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Computer simulation studies of refolding pathways and the formation of intermedi-
ates for a simple, 2-D lattice protein model are presented. The sequence of the 20-bead
model protein chain is chosen so that hydrophobic beads will reside in the protein
interior in the native state. Nonbonded hydrophobic beads attract each other with
strength €; decreasing the |e/kT| mimics increasing the concentration of the denatu-
rant. Dynamic Monte Carlo simulations and exhaustive conformational searches have
been performed on an isolated model protein sequence at different levels of |€| (differ-
ent denaturant concentrations). As the denaturant is withdrawn, the model protein ex-
hibits a transition from a random coil state to a compact native state with a hydropho-
bic core. The refolding process is observed to be cooperative in that the chain does not
start folding until the middle section has folded correctly, and proceeds along preferred
pathways that are populated by distinct, partially folded intermediates.

Introduction

Genetically engineered proteins are produced in bacterial

cells using recombinant DNA technology. These recombinant
proteins aggregate within the cells to form insoluble, biologi-
cally inactive particles termed “inclusion bodies.” To recover
biologically active protein, the inclusion bodies have to be
dissolved in harsh denaturant solutions and then the result-
ing deaggregated protein has to be refolded via removal of
denaturant. However, as the denaturant is removed, partially
refolded intermediates of protein start aggregating, resulting
in low yield of active protein (Gierasch and King, 1990; Mi-
traki and King, 1989). Understanding the mechanism of ag-
gregation and refolding phenomena is important for improv-
ing recombinant protein yield.

The mechanism of aggregate formation is not completely
understood; however, it is generally believed that the pro-
teins fold along preferred pathways and that the aggregation
occurs when certain partially folded intermediates populated
along the refolding pathway participate in an off-pathway step
and aggregate (Zettlemeiss! et al., 1979; London et al., 1974;
Goldberg and Zetina, 1980). Therefore, an understanding of
folding intermediates, and folding pathways in general, could
shed considerable light on the aggregation phenomena. The
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work presented here is the first step in a project that is aimed
at performing computer simulation studies of the competi-
tion between protein refolding and aggregation in a solution
consisting of a large number of protein molecules.

In this work, a simple lattice model was used to represent
an isolated protein chain in two dimensions. This model cap-
tures the essential features of the interactions involved in re-
folding and aggregation phenomena, namely that in order for
the hydrophobic beads to avoid solvent contact they tend to
cluster together in a compact hydrophobic core in the native
state, yet it is simple enough that the simulation of a multiple
chain system should be computationally tractable.

The main purpose of this work is to explore the nature of
refolding pathways and folding intermediates. The study fo-
cuses on a single sequence chosen for study because of its
ability to form multiple, easily recognized, partially folded in-
termediates. The 20-bead sequence containing 8 hydrophobic
beads and 12 polar beads is arranged in an order that en-
sures that the native state contains a hydrophobic core sur-
rounded by polar beads. The exhaustive conformational
search and dynamic Monte Carlo simulations described here
show that this hypothetical protein chain exhibits a
folding—unfolding transition and that the refolding process
proceeds along well-defined folding pathways involving cer-
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tain distinct partially folded intermediates. Some of these in-
termediates appear capable of associating with one another
and may initiate an aggregation reaction in a multiple chain
simulation.

Model

The folding process is believed to be largely driven by the
hydrophobic effect (Dill, 1990). The tendency of the hy-
drophobic residues to avoid contact with aqueous media
causes them to come together at the core of the molecule. A
protein folds largely to hide its hydrophobic residues from
solvent contact. The compact hydrophobic core is surrounded
by polar residues. In order to carry out computer simulation
studies of the refolding and aggregation phenomena, a model
representation of a protein molecule has to be chosen that
captures this important feature of the folding process.

