proteins.
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The reaction N + X — Y may seem to contradict the reality.
This reaction can be interpreted as the reaction between the
unbound chaperone and instantaneous non-native protein
which exists in equilibrium with the native one (Thirumalai
and Lorimer, 2001). In fact, this reaction with the rate & p(r)
becomes increasingly unfavorable as the native protein
becomes intrinsically more stable than the denatured one (see
the expression for the site-dependent reaction rate &y p(r) in
Theory and Modeling). This behavior is also consistent with
the consideration of Thirumalai and Lorimer (2001).

There are a number of adjustable parameters regarding the
intrinsic stability of each molecular species and the strength
of interaction between each couple of species as well as the
rates of various chemical reactions. We examined various
different sets of parameters although it is difficult to cover all
the possible combinations of these parameters. In particular,
we have tested the dependence of our results on the strength
of attraction between the denatured protein and the unbound
chaperone (ep x), and the rate of reaction N + X < Y (kON).
The robust observations thus far obtained are that chaper-
one’s activity to assist protein folding (the path Y — N + X)
is required to avoid aggregation, and that, for the crowder
concentration pc = 0.8, aggregation is inhibited irrespective
of the strength of ¢p x.

Biological implications

The average concentration of the crowder, pc, ranges from
0.05 to 0.8 in most of the calculations above. With the given
radius of the crowder (Rc = 0.4), the crowder concentration
pc = 0.8 corresponds to the volume fraction of ~22%. On
the other hand, the estimated volume fraction of the living
cell is ~20-30% (Ellis, 2001a). Therefore, among the above
simulations, those with pc = 0.8 are the most biologically
relevant ones. With the present choice of the parameters for
the interaction strength and reaction rates, the aggregation of
the denatured proteins and the reaction D + X — Y can take
place in the absence of the crowders. When the crowder
concentration is low, the aggregation and the reaction D + X
— Y can occur independently at different sites in the system.
Both of these two reactions are enhanced by crowding. This
raises an interesting possibility for the interplay among
crowding, chaperone-assisted protein folding, and aggrega-
tion. The aggregation and chaperone-binding reactions
become more correlated as the crowder concentration
increases. In other words, when the system is sufficiently
crowded, the D + X — Y reaction is more likely to take place
near the nucleus of an aggregate. The bound chaperone Y
either imposes strong repulsion on its surrounding, or it
releases the native and/or denatured proteins. As a result, the
potential nuclei of aggregates become unstable and their
surrounding becomes heterogeneous, which hinder the
further growth of the nucleus and prevent the aggregation.
The present results suggest that the inhibition of aggregation
by molecular chaperones becomes pronounced under
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conditions as crowded as the intracellular environment, and
less crowded conditions may only enhance the aggregation
when there are a small number of chaperones compared to
denatured proteins. This implies that the crowded environ-
ment of the living cell is not merely a consequence of the
existence of many kinds of macromolecules, but may have
an active role in preventing aggregation in the cell.

A.RK. thanks Prof. Hiroyuki Toh for suggesting the possibility of the
present work.
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