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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 potdiNiaBo and H. Abe, Biopolymer20, 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 afative 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 Physic§DOI: 10.1063/1.1330212

I. INTRODUCTION function of the protein. To a lesser extent, the secondary
structure is also modified. At sufficient concentration, aggre-
The biological function of a protein or a peptide is inti- gation results in protein precipitation.
mately related to its conformation, or tertiary structure, de-  Protein aggregation leading to reduced biological activ-
termined by complex interactions among protein residues.ity and insoluble or poorly soluble forms is of great concern
Varying degrees of residue hydrophobicity, hydrogen-in a variety of biotechnological processes and pharmaceuti-
bonding groups, and the presence of partial charges result gal applications, including the formation and renaturation of
specific potentials among the different residue pairs. Compénclusion bodies, the formulation of protein drugs, and the
tition between these interactions and topological constraintgging and storage of protein drugs. In addition, the formation
imposed by chain connectivity and rigidity leads to the char-of aggregated states is associated with a number of diseases,
acteristic conformational behavior of native prOteinS. ThQNe”_known examp'es inc|uding the Alzheimer’s disease,
conformational energy spectra of protein molecules displayggvine Spongiform EncephalopatBSE), or mad cow dis-
an energy gap between the continuous part and a small set ghse, and amylotrophic lateral sclero&i.S). The enor-
low-energy conformation$.These conformations or folds mous impact of these disease states and the growing number
optimize the binding between attracting residues while mini-of protein drugs have given rise to intense research of both
mizing contacts between constituents with unfavorable imerequilibrium and dynamic aspects of protein aggregation,
actions. The native form of a protein is believed to corre-yjith the ultimate objective of learning to manipulate the pro-
spond to the global minimum on the complex free energyein chemistry and system conditions in ways that will pre-
landscape of a single chain. However, this situation ca|yde or slow down the process.
changé= in the presence of additional protein molecules. In the past few years, a number of groups have analyzed
Forces among residues from distinct polymers offer opporihe aggregation mechanism using computer modeling em-
tunities for favorable couplings, which can lead to the for'ploying a lattice representation. Dynamic Monte Carlo simu-
mation of intermolecular clusters or aggregates. In this progations of two-dimensional multichain models with proteins
cess, termed abnormal protein aggregafithey acquire a yepresented as two-letter copolymé&idas well as Monte
different tertiary structure incompatible with the biological c5/1¢%1 and enumeration studitef 20-letter models of
protein dimers in three dimensions have been reported. Most
dElectronic mail: db@!lolita.cchem.berkeley.edu recently, Giugliarelliet al!? designed an exactly solvable
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model for the phase behavior of a concentrated heteropolyproteins. Mesoscopic models have proved extremely helpful
mer solution. Calculations for a two-letter square-lattice rep4in studies of protein folding, where they continue to provide
resentation captured transitions between monomeric or asswaluable insights into both mechanics and dynamics of the
ciated folds and misfolded prionlike aggregates. While eacliransition to the native conformatidri*4~2> Advances in
of these works has enhanced our understanding of aggregeemputational techniques and facilities are making similar
tion principles, acombinationof a multichain simulation and  simulations possible in multichain systefitsin what fol-
the more realistic, three-dimensional representation is clearlipows, we describe an on-lattice simulation study of model
desirable for a more detailed analysis. In the present articlggrotein solutions comprising several chains, placed on a cu-
we describe Monte Carlo simulations of systems comprisindic lattice with step length equal to the segment length of the
several proteinlike heteropolymer chains on a cubic latticeprotein. Chain segments can represent individual amino-acid
The model is designed to study the competition between reresidues, or statistical segments comprising several
folding and aggregation of denatured chains. For this purresidue<:® Due to excluded volume interactions, each lattice
pose, we consider situations with initially denatured modekite can accommodate only one protein segment. Empty sites
proteins and monitor the relaxation toward either of the twoare assumed to be occupied by the solvent that is not explic-
relatively stable forms: an assembly of folded chains, andtly considered in the model. Instead, we treat segment—
clusters of partly misfolded polymers stabilized by intermo-segment interactions as McMillan—Mayer potentialeb-
lecular contacts. We aim to characterize the structure of th@ined by integration over degrees of freedom associated
aggregated form in terms of the extent of native structurewith solvent molecules. As usual in studies of folding of a
preserved upon association. single protein, we assume the residue—residue potentials to
Besides the question as to which form represents thbe pairwise additive and short-ranged, effectively limited to
actual stable state, we are interested in kinetic factors thatearest neighbor interactions. The energy function of a sys-
can favor the formation of either of the two forms. Dynamic tem comprisingM chains of lengthN is of the form
Monte Carlo simulations are employed to consider aggrega-
tion kinetics. To mitigate computational difficulties associ- Mo N-2
ated with a remarkably increased number of degrees of free- U({r})= 2_1 21
dom and slowed configurational relaxation, we rely on the e
simplest form of pair interactions known to capture the es- M-1
sential physics of the folding process in the case of an iso- + 2
lated protein. We monitor the behavior of concentrated 27- m=in
mers with Go and Ab¥€ residue—residue pair potentials that
stabilize only bonds between the types of residues that are
contact in the native protein conformation. Standard segme
moves* supplemented by chain translatidhsre used to
consider conformational evolution for a group of adjacent
initially unfolded model protein molecules. In Sec. I, we
describe the details of the model and simulation. In Sec. llI
we present simulation results for isolated model proteins an