A two-dimensional square lattice representation of protein
molecules proposed by Lau and Dill (1989) is employed. A
protein molecule is represented as a continuous chain of n
amino acids or groups of amino acids termed ‘““beads” that
can be either hydrophobic (H) or polar (P). Each bead occu-
pies one lattice site, and to incorporate the excluded volume
interaction, a lattice site can hold no more than one bead at
a time. A chain conformation is represented as a walk on the
lattice subject to the excluded volume criterion. “Connected
neighbors™ are defined as a pair of beads that are adjacent to
each other along the protein chain, whereas “topological
neighbors” are defined as a pair of beads that occupy adja-
cent lattice sites in a given conformation but are not con-
nected neighbors. When two H beads are topological neigh-
bors, they are assumed to interact with an attractive potential
of mean force. The native state is defined as the conforma-
tion that has the maximum number of topological HH con-
tacts. A given sequence may have more than one native state.

The strength of the attractive interaction energy between
two H beads, €, is a measure of the amount of denaturant in
the solution; e is negative because the HH interaction is at-
tractive in nature. If the concentration of the denaturant in
the solution is high, the hydrophobic interactions will be weak
and hence the absolute value of e will be low. On the other
hand, if the concentration of the denaturant in the solution is

Figure 1. Hypothetical 20-bead protein sequence.

The chain has 12 polar (P) beads and 8 hydrophobic (H)
beads.
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low, then the hydrophobic interactions will be strong and the
absolute value of € will be high. Therefore, a protein chain
can be simulated in solvents containing different amounts of
denaturant by changing the |e| parameter.  _

Simple lattice models of protein molecules (Sali et al., 1994)
can provide us with valuable insights because they capture
the important features of folding and aggregation processes,
yet are simple enough that the native state can be deter-
mined exactly through exhaustive enumeration of conforma-
tions. Use of a two-dimensional lattice offers distinct compu-
tational advantages over a three-dimensional lattice model
(Lau and Dill, 1989):

1. Computer time required to exhaustively enumerate all
the possible conformations of a protein chain of length N on
a lattice is roughly proportional to N*~', where z is the co-
ordination number of the lattice (z =4 on a square lattice
and z =6 on a cubic lattice). Thus, the computer time re-
quired to exhaustively enumerate all of the conformations of
a protein chain with length N would be proportional to N3
on a square lattice and N> on a simple cubic lattice.

2. A 20-bead protein chain on a 2-D square lattice can
have up to 40% of its beads buried inside the core, away
from the solvent contact. On the other hand, a 27-bead pro-
tein chain occupying a 3X3X3 cube on a cubic lattice can
have only one bead in the core. To bury 40% of the beads in
the core on a 3-D cubic lattice would require a chain contain-
ing approximately 160 beads.

Clearly, a 2-D representation is far less computationally
intensive than its 3-D analog.

Hypothetical sequence studied

Since the long-term objective of this study is to gain insight
into aggregation phenomena resulting from association among
kinetic intermediates, a model protein chain has been de-
vised that has several distinct partially folded intermediates.
Figure 1 shows the sequence of this model protein chain that
comprises 8H beads and 12 P beads. Figure 2 shows that the
native state of this model protein has eight topological HH

Figure 2. Native state of the 20-bead protein.

The H beads form a compact hydrophobic core that is sur-
rounded by the P beads. There are 8 HH contacts in the
native conformation.
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Figure 3. Hypothetical folding intermediates for the
20-bead protein that could cause aggregation
in a multiprotein simulation if exposed H
beads on one intermediate associate with ex-
posed H beads on another intermediate.

contacts and three topological PP contacts arranged in a con-
formation with a hydrophobic core surrounded by polar
beads. The sequence of this hypothetical protein suggests that
it might contain the easily visualized intermediates shown in
Figure 3. In a multichain simulation, these intermediates
would associate with one another when the exposed hy-
drophobic beads in one chain encounter the exposed hy-
drophobic beads on another chain.

Exhaustive Enumerations

Employing a lattice representation of 2 molecule allows one
to generate all possible conformations that the molecule can
assume. This exhaustive enumeration information can be used
to calculate the ensemble averages of various properties of
interest such as the end-to-end distance, radius of gyration,
and number of topological contacts. The average of any con-
formational property, {A4), is given by
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where A, is the value of the conformational property in the
ith conformatlon N ons 1s the total number of possible con-
formations, #; is the number of HH topological contacts in
the ith conformation, and Z is the partition function,

cunf

Z= ) e T, )]

i=1

In the canonical ensemble, the specific heat, C, is given by

EZ _ E2
o[£ o

kT?
where E is the conformational energy. Since the conforma-

tional energy in the ith conformation, E;, is equal to n,e, we
can rewrite this as

