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Competition between protein folding and aggregation: A three-dimensional
lattice-model simulation
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Aggregation of protein molecules resulting in the loss of biological activity and the formation of
insoluble deposits represents a serious problem for the biotechnology and pharmaceutical industries
and in medicine. Considerable experimental and theoretical efforts are being made in order to
improve our understanding of, and ability to control, the process. In the present work, we describe
a Monte Carlo study of a multichain system of coarse-grained model proteins akin to lattice models
developed for simulations of protein folding. The model is designed to examine the competition
between intramolecular interactions leading to the native protein structure, and intermolecular
association, resulting in the formation of aggregates of misfolded chains. Interactions between the
segments are described by a variation of the Go potential@N. Go and H. Abe, Biopolymers20, 1013
~1981!# that extends the recognition between attracting types of segments to pairs on distinct chains.
For the particular model we adopt, the global free energy minimum of a pair of protein molecules
corresponds to a dimer ofnative proteins. When three or more molecules interact, clusters of
misfoldedchains can be more stable than aggregates of native folds. A considerable fraction of
native structure, however, is preserved in these cases. Rates of conformational changes rapidly
decrease with the size of the protein cluster. Within the timescale accessible to computer
simulations, the folding-aggregation balance is strongly affected by kinetic considerations. Both the
native form and aggregates can persist in metastable states, even if conditions such as temperature
or concentration favor a transition to an alternative form. Refolding yield can be affected by the
presence of an additional polymer species mimicking the function of a molecular chaperone.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1330212#
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I. INTRODUCTION

The biological function of a protein or a peptide is in
mately related to its conformation, or tertiary structure, d
termined by complex interactions among protein residu1

Varying degrees of residue hydrophobicity, hydroge
bonding groups, and the presence of partial charges resu
specific potentials among the different residue pairs. Com
tition between these interactions and topological constra
imposed by chain connectivity and rigidity leads to the ch
acteristic conformational behavior of native proteins. T
conformational energy spectra of protein molecules disp
an energy gap between the continuous part and a small s
low-energy conformations.2 These conformations or fold
optimize the binding between attracting residues while m
mizing contacts between constituents with unfavorable in
actions. The native form of a protein is believed to cor
spond to the global minimum on the complex free ene
landscape of a single chain. However, this situation
change3–5 in the presence of additional protein molecule
Forces among residues from distinct polymers offer opp
tunities for favorable couplings, which can lead to the fo
mation of intermolecular clusters or aggregates. In this p
cess, termed abnormal protein aggregation,4 they acquire a
different tertiary structure incompatible with the biologic

a!Electronic mail: db@lolita.cchem.berkeley.edu
5610021-9606/2001/114(1)/561/9/$18.00
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function of the protein. To a lesser extent, the second
structure is also modified. At sufficient concentration, agg
gation results in protein precipitation.5

Protein aggregation leading to reduced biological ac
ity and insoluble or poorly soluble forms is of great conce
in a variety of biotechnological processes and pharmace
cal applications, including the formation and renaturation
inclusion bodies, the formulation of protein drugs, and t
aging and storage of protein drugs. In addition, the format
of aggregated states is associated with a number of dise
well-known examples including the Alzheimer’s diseas
Bovine Spongiform Encephalopathy~BSE!, or mad cow dis-
ease, and amylotrophic lateral sclerosis~ALS!. The enor-
mous impact of these disease states and the growing num
of protein drugs have given rise to intense research of b
equilibrium and dynamic aspects of protein aggregati
with the ultimate objective of learning to manipulate the pr
tein chemistry and system conditions in ways that will p
clude or slow down the process.

In the past few years, a number of groups have analy
the aggregation mechanism using computer modeling
ploying a lattice representation. Dynamic Monte Carlo sim
lations of two-dimensional multichain models with protei
represented as two-letter copolymers,6–9 as well as Monte
Carlo10,11 and enumeration studies3 of 20-letter models of
protein dimers in three dimensions have been reported. M
recently, Giugliarelli et al.12 designed an exactly solvabl
© 2001 American Institute of Physics
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model for the phase behavior of a concentrated heterop
mer solution. Calculations for a two-letter square-lattice r
resentation captured transitions between monomeric or a
ciated folds and misfolded prionlike aggregates. While e
of these works has enhanced our understanding of aggr
tion principles, acombinationof a multichain simulation and
the more realistic, three-dimensional representation is cle
desirable for a more detailed analysis. In the present art
we describe Monte Carlo simulations of systems compris
several proteinlike heteropolymer chains on a cubic latt
The model is designed to study the competition between
folding and aggregation of denatured chains. For this p
pose, we consider situations with initially denatured mo
proteins and monitor the relaxation toward either of the t
relatively stable forms: an assembly of folded chains, a
clusters of partly misfolded polymers stabilized by interm
lecular contacts. We aim to characterize the structure of
aggregated form in terms of the extent of native struct
preserved upon association.