for systems containing up to six protein chains per SImUIa'c:ribed to overlapping configurations. Chain composition de-

tion box. Rgsults Qf these Cf”""“'a“‘”.‘s _prowde |nS|ghts NQermines coupling constants, ;, between segments at con-
the energetics of interprotein association, characterized b ur positions andj Equatioﬁ(l) is easily generalized to a

increased ruggedness of the free energy landscape. For thrﬁﬁ‘xture of chains differing in lengths and segment se-
or more chains, the global minimum involves partially mis-

. . s quences, where coupling constatts,,; , depend on four
fOIFjEd chains. The co_nformanon dynamics of a cluster %ndices specifying contour positions of the two interacting
adjacent molecules displays features of glasslike behavig

h terized by t . f th tem in either of " gegmentsicj) and the identities of the two chainan(n).
characterized by trapping ot the system In either ot a multi, simplicity and to secure relatively fast conformational

t_ude of the local freg—ene_rgy mlnlma_that correspond to dISHynamics, we employed the inter-residue pair potentials of
tinct aggregate configurations. Once in the folded form, how-Go and Abée with all typesof segments that form native

ever, the model proteins display considerable Stabllltycontacts being ascribed an equally strong, attractive interac-

against aggregation pointing to the existence of significan{ion’ U, =U,<0. Apart from excluded volume, interactions
activation barriers between the two favorable forms. Finally,amongIJ other residue pairs are assumed to be negligibly

we examine the effect of introducing an additional protein-\ -1~ While the teleological Go potential lacks a clear

like species that mimics the action of a_molecular_cha_per- hysical interpretation for the presumed recognition effects,
one. In Sec. IV, our f|r_1d|ngs are summarized and direction has helped in obtaining many valuable insights into folding
of future work are outlined. mechanisnts and it appears natural to examine its applica-
bility in studies of multichain events. For convenience, we
absorb the coupling strength and the temperature in the re-
duced temperaturd;* =kgT/U,. In these units, the interac-
The mechanism of aggregation is considered by Montdion of native residue-residue contactd;; /kgT, equals

Carlo simulations in an ensemble of coarse-grained modet 1/T*. Interchain potentials are calculated using the