’)

(n?)y—<(n)), 4

T kT2

which leads naturally to the definition of a dimensionless
specific heat,

C { kT\?
C*:_('—) = (n2y—(n). (5)
k\ e

Exhaustive enumerations of all possible chain conforma-
tions on a two-dimensional lattice have been carried out for
the 20-bead model protein. At low values of the HH attrac-
tion energy, which corresponds to high denaturant concentra-
tion, the chain exists in a random coil state. As the HH at-
traction energy is increased, which corresponds to removing
the denaturant, the chain undergoes a folding transition from
an unfolded to a compact folded state. This process is illus-
trated in Figure 4, which shows the average number of topo-
logical HH contacts vs. the absolute value of the HH contact
energy, |e/kT|. Figure 5 shows the dimensionless specific heat,
C*, vs. the |e/kT| curve; the peak marks the transition point
for the chain. The average radius of gyratlon <R2>V2, and
the average end-to-end distance, {R?)"?, are also plotted
against |e/kT| in Figure 6. At low values of the HH attraction
energy, the chain exists in an unfolded state characterized by
high values of (R2>1ﬂ and (R?)"?. As the HH attraction is
made stronger, the chain collapses into the native state.

Description of the Simulation Algorithm

Dynamic Monte Carlo simulations of the two-dimensional
model protein chain can give us some insight into the folding
pathway. The Monte Carlo algorithm proceeds by construct-
ing a Markov chain of conformational states of the molecule
so that in the limit of an infinitely long run, all the conforma-
tional states occur with probabilities determined by the
Boltzmann factor (Metropolis et al., 1953). The Monte Carlo
method of Metropolis et al. is designed to calculate the en-
semble average for equilibrium systems. It does not simulate
the time evolution of a system. However, if the a priori tran-
sition probabilities are chosen properly, the method can be
used to approximately simulate the time behavior of a system
(Taketomi et al., 1975).
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Figure 4. Average number of HH contacts vs. the di-

mensionless HH contact energy, €/kT.

At low values of |e/kT| (high denaturant concentration) the
chain is in an unfolded state. As |e/kT| is increased (de-
naturant withdrawn), the chain undergoes a transition to a
native state that has 8 HH contacts.

The set of moves employed in the dynamic Monte Carlo
simulation of protein folding reported here has been taken
from Kolinski et al. (1986) and consists of chain-end rear-
rangements, three-bond moves, and four-bond moves. A
bond, b,, is defined as a vector drawn from the center of
bead i to the center of bead i+ 1. In a three-bond move,
randomly selected bonds b; and b, , are interchanged, pro-
vided b; # b, ,. In a four-bond move, two randomly selected
bonds, b, and b, , ; are reoriented randomly, provided b; =
—b;, . 3. The four-bond move helps create a new local confor-
mation in the middle of the chain by moving three beads at a
time. The a priori transition probabilities used by Kolinski et
al. (1986) have been employed. A few examples of the three-
and four-bond moves are illustrated in Figure 7.

Determination of the Folding Pathway

The folding pathway for the 20-bead chain has been ex-
plored using dynamic Monte Carlo simulation in the canoni-
cal ensemble. A folding pathway is simply an ordered se-
quence of conformations that the chain assumes as it pro-
ceeds from a random coil conformation to the native confor-
mation. To describe the folding pathways, we define a “con-
formation” to be completely specified by all of its topological
HH contacts. This means that two conformations are indis-
tinguishable if they contain identical topological HH contacts
but different HP or PP contacts.

Simulations are carried out in the canonical ensemble at a
specific value of ¢/k7. A random initial conformation is gen-
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Figure 5. Dimensionless specific heat, C*, vs. the di-
mensionless HH contact energy, €/kT.