Besides the question as to which form represents
actual stable state, we are interested in kinetic factors
can favor the formation of either of the two forms. Dynam
Monte Carlo simulations are employed to consider aggre
tion kinetics. To mitigate computational difficulties asso
ated with a remarkably increased number of degrees of f
dom and slowed configurational relaxation, we rely on
simplest form of pair interactions known to capture the
sential physics of the folding process in the case of an
lated protein. We monitor the behavior of concentrated
mers with Go and Abe13 residue–residue pair potentials th
stabilize only bonds between the types of residues that a
contact in the native protein conformation. Standard segm
moves,14 supplemented by chain translations,6 are used to
consider conformational evolution for a group of adjace
initially unfolded model protein molecules. In Sec. II, w
describe the details of the model and simulation. In Sec.
we present simulation results for isolated model proteins
for systems containing up to six protein chains per simu
tion box. Results of these calculations provide insights i
the energetics of interprotein association, characterized
increased ruggedness of the free energy landscape. For
or more chains, the global minimum involves partially m
folded chains. The conformation dynamics of a cluster
adjacent molecules displays features of glasslike beha
characterized by trapping of the system in either of a mu
tude of the local free-energy minima that correspond to d
tinct aggregate configurations. Once in the folded form, ho
ever, the model proteins display considerable stabi
against aggregation pointing to the existence of signific
activation barriers between the two favorable forms. Fina
we examine the effect of introducing an additional prote
like species that mimics the action of a molecular chap
one. In Sec. IV, our findings are summarized and directi
of future work are outlined.

II. MESOSCOPIC SIMULATIONS OF AGGREGATING
PROTEIN SYSTEMS

The mechanism of aggregation is considered by Mo
Carlo simulations in an ensemble of coarse-grained mo
Downloaded 26 Sep 2001 to 128.32.49.138. Redistribution subject to A
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proteins. Mesoscopic models have proved extremely hel
in studies of protein folding, where they continue to provi
valuable insights into both mechanics and dynamics of
transition to the native conformation.2,3,14–25 Advances in
computational techniques and facilities are making sim
simulations possible in multichain systems.6,9 In what fol-
lows, we describe an on-lattice simulation study of mod
protein solutions comprising several chains, placed on a
bic lattice with step length equal to the segment length of
protein. Chain segments can represent individual amino-a
residues, or statistical segments comprising sev
residues.6,9 Due to excluded volume interactions, each latti
site can accommodate only one protein segment. Empty s
are assumed to be occupied by the solvent that is not ex
itly considered in the model. Instead, we treat segme
segment interactions as McMillan–Mayer potentials26 ob-
tained by integration over degrees of freedom associa
with solvent molecules. As usual in studies of folding of
single protein, we assume the residue–residue potentia
be pairwise additive and short-ranged, effectively limited
nearest neighbor interactions. The energy function of a s
tem comprisingM chains of lengthN is of the form

U~$r%!5 (
m51

M

(
i 51

N22

(
j 5 i 12

N

Ui j D~r i ,m2r j ,m!

1 (
m51

M21

(
n5m11

M

(
i 51

N

(
j 51

N

Ui j D~r i ,m2r j ,n!, ~1!