N
> UGAT = Tjm)

i+2

i

M=

N N
> 2 UjA =), (D
1i=1j]=1

+

1
3

where subscriptsn, n=1,2,3,...M denote a chain, and sub-
Ichiptsi, j=1,2,3,..N specify the contour positions of chain
rgegments. The configuration of the system is completely de-
scribed by a 81N-dimensional vectofr} that comprises all
'segment positions; ,,. FunctionA(r; ,—r; ) equals unity

if segments ,m) and (j,n) are in contact and zero other-
wise. Intrachain interactions among consecutive segments
?|i —j|=1) are excluded fronu ({r}). Infinite energy is as-

Il. MESOSCOPIC SIMULATIONS OF AGGREGATING
PROTEIN SYSTEMS
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same pair potentialg);;, that determine intrachain interac- follow from empirical considerations and should, in prin-
tions for identical residue pairs. The complete interactionciple, have no effect on thermodynamic averages. The choice
map,{U;; /kgT}, is therefore determined by the temperature,of move probabilities will, however, affect the apparent dy-
T*, and the native structure of the model protein. Accordingnamics of the system. Only qualitative comparisons between
to our operational definition, a protein is in the native struc-simulated dynamics and real time kinetics are therefore pos-
ture when all inter-residue distances,, in the protein ac-  sible.
quire exactly prescribed values. By symmetry, a mirror im-  In addition to the dynamic simulation, we also per-
age of the original structure is stabilized by identicalformed a number of runs using a version of nondynamic,
potentials. This degeneracy does not appear relevant to ttensemble Growth Monte Carlo technig(EGMC) from ear-
aggregation behavior of our model system since it does ndter works3%3! This method determines configurational sta-
enhance opportunities for favorable interactions among protistics by averaging over a large ensemble of systems grown
tein folds. from monomers to a final number of particles. During the
To account for a finite concentration of the solution, wegrowth of the ensemble, the systems multiply in competition
employed Minimum ImageMI) boundary conditiorf§?’  with each other in accordance with Metropolis criteria,
that treat every segment as a center of a cubic Monte Carl¢hich secure the canonical distribution of states at all stages
box of sizeL, interacting with each of the remaining seg- of the growth®* A particular advantage of this technique is
ments or its nearest image located at a distance not exceeditfggt it produces valid results for different system sizes at all
L/2 in any of the three directions. While satisfactory for stud-steps of the growth procedure. A deficiency of the method,
ies of interactions amonlyIN nearest segments, the method however, is a rapid increase in the ensemble size required for
suppresses density fluctuations at length scales excekding satisfactory statistics as the number of chains increases. This
Applications of open ensemble techniques would be needeiicrease results from the degrees of freedom introduced upon
to capture large-scale phenomena such as the phase sepdh# addition of new chains whose positions have to be ad-
tion or protein precipitation. equately sampled over the whole volume. Bigger ensemble
Equilibrium properties are calculated as canonical avermust therefore be used, leading to a rapid increase in com-
ages over configuratiorfs} that we compute using two dif- Puter memory we need. The method turned out to be very
ferent approaches. In one, we employed a dynamic Montgfficient in studies of single chain folding, where its results
Carlo method with Metropolis acceptance critéfiayhich coincide with those from dynamic simulations. Increased
samples polymer configurations as a sequence of states gefmputational requirements, however, made it hard to apply
erated by performing standard types of segment m&ts. the technique in multichain systems without prior refine-
Attempted moves include the displacement of either of thénents of the algorithm. For this reason, and because of our
end beads in the chain to one of the four available sites nexpterest in kinetic properties, in the present article we discuss
to the nearest contour neighbor in the chain, corner flips ofnly results obtained from dynamic Monte Carlo simula-
beads whose bonds with nearest contour neighbors form tHéonNSs: _ . . _
right angle, and crankshaft moves that involve a simulta-  The pair potential$U;;} used in our calculations corre-
neous displacement of the second and the third bead of %;ond to the nati\_/e_ structure of the model_27-mer depicted in
four-member loop by loop rotation around the axis throughF'g- 1. Three ad_dlthnal native structures, including fthe struc-
the first and the fourth bead of the loop. The above move&ire presented in Fig. 1 of Ref. 14 were also used in a set of