At low values of |e/kT| (high denaturant concentration) the
chain is in an unfolded state. As |e/kT| is increased (de-
naturant withdrawn}, the chain undergoes a transition to a
native state. The maximum in the curve represents the tran-
sition point for the folding—unfolding transition.

erated at the start of the simulation. The chain is then sub-
jected to the set of moves described earlier until the native
state is reached. The sequence of conformations traversed
from the initial state to the final state is recorded. In order to
determine the pathway, the sequence of conformations is ex-
amined for the presence of “loops.” If the chain exists in a
given conformation at time step ¢, and the chain exists in the
same conformation at a later time step ¢+ 1/, then the se-
quence of conformations is said to contain a “loop” of length
I. All of the ! conformations making the loop are deleted
from the conformation sequence. When all the loops are re-
moved from the conformation sequence, what remains is the
path taken by the protein from a random state to the native
state.

One hundred simulation runs were carried out, starting
from different random initial conformations, at an e/kT value
of —4.0. The pathways obtained exhibit certain common fea-
tures. The ends of the chain are seen to rapidly fold and
unfold throughout the folding process. However, the folded
ends are not stable by themselves until the middle part of the
chain folds, that is, when the beads labeled 9 and 12 in Fig-
ure 8 form an HH contact. Thus, the folding of the chain
starts when the middle part of the chain folds correctly. After
the middle part of the chain is folded, one of the ends folds
in while the other one may keep fluctuating for some time.
Eventually both the ends fold giving rise to the native state.

The resulting pathmap, which displays the important parts
of the pathways, is shown in Figure 9. The middle contact is
already formed in the three conformations, (a), (b), and (c)
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Figure 6. Average value of the radius of gyration
((Ry>'"?) and average value of the end-to-end
distance ((R2)'/2) vs. the dimensionless HH
contact energy, €/kT.

At low values of Ie(kTI, the chain exhibits its random coil
(R;)”z and (R%)'/? values. As the HH attractions are
madc stronger, the chain folds into a compact state, charac-
terized by comparatively small values of (Ré) /% and
(R,

shown at the bottom of the Figure 9. After the middle con-
tact is formed, the chain proceeds along the pathways indi-
cated toward the native state as shown. A few of the partially
folded intermediates along the way (such as conformations
{d) and (e)) have exposed hydrophobic sites. In a multichain
environment, these exposed hydrophobic sites could bind to
exposed hydrophobic sites on other partially folded chains.
Therefore, “‘aggregation prone” intermediates exist for the
hypothetical 20-bead protein and could cause aggregate for-
mation.

Conclusion

The simple 2-D protein model seems to mimic real pro-
teins in several respects. The protein chain exhibits a rela-
tively sharp folding—unfolding transition and folds along pre-
ferred pathways via intermediates. The intermediates are
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Figure 7. Examples of the three- and four-bond moves
employed in the dynamic Monte Carlo simula-
tions.

The dotted lines represent the new configuration after the
move is completed. (a), (b) four-bond move; (¢), (d) three-
bond move. The four-bond move generates a new local con-
formation in the middle of the chain.
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Figure 8. Protein chain with the middle section folded
correctly.

The middle of the chain is said to be correctly folded when
beads 9 and 12 form an HH contact. After the middle part
of the chain folds, the ends come together to give rise to the
native conformation.
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Figure 9. Partial pathmap for the 20-bead chain.

The chain forms distinct folding intermediates that appear
to be capable of aggregating among themselves. Conforma-
tions (a), (b), and (¢) have correctly folded middle sections.
Conformations (d) and (e) have exposed hydrophobic sites
that can cause aggregation.

partially folded compact states and appear capable of associ-
ating among themselves to cause aggregation. The folding
process seems to be cooperative in that the chain does not
start folding until the middle section has folded correctly even
though the ends continuously fold and unfold. When the
middle fold is finally formed, the rest of the chain “zips up”
into the native conformation in a relatively short time.

The folding pathways and the observed intermediates are
naturally dependent on the choice of moves employed in the
simulation. However, the very existence of favored folding
pathways and intermediates is probably an attribute of the
folding process itself and has been noted earlier by Miller et
al. (1992).

The model that we have investigated is limited in that the
solvent molecules are not explicitly represented. Also, un-
folding at low temperatures (Dill, 1990) is not predicted and
site-specific interactions such as disulfide bonds are not in-
cluded. Despite these limitations, the model is adequate for
our purposes because it provides insights on the nature of
protein refolding pathways and intermediates.
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Notation

k =Boltzmann constant
T =absolute temperature
€ =hydrophobic contact energy
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