where subscriptsm, n51,2,3,...,M denote a chain, and sub
scriptsi, j 51,2,3,...,N specify the contour positions of chai
segments. The configuration of the system is completely
scribed by a 3MN-dimensional vector$r % that comprises all
segment positionsr i ,m . FunctionD(r i ,m2r j ,n) equals unity
if segments (i ,m) and (j ,n) are in contact and zero othe
wise. Intrachain interactions among consecutive segm
(u i 2 j u51) are excluded fromU($r%). Infinite energy is as-
cribed to overlapping configurations. Chain composition d
termines coupling constants,Ui , j , between segments at con
tour positionsi and j. Equation~1! is easily generalized to a
mixture of chains differing in lengths and segment s
quences, where coupling constantsUi ,m; j ,n depend on four
indices specifying contour positions of the two interacti
segments (i , j ) and the identities of the two chains, (m,n).
For simplicity and to secure relatively fast conformation
dynamics, we employed the inter-residue pair potentials
Go and Abe,13 with all typesof segments that form native
contacts being ascribed an equally strong, attractive inte
tion, Ui j 5U0,0. Apart from excluded volume, interaction
among other residue pairs are assumed to be neglig
weak. While the teleological Go potential lacks a cle
physical interpretation for the presumed recognition effec
it has helped in obtaining many valuable insights into foldi
mechanisms25 and it appears natural to examine its applic
bility in studies of multichain events. For convenience, w
absorb the coupling strength and the temperature in the
duced temperature,T* 5kBT/U0 . In these units, the interac
tion of native residue–residue contacts,Ui j /kBT, equals
21/T* . Interchain potentials are calculated using t
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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same pair potentials,Ui j , that determine intrachain interac
tions for identical residue pairs. The complete interact
map,$Ui j /kBT%, is therefore determined by the temperatu
T* , and the native structure of the model protein. Accord
to our operational definition, a protein is in the native stru
ture when all inter-residue distances,r i j , in the protein ac-
quire exactly prescribed values. By symmetry, a mirror i
age of the original structure is stabilized by identic
potentials. This degeneracy does not appear relevant to
aggregation behavior of our model system since it does
enhance opportunities for favorable interactions among p
tein folds.

To account for a finite concentration of the solution, w
employed Minimum Image~MI ! boundary conditions26,27

that treat every segment as a center of a cubic Monte C
box of sizeL, interacting with each of the remaining se
ments or its nearest image located at a distance not excee
L/2 in any of the three directions. While satisfactory for stu
ies of interactions amongMN nearest segments, the meth
suppresses density fluctuations at length scales exceediL.
Applications of open ensemble techniques would be nee
to capture large-scale phenomena such as the phase se
tion or protein precipitation.

Equilibrium properties are calculated as canonical av
ages over configurations$r % that we compute using two dif
ferent approaches. In one, we employed a dynamic Mo
Carlo method with Metropolis acceptance criteria,27 which
samples polymer configurations as a sequence of states
erated by performing standard types of segment moves14,28

Attempted moves include the displacement of either of
end beads in the chain to one of the four available sites n
to the nearest contour neighbor in the chain, corner flips
beads whose bonds with nearest contour neighbors form
right angle, and crankshaft moves that involve a simu
neous displacement of the second and the third bead
four-member loop by loop rotation around the axis throu
the first and the fourth bead of the loop. The above mo
have been found satisfactory in numerous studies of fold
of a single chain.2,14,15 To facilitate the translation of the
chains as a whole, we also included collective translat
moves6,9 in which all segments of a randomly selected cha
or several chains,9 undergo a parallel translation along a ra
dom direction. Only translations of length equal to a sin
lattice step at a time were attempted. In addition, the cha
were allowed to undergo reptations corresponding to slith
ing snakelike moves along the chain contour.29 While rela-
tively efficient in early stages of runs initiated with all chai
in random configurations, the acceptance of reptation mo
is very low in compact states with partly or complete
folded chains and aggregated states and hence did not
nificantly contribute to conformational evolution. Once
move type was selected, one of theMN segments was
picked randomly. A move of the segment, loop, or chain
which the segment belonged was then attempted when
sistent with local chain configuration, and rejected otherw
The different move types were attempted at random w
different a priori probabilities: 25% for single-particle
moves, 50% for crankshaft moves, 20% for attempted ch
translations, and 5% for attempted reptations. These cho
Downloaded 26 Sep 2001 to 128.32.49.138. Redistribution subject to A
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follow from empirical considerations and should, in pri
ciple, have no effect on thermodynamic averages. The ch
of move probabilities will, however, affect the apparent d
namics of the system. Only qualitative comparisons betw
simulated dynamics and real time kinetics are therefore p
sible.