have been found satisfactory in numerous studies of fominé:alculations. All four native structures corresponded to the
of a single chaif:**!5 To facilitate the translation of the most compact, cubelike form with 28 native contacts among

chains as a whole, we also included collective translatiorin€ residues not linked by covalent bonds~(j|>1). The
move&®in which all segments of a randomly selected chain,"UnS performed using pair potentidl®);;} for the three al-

or several chaindundergo a parallel translation along a ran_tern'atlve native structures reyealed qualitatively identical be.—
dom direction. Only translations of length equal to a singleh‘?‘V'or as those corresponding to the structure presented in
lattice step at a time were attempted. In addition, the chain§'9- 1. Only results for this case are presented in the next
were allowed to undergo reptations corresponding to slitherS€¢tion- 'g systematic study of the effect of sequence
ing snakelike moves along the chain cont®uwhile rela- mutat|9n§4_3%nd_ more regllstlc choices of inter-residue
tively efficient in early stages of runs initiated with all chains potential$*~**will be described at a later date.

in random configurations, the acceptance of reptation moves

is very Iovy in compact states with partly or completely_“l_ RESULTS AND DISCUSSION

folded chains and aggregated states and hence did not sig-

nificantly contribute to conformational evolution. Once a  Although we are primarily interested in the interchain
move type was selected, one of ttdN segments was effects, we first characterize the behavior of a single model
picked randomly. A move of the segment, loop, or chain toprotein that we use as a reference for comparison with mul-
which the segment belonged was then attempted when cotichain systems. In this and the following examples, we vi-
sistent with local chain configuration, and rejected otherwisesualize the distribution over structural states and their evolu-
The different move types were attempted at random withion by relying on a set of order parameters; specifically, we
different a priori probabilities: 25% for single-particle determine the numbers,,, or fractions,f .=n,./nie>, of
moves, 50% for crankshaft moves, 20% for attempted chaimative contacts among protein segments. We also determine
translations, and 5% for attempted reptations. These choicdéle probability of the completely folded statg,. In mul-
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probability of the native form of the protein as a wholg,
however, the fraction of native contacfsg,, always exceeds

f, and approaches a nonzero limit at high. A temperature

(or interaction strengphinterval of interest for our present
purposes has to include the range where both the native and
denatured forms are well represented. Ideally, it should also
provide for rapid transition kinetics. In Fig. 2, the average
refolding time of an isolated model protein from a random
initial conformation is shown as a function of reduced tem-
perature,T*. The minimum aff* ~0.56 (Uy,= —1.8) corre-
sponds to the optimal compromise between two opposing
effects: the increased role of activation barriers at low tem-
peratures, and the shift of the equilibrium structure toward
the denatured form at high temperatures. In view of higher
activation barriers encountered in processes of aggregation,
the optimal temperature we choose for studies of multichain
systems is somewhat highdr* =0.69 was used in most of
our calculations for multichain systems.

The speed of structural rearrangements, including the
rate of folding or refolding, will generally decrease with in-
creasing opportunities for intersegment interactions. At finite

FIG. 1. The native structure of a model protein. protein concentrations, interactions among the segments