In addition to the dynamic simulation, we also pe
formed a number of runs using a version of nondynam
Ensemble Growth Monte Carlo technique~EGMC! from ear-
lier works.30,31 This method determines configurational st
tistics by averaging over a large ensemble of systems gr
from monomers to a final number of particles. During t
growth of the ensemble, the systems multiply in competit
with each other in accordance with Metropolis criter
which secure the canonical distribution of states at all sta
of the growth.32 A particular advantage of this technique
that it produces valid results for different system sizes at
steps of the growth procedure. A deficiency of the meth
however, is a rapid increase in the ensemble size required
satisfactory statistics as the number of chains increases.
increase results from the degrees of freedom introduced u
the addition of new chains whose positions have to be
equately sampled over the whole volume. Bigger ensem
must therefore be used, leading to a rapid increase in c
puter memory we need. The method turned out to be v
efficient in studies of single chain folding, where its resu
coincide with those from dynamic simulations. Increas
computational requirements, however, made it hard to ap
the technique in multichain systems without prior refin
ments of the algorithm. For this reason, and because of
interest in kinetic properties, in the present article we disc
only results obtained from dynamic Monte Carlo simu
tions.

The pair potentials$Ui j % used in our calculations corre
spond to the native structure of the model 27-mer depicte
Fig. 1. Three additional native structures, including the str
ture presented in Fig. 1 of Ref. 14 were also used in a se
calculations. All four native structures corresponded to
most compact, cubelike form with 28 native contacts amo
the residues not linked by covalent bonds (u i 2 j u.1). The
runs performed using pair potentials$Ui j % for the three al-
ternative native structures revealed qualitatively identical
havior as those corresponding to the structure presente
Fig. 1. Only results for this case are presented in the n
section. A systematic study of the effect of sequen
mutations33 and more realistic choices of inter-residu
potentials34–36 will be described at a later date.

III. RESULTS AND DISCUSSION

Although we are primarily interested in the intercha
effects, we first characterize the behavior of a single mo
protein that we use as a reference for comparison with m
tichain systems. In this and the following examples, we
sualize the distribution over structural states and their evo
tion by relying on a set of order parameters; specifically,
determine the numbers,nnc, or fractions,f nc5nnc/nnc

max, of
native contacts among protein segments. We also determ
the probability of the completely folded state,f n . In mul-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tichain systems, the numbers of intermolecular contacts,ni ,
are also monitored. In this way, we obtain simultaneous m
sures for the resemblance to the native form, and for
degree of interprotein association. Figure 2 illustrates
temperature dependence of the average structure for a s
model protein. It shows the temperature variation of the fr
tion of time a protein spends in its native form,f n . At low
reduced temperature,T* ;0.4 (U0 /kBT522.5), f n is close
to 95%. As we increaseT* , a slow decrease inf n is ob-
served at first. Upon a further rise in the temperature,
slope gradually increases with rapid unfolding observed
the interval 0.6,T* ,0.75. The native form is practically
extinct aboveT* ;0.8. The temperature dependence of
fraction of native contacts,f nc, is similar to that for the

FIG. 1. The native structure of a model protein.

FIG. 2. Fraction of native contacts,f nc ~open circles!, fraction of time the
protein spends in the native state,f n ~solid symbols!, and average refolding
time, t f ~dashed! as functions of the reduced temperature,T* . The minimal
refolding time atT* ;0.56 corresponding to;83103 passes.
Downloaded 26 Sep 2001 to 128.32.49.138. Redistribution subject to A
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e

probability of the native form of the protein as a whole,f n ,
however, the fraction of native contacts,f nc, always exceeds
f n and approaches a nonzero limit at highT* . A temperature
~or interaction strength! interval of interest for our presen
purposes has to include the range where both the native
denatured forms are well represented. Ideally, it should a
provide for rapid transition kinetics. In Fig. 2, the avera
refolding time of an isolated model protein from a rando
initial conformation is shown as a function of reduced te
perature,T* . The minimum atT* ;0.56 (U0521.8) corre-
sponds to the optimal compromise between two oppos
effects: the increased role of activation barriers at low te
peratures, and the shift of the equilibrium structure towa
the denatured form at high temperatures. In view of hig
activation barriers encountered in processes of aggrega
the optimal temperature we choose for studies of multich
systems is somewhat higher.T* 50.69 was used in most o
our calculations for multichain systems.