from distinct protein molecules give rise to additional low-

L . energy domains of configurational spa¢g, and contribute
tichain systems, the numbers of mtermplec_ular contagts, to potential barriers between them. In Table I, we list the
are also monitored. In this way, we obtain simultaneous Mea,0an first passage timé® simulation passesi.e., the av-
sures for the resemblance to the native form, and for th rage times it takes to fold chains, each comprising 27
degree of interprotein association. Figure 2 illustrates th egments, from initially random configurations to a com-
temperature dependence of the average structure for a sin ?etely folded state. In Table | we present results for four
model p'rotein. It shgws the tempgraturg variation of the frac'different volume fractionsp=5%, 10%, 16%, 21%, and
tion of time a protein spends in its native foriy,. _At low 32%, corresponding to 1, 2, 3, 4, and 6 chains per simulation
reduced tempera_lturé',*~0.4 Ug/kgT=—-2.5), f_n is close box of sizel =8 and volumeV=L3 at T* = 0.60.
to 95%. As we increas@”, a slow decrease ifi, is ob- Relaxation of initially random systems is of interest
served at first. L_Jpon a furth_er fIS€ In the temperature, tr_“a*since it involves passing through intermediate, partly folded
slopg gradually |ni:reases with rapl_d unfoldn_wg obsgrved Mstates believed to represent the critical stage from which ad-
the_ interval 0'§<T <0.75. The native form is practically jacent polymers can either evolve to folded chains with weak
extmpt aboveT. ~0.8. The tempera.tur.e dependence of the‘mterprotein interactions, or form an aggregate of misfolded
fraction of native contactsfy, is similar to that for the molecules. In view of the apparent stability, or metastability
(especially pronounced at lowdr*), of the aggregates or
fully folded chains, the intermediate stage is believed to rep-
resent the point where the system behavior can be influenced
by relatively mild intervention. For the chosen temperature,
T*=0.69, and moderate concentratiogs;y 10%—16%, we
observe a trend toward reversible association, while chains in
highly concentrated systems often lock-in to either of the
many favorable aggregated states. To illustrate the kinetics
of these processes, in Fig. 3 we present the time dependen-
cies of the numbers of native intrachain contantg, inter-
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TABLE |. Average refolding timest; , fractions of native and interprotein

contactsn,./npeX andn; /nie, for systems containinyl protein chains of
lengthN in a periodic simulation box of size=8, corresponding to differ-
ent volume fractiongp=MN/L3.

-

-0.2 : : :
0.4 0.6 0.8 1.0 M 1 2 3 4 6
T*
¢ (%) 5 10 16 21 32
FIG. 2. Fraction of native contacts,. (open circley fraction of time the t; (10° passes 30 67 147 ~10° > (7x10°)
protein spends in the native stafg,(solid symbol$, and average refolding Npe/ NP 0.62 0.69 0.71 0.81 0.82

time, t; (dasheglas functions of the reduced temperatur&, The minimal n; /npe 0.10 0.23 0.33 0.39

refolding time atT* ~0.56 corresponding te-8X 10° passes.
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FIG. 3. (Color) Number of native contacts,., for protein moleculegblue) or chaperonelike speciémdigo, dot—dashednumber of interprotein contacts,
n;, (red), energy relative to a completely folded unassociated systéfd,, (green for systems with a single protein molecule and volume fracifon
=5% (a), two molecules per simulation box)=10% (b), three moleculesgp=16% (c), four molecules,¢=21% (d), three protein moleculesd(
=16%), and a chaperonelike moleci#, and six protein molecules per bo#=32% (f), all at T* =0.69.

protein bondsn;, and the total energy of simulated chains ergy Uy, shifts the equilibrium toward the folded form,
normalized with respect to the minimum energyMfiso-  while a concomitant increase in activation barriers between
lated folded polymerdJ/U,. In each of the runs shown, the the two forms also reduces the frequency of unfolding
initial state was a random configuration of denatured molevents. An example of a much more stable structaoere-
ecules. sponding toU,/kgT=—1.9) is given in Fig. &). At T*
Figure 3a) shows the number of native contacts,, =0.69, Fig. 3a), a typical lifetime of either the folded or an
for a single protein molecule as a function of the simulationunfolded state is of the order of 1passegone pass corre-
time in a typical run. For the energy function we usékgT ~ sponds to a cycle oN attempted moves, wherd is the
equalsn,./T*, and there are no interprotein bonds. The pro-number of segments in the simulation hoXhis time is
tein spends similar amounts of time in the low energy nativeappreciably longer than the refolding time from an entirely
(n,c=28) or nearly native state, and in the almost entirelyrandom initial(state shown in Fig.)2due to the presence of
unfolded form, (,:<<10), which has high energy but favor- stabilizing contactgtypically five to ter) present in the de-
able conformational entropy. Intermediate states between theatured form.
two extremes are rare and short-lived, showing that folding  In Fig. 3(b), we show the time dependencies of the num-
and refolding have characteristics of barrier crossing eventser of native contacts),., interchain contacts;;, and the
This behavior is consistent with a recent interpretation of theeduced energy)/U,,, for a typical run in a two-chain sys-
enthalpy distribution and cooperatively effects for essentialltem (4#~10%) at the same temperature. Hekg, is the
identical model situation& According to Fig. 2, lowering energy of fully folded isolated chains. In this system, through
the temperature, or equivalently, increasing the bonding endimerization of folded molecules, the presence of a neigh-
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boring protein stabilizes the native form increasing its life-
time by about a factor of 2—3 at the expense of misfolded
states. This behavior resembles the association-enhanced
folding observed experimentally in certain systethdow
populations of the transition states between the two extreme
forms, again, point to significant free-energy barriers be-
tween the native and the considerably unfolded form, but
short-lived, partly folded aggregates are also detected. Model
chains can form up to six favorable intermolecular bonds per
dimer and still remain completely folded. According to Fig.
3(b) the number of interchain contacts rarely exceeds six.
The energy curve in Fig.(B) shows that the global mini-
mum of the system corresponds to a dimer of completely
folded chainsn,.=56. This behavior reflects the absence of
distinct homodimeric native states characteristic of model
prions’ for the sequence we use. The same holds true for the
remaining model sequences that we have considémnetl
shown. We subsequently show that the global energy mini-
mum can correspond to an aggregated state as the number of
interacting molecules is increasetbovetwo. Clearly, our
observations may be somewhat affected by the particular
choice for the intersegment potentials. While the nature and
shortcomings of the Go potenttAhave been reviewed in the
context of protein folding? less is known about its suitabil-

ity for studies of interchain effects. Calculations with alter-
native model potentia?é will be needed to assess the gener-
ality of our findings.

Figure 3c) describes the behavior of a three-chain sys-
tem (¢~ 16%) over an essentially longer time of observa-
tion (exceeding 16 million passesThis was necessary be-
cause of notably slowed dynamics of the system. Here, long-
lived aggregates persist over prolonged time intervals
characterized by a significantly reduced number of native
contacts. These contacts are replaced by an approximately
equivalent number of intermolecular bonds. Because of this
trade-off, the total energies of the two forms do not differ
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FIG. 4. A snapshot of a misfolded six-
chain system shown in Figs(f3 and
5(f).

times for refolding presented in Table I, the correlation timesWhen present, the oscillations @y(t) are accompanied by
display a similar increase witf. Unlike the reported refold- compensating variations it (t). This observation is consis-
ing times of single protein® the size dependence of the tent with the perpetual trade-off between intra- and intermo-
mean refolding timest;, and correlation times,., in our  lecular bonds while allowing relatively small temporal varia-
multichain systems does not follow a simple scaling relationtions in the total number of bonds and concomitant energy.
Despite a limited statistical accuracy, the trends revealed by In an attempt of influencing the refolding yield, we have
estimated relaxation rates indicate that glasslike behaviatonsidered the effect of introducing an additional molecular
with a multitude of metastable states is approached upospecies that might affect the propensity toward the native
increasing the number of associated polymers. state of model proteins, especially at elevated concentrations.
Following the initial decaygg(t) sometimes displays os- For the sake of simplicity, the added species that was in-
cillations associated with repeated conformational rearrangg¢ended to mimic the function of a chaperone molecule, had
ments. These oscillations average out when considering sethe same native structure as the remaining protein molecules,
eral runs, or by sufficiently increasing the simulation length.but with about 31% stronger intramolecular interactions. The

FIG. 5. Self-(solid line) and cross-correlation functions
(dashed linesfor the numbers of native contacts, or
native and interprotein contacts, respectivelg—(f)
correspond to the same systems as in Fig. 3.

c,(t), c (b
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FIG. 6. Population densities of states of a three-chain sysgem16%) in FIG. 7. Population densities of states of a four-chain system comprised of

the order parameter spaae,{.n;). n,c andn; are the numbers of native and  three proteins and a chaperone-like molecule in the order parameter space
interprotein contacts, respectively,.=84 corresponds to fully folded pro- (Npe ;).

teins and the peak located mf.,~ 68 andn;~ 35 corresponds to aggregates
of misfolded proteins.