The speed of structural rearrangements, including
rate of folding or refolding, will generally decrease with in
creasing opportunities for intersegment interactions. At fin
protein concentrations, interactions among the segm
from distinct protein molecules give rise to additional low
energy domains of configurational space,$r %, and contribute
to potential barriers between them. In Table I, we list t
mean first passage times~in simulation passes!, i.e., the av-
erage times it takes to foldM chains, each comprising 2
segments, from initially random configurations to a co
pletely folded state. In Table I we present results for fo
different volume fractionsf55%, 10%, 16%, 21%, and
32%, corresponding to 1, 2, 3, 4, and 6 chains per simula
box of sizeL58 and volumeV5L3 at T* 50.69.

Relaxation of initially random systems is of intere
since it involves passing through intermediate, partly fold
states believed to represent the critical stage from which
jacent polymers can either evolve to folded chains with we
interprotein interactions, or form an aggregate of misfold
molecules. In view of the apparent stability, or metastabi
~especially pronounced at lowerT* ), of the aggregates o
fully folded chains, the intermediate stage is believed to r
resent the point where the system behavior can be influen
by relatively mild intervention. For the chosen temperatu
T* 50.69, and moderate concentrations,f;10% – 16%, we
observe a trend toward reversible association, while chain
highly concentrated systems often lock-in to either of t
many favorable aggregated states. To illustrate the kine
of these processes, in Fig. 3 we present the time depen
cies of the numbers of native intrachain contacts,nnc, inter-

TABLE I. Average refolding times,t f , fractions of native and interprotein
contacts,nnc /nnc

max andni /nnc
max, for systems containingM protein chains of

lengthN in a periodic simulation box of sizeL58, corresponding to differ-
ent volume fractionsf5MN/L3.

M 1 2 3 4 6

f ~%! 5 10 16 21 32
t f (103 passes! 30 67 147 ;103 .(73106)
nnc /nnc

max 0.62 0.69 0.71 0.81 0.82
ni /nnc

max
¯ 0.10 0.23 0.33 0.39
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. ~Color! Number of native contacts,nnc , for protein molecules~blue! or chaperonelike species~indigo, dot–dashed!, number of interprotein contacts
ni , ~red!, energy relative to a completely folded unassociated system,U/Un ~green! for systems with a single protein molecule and volume fractionf
55% ~a!, two molecules per simulation box,f510% ~b!, three molecules,f516% ~c!, four molecules,f521% ~d!, three protein molecules (f
516%), and a chaperonelike molecule~e!, and six protein molecules per box,f532% ~f!, all at T* 50.69.
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protein bonds,ni , and the total energy of simulated chai
normalized with respect to the minimum energy ofM iso-
lated folded polymers,U/Un . In each of the runs shown, th
initial state was a random configuration of denatured m
ecules.

Figure 3~a! shows the number of native contacts,nnc,
for a single protein molecule as a function of the simulat
time in a typical run. For the energy function we use,U/kBT
equalsnnc/T* , and there are no interprotein bonds. The p
tein spends similar amounts of time in the low energy nat
(nnc528) or nearly native state, and in the almost entir
unfolded form, (nnc,10), which has high energy but favo
able conformational entropy. Intermediate states between
two extremes are rare and short-lived, showing that fold
and refolding have characteristics of barrier crossing eve
This behavior is consistent with a recent interpretation of
enthalpy distribution and cooperatively effects for essentia
identical model situations.25 According to Fig. 2, lowering
the temperature, or equivalently, increasing the bonding
Downloaded 26 Sep 2001 to 128.32.49.138. Redistribution subject to A
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ergy U0 , shifts the equilibrium toward the folded form
while a concomitant increase in activation barriers betwe
the two forms also reduces the frequency of unfoldi
events. An example of a much more stable structure~corre-
sponding toU0 /kBT521.9) is given in Fig. 3~e!. At T*
50.69, Fig. 3~a!, a typical lifetime of either the folded or an
unfolded state is of the order of 105 passes~one pass corre-
sponds to a cycle ofN attempted moves, whereN is the
number of segments in the simulation box!. This time is
appreciably longer than the refolding time from an entire
random initial~state shown in Fig. 2! due to the presence o
stabilizing contacts~typically five to ten! present in the de-
natured form.