In view of slow configuration dynamics, the calculated popu-

lations do not correspond to the true canonical probabilities
additional strength was sufficient to keep these chains in the({r})cexp(—U({r})/kgT for given energy landscape,
native state, allowing only small and short-lived fluctuationsy ({r}). During accessible simulation times, a typical system
around it during any length of the simulation. The moleculesamples native or nearly folded states along with a limited
is expected to promote folding of an adjacent model proteimumber of favorable domains corresponding to aggregates of
by nonspecific shielding from other, partly unfolded interme-partly misfolded chains. The general pattern of presented
diates, and by serving as a structural template as we ha\fﬁ)pmations has been reproduced in many repeated(nmS
shown that dimerization can stabilize the native formshown for different concentrations. An important character-
through favorable surface binding. Peptide binding to hydroistics observed in the majority of these runs was the lack of
phobic sites of the apical domain of GroEL provides an ex-any significant populations for intermediate states corre-
ample of a similar interactioft. Figure 3e) depicts a system sponding to the transition pattetweenthe native and ag-
containing three proteins from previous examples, plus @regated forms. The position of the aggregate peak or peaks,
strongly folded molecule of the type described above. Theyowever, varied from run to run revealing the presence of a
nearly horizontal line in Fig. @) shows the number of native multitude of comparable but separated free energy minima
contacts for the second species. Interprotein residue—residygcated within the aggregated regime. The use of the Go
interactions were of the same Strengths as the intramO'eCU'%tentia}‘?‘ characterized by pronounced Cooperativity
interactions in the original protein, i.dJo=—1/T* for resi-  effect$® may partly contribute to the low intermediate popu-
due pairs of the types forming native contacts, and 0 otherations. However, a limited set of calculations we performed
wise. A comparison between the fractions of preserved nagsing a two-letter heteropolymer mogfalvith both attractive
tive contacts of protein molecules considered in Fi),3 and repulsive interactions revealed a very similar qualitative
and in the one-component protein system with an identicahehavior.
protein concentration illustrated in Fig(c3, reveals some The above observations point to an aggregation-induced
improvement in the refolding yield upon the addition of the crossover to a glasslike behavior of concentrated model pro-
second component. The effect is further illustrated in Figs. Geins, a notion affirmed in a limited number of runs made at
and 7, where we compare population densiti®),c,n;), I lower temperaturegor using stronger residue—residue inter-
the order parameter spad@,,n;}, for two typical systems actiong. For multichain systems at temperatures belBtv
containing three protein molecules in the absence, and in the 0.57, initially established states, corresponding to either
presence, of a chaperonelike molecule. Out of 15 pairs ofhe native form or to aggregates of misfolded chains, had a
repeated runs, a comparison of folded population densitiegendency to resist further changes. Computational restric-
showed an improvement in the refolding yield upon the in-tions, however, prevented a more systematic analysis of tem-
troduction of the second species in 11 cases. Population deperature variation within the frame of the present work.
sitiesP(k,l) are defined as

P(k,I) IV. CONCLUDING REMARKS
JAr}P{r}) d(k—np{r}))sd —n;({r})) A simple lattice model for protein folding has been ex-
- S 2 JHIP{Y) s(Mpe— npd{rH) d(m —ni({rh))’ tended to simulate protein association in multichain systems.

Attractive interactions among the residues from neighboring
(5) chains significantly alter both the structural and dynamic be-
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