In Fig. 3~b!, we show the time dependencies of the nu
ber of native contacts,nnc, interchain contacts,ni , and the
reduced energy,U/Un , for a typical run in a two-chain sys
tem (f;10%) at the same temperature. Here,Un is the
energy of fully folded isolated chains. In this system, throu
dimerization of folded molecules, the presence of a nei
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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boring protein stabilizes the native form increasing its li
time by about a factor of 2–3 at the expense of misfold
states. This behavior resembles the association-enha
folding observed experimentally in certain systems.37 Low
populations of the transition states between the two extre
forms, again, point to significant free-energy barriers
tween the native and the considerably unfolded form,
short-lived, partly folded aggregates are also detected. M
chains can form up to six favorable intermolecular bonds
dimer and still remain completely folded. According to Fi
3~b! the number of interchain contacts rarely exceeds
The energy curve in Fig. 3~b! shows that the global mini
mum of the system corresponds to a dimer of comple
folded chains,nnc556. This behavior reflects the absence
distinct homodimeric native states characteristic of mo
prions3 for the sequence we use. The same holds true for
remaining model sequences that we have considered~not
shown!. We subsequently show that the global energy m
mum can correspond to an aggregated state as the numb
interacting molecules is increasedabove two. Clearly, our
observations may be somewhat affected by the partic
choice for the intersegment potentials. While the nature
shortcomings of the Go potential13 have been reviewed in th
context of protein folding,25 less is known about its suitabil
ity for studies of interchain effects. Calculations with alte
native model potentials34 will be needed to assess the gen
ality of our findings.

Figure 3~c! describes the behavior of a three-chain s
tem (f;16%) over an essentially longer time of observ
tion ~exceeding 16 million passes!. This was necessary be
cause of notably slowed dynamics of the system. Here, lo
lived aggregates persist over prolonged time interv
characterized by a significantly reduced number of na
contacts. These contacts are replaced by an approxim
equivalent number of intermolecular bonds. Because of
trade-off, the total energies of the two forms do not diff
-
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FIG. 4. A snapshot of a misfolded six
chain system shown in Figs. 3~f! and
5~f!.
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times for refolding presented in Table I, the correlation tim
display a similar increase withf. Unlike the reported refold-
ing times of single proteins,38 the size dependence of th
mean refolding times,t f , and correlation times,tc , in our
multichain systems does not follow a simple scaling relati
Despite a limited statistical accuracy, the trends revealed
estimated relaxation rates indicate that glasslike beha
with a multitude of metastable states is approached u
increasing the number of associated polymers.

Following the initial decay,cs(t) sometimes displays os
cillations associated with repeated conformational rearran
ments. These oscillations average out when considering
eral runs, or by sufficiently increasing the simulation leng
Downloaded 26 Sep 2001 to 128.32.49.138. Redistribution subject to A
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or
n

e-
v-
.

When present, the oscillations incs(t) are accompanied by
compensating variations incc(t). This observation is consis
tent with the perpetual trade-off between intra- and interm
lecular bonds while allowing relatively small temporal vari
tions in the total number of bonds and concomitant ener

In an attempt of influencing the refolding yield, we hav
considered the effect of introducing an additional molecu
species that might affect the propensity toward the na
state of model proteins, especially at elevated concentrati
For the sake of simplicity, the added species that was
tended to mimic the function of a chaperone molecule, h
the same native structure as the remaining protein molecu
but with about 31% stronger intramolecular interactions. T
r

FIG. 5. Self-~solid line! and cross-correlation functions
~dashed lines! for the numbers of native contacts, o
native and interprotein contacts, respectively.~a!–~f!
correspond to the same systems as in Fig. 3.
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additional strength was sufficient to keep these chains in
native state, allowing only small and short-lived fluctuatio
around it during any length of the simulation. The molecu
is expected to promote folding of an adjacent model prot
by nonspecific shielding from other, partly unfolded interm
diates, and by serving as a structural template as we h
shown that dimerization can stabilize the native fo
through favorable surface binding. Peptide binding to hyd
phobic sites of the apical domain of GroEL provides an
ample of a similar interaction.39 Figure 3~e! depicts a system
containing three proteins from previous examples, plu
strongly folded molecule of the type described above. T
nearly horizontal line in Fig. 3~e! shows the number of nativ
contacts for the second species. Interprotein residue–res
interactions were of the same strengths as the intramolec
interactions in the original protein, i.e.,U0521/T* for resi-
due pairs of the types forming native contacts, and 0 oth
wise. A comparison between the fractions of preserved
tive contacts of protein molecules considered in Fig. 3~e!,
and in the one-component protein system with an ident
protein concentration illustrated in Fig. 3~c!, reveals some
improvement in the refolding yield upon the addition of t
second component. The effect is further illustrated in Figs
and 7, where we compare population densities,P(nnc,ni), in
the order parameter space,$nnc,ni%, for two typical systems
containing three protein molecules in the absence, and in
presence, of a chaperonelike molecule. Out of 15 pairs
repeated runs, a comparison of folded population dens
showed an improvement in the refolding yield upon the
troduction of the second species in 11 cases. Population
sitiesP(k,l ) are defined as

P~k,l !

5
*d$r%P~$r%!d~k2nnc~$r%!!d„l 2ni~$r%!…

(mnc
(mi

*d$r%P~$r%!d„mnc2nnc~$r%!…d„mi2ni~$r%!…
.

~5!

FIG. 6. Population densities of states of a three-chain system (f516%) in
the order parameter space (nnc ,ni). nnc andni are the numbers of native an
interprotein contacts, respectively.nnc584 corresponds to fully folded pro
teins and the peak located atnnc;68 andni;35 corresponds to aggregate
of misfolded proteins.
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In view of slow configuration dynamics, the calculated pop
lations do not correspond to the true canonical probabili
P($r%)}exp„2U($r%…/kBT for given energy landscape
U($r%). During accessible simulation times, a typical syste
samples native or nearly folded states along with a limi
number of favorable domains corresponding to aggregate
partly misfolded chains. The general pattern of presen
populations has been reproduced in many repeated runs~not
shown! for different concentrations. An important characte
istics observed in the majority of these runs was the lack
any significant populations for intermediate states cor
sponding to the transition pathsbetweenthe native and ag-
gregated forms. The position of the aggregate peak or pe
however, varied from run to run revealing the presence o
multitude of comparable but separated free energy min
located within the aggregated regime. The use of the
potential13 characterized by pronounced cooperativ
effects25 may partly contribute to the low intermediate pop
lations. However, a limited set of calculations we perform
using a two-letter heteropolymer model30 with both attractive
and repulsive interactions revealed a very similar qualitat
behavior.

The above observations point to an aggregation-indu
crossover to a glasslike behavior of concentrated model
teins, a notion affirmed in a limited number of runs made
lower temperatures~or using stronger residue–residue inte
actions!. For multichain systems at temperatures belowT*
;0.57, initially established states, corresponding to eit
the native form or to aggregates of misfolded chains, ha
tendency to resist further changes. Computational res
tions, however, prevented a more systematic analysis of t
perature variation within the frame of the present work.

IV. CONCLUDING REMARKS

A simple lattice model for protein folding has been e
tended to simulate protein association in multichain syste
Attractive interactions among the residues from neighbor
chains significantly alter both the structural and dynamic

FIG. 7. Population densities of states of a four-chain system comprise
three proteins and a chaperone-like molecule in the order parameter s
(nnc ,ni).
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havior of the solution. We consider a regime where sin
proteins exist in an equilibrium with the denatured form.
finite protein concentrations, we observe the formation
disordered clusters of partly misfolded chains that repres
an onset of abnormal protein aggregation. Interestingly,
aggregates retain and even stabilize a significant fractio
native residue–residue contacts while forming a sma
number of interprotein bonds. In the two-chain system
dimer of native folds represents the most stable form wh
global energy minimum corresponds to an aggregated s
when more than two chains are involved.

The association of protein molecules results in an
creased ruggedness of the free energy landscape and
comitant slowing of configuration dynamics. This slowdow
is escalated with increasing concentration and cluster
suggesting an extrapolation to a glasslike regime, eve
relatively high temperatures. At low temperatures, the s
tem tends to persist in either of the initially occupied fr
energy wells resulting in the apparent stability of the exist
folded or aggregated form. The refolding yield of initial
denatured proteins can be affected by the presence o
additional protein component that loosely resembles
function of a molecular chaperone. Using experimentally
rived residue–residue potentials,34,35 the effects of protein
sequence and its mutations will be considered in the follo
ing works.

The separation of time scales between elementary
ment moves and global structural rearrangements posse
serious challenge in protein simulations. The situation is
gravated upon increasing association. Hierarchical tr
ments, along with advanced simulation techniques23,40 and
algorithms designed for studies of rare, barrier cross
events27 appear promising for future studies.
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