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Molecular Dynamics Studies
of Protein and Peptide
Folding and Unfolding

Amedeo Caflisch and Martin Karplus

1. Introduction

Proteins are fascinating. As objects in three-dimensional space, they are
sometimes elegant and always complex molecules, yet they consist of only
20 different amino acid building blocks. The function of proteins is deter-
mined by their three-dimensional structure, and the majority of biological
processes involve one or more protein molecules. The mechanism of the
evolutionary development of specific proteins is one of the unsolved prob-
lems of biology. Most proteins are very sensitive to their environment;
small temperature or pH changes can alter both their stability and their
ability to function. The native structure of a protein is determined by the
amino acid sequence (Anfinsen, 1972). In solution, many proteins have
been shown to refold by themselves under conditions that lead to a stable
native state, but in vivo the folding process can be very complicated and
often involves other proteins, such as chaperones (Gething and Sambrook,
1992).

The time scale for protein folding in solution ranges from nanoseconds
to hours. This is much too long for a steepest descent to a minimum of
the potential energy surface and much too short for an exhaustive search of
the conformational space. It is clear from minimization studies of folding
(Nemethy and Scheraga, 1977, Levitt, 1983) and from experimental (Austin
et al., 1975) and theoretical studies (Elber and Karplus, 1987; Noguti and

The Protein Folding Problem and Tertiary Structure Prediction
K. Merz, I, and S. Le Grand, Editors
© Birkh#user Boston 1994



194 AMEDEO CAFLISCH AND MARTIN KARPLUS

G0o, 1989a—e; Caflisch et al., 1992) of the protein conformation space that
it is highly complex, with a multiminimum character that prevents folding
from being the analogue of a simple, monotonic descent into a potential
well. This means that barriers must be overcome in the folding process
and the finding of the minimum has analogies to the complexities arising
in glassy systems. Since the seminal analysis of Levinthal (1969) it has
been realized that alternatives to a random search must be operative in pro-
tein folding. Although the conformation space of the denatured state is
vast, there would be no search problem if each of the amino acid residues
could find its correct conformation independent of the others, or if only
interactions with nearest neighbors were involved. Rapid folding would
be expected, as in the helix—coil transition of polymers. Protein folding
has been compared to crystallization (Harrison and Durbin, 1985), but it
is important to realize that it is significantly different. In the former, once
a nucleus is formed, there is no problem; i.e., there are many similar sites
at which subsequent molecules can coalesce independently. In protein
folding, even if there were a stable nucleus, it is not clear that the protein
could continue to fold by the independent condensation of residues. The
fundamental distinction between the helix—coil transition or crystallization
and protein folding is that long-range interactions play an essential role in
determining the native state. In the limit, this implies that the conforma-
tional energy of each amino acid residue depends on all of the others in
the polypeptide chain. Itis this aspect of the search of the full configura-
tion space, with its vast numbers of conformers, that leads to the Levinthal
paradox.

A recent study (Zwanzig et al,, 1992) argues that the Levinthal paradox
can be resolved simply by introducing local main-chain propensities. They
examined a bead model for the polypeptide chain that has only local interac-
tions and found that a small bias of the main-chain propensities results in a
very large reduction in the apparent first passage time to a folded state. Such
an apalysis misses the essential point, outlined in the previous paragraph,
concerning the difference between the helix—coil transition, which corre-
sponds to the case studied by Zwanzig et al., and the cooperative transition
of a protein.

Naively, the best way to find out how a protein folds is to start with a
model for the denatured state of a protein and to simulate the transition to
the native state. The simulation itself would solve the Levinthal paradox if
the model used were sufficiently detailed and accurate. An approach that
should work, in principle, is to use an atom-based model for the potential
energy function and to follow a molecular dynamics trajectory from one
or more denatured conformers to the native state in the presence of the
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I
appropriate solvent. With the available methodology and computing power,
such a simulation would require approximately 10!! hours (or 107 years)
for a 100-residue protein where the experimental transition to the folded
state takes place in about 1 sec. With the teraflop supercomputers that are
on the horizon (Deng et al., 1990), such simulations would still take 103
years, although it would be possible to examine the faster portions of the
folding transition by such a direct method. Clearly, when such simulations
become possible they should be done, even though it is likely that a very
large fraction of the trajectory would be uninteresting and that a very large
amount of human time would be required to interpret the results.

The practical difficulties in doing such brute force simulations has led
to several types of theoretical approaches to the dynamics of protein fold-
ing. One approach is based on the complete atomic model, but biases the
system to speed up the folding transition by several orders of magnitude (as
in simulated annealing with NMR distance constraints), or instead studies
unfolding under special conditions (e.g., use of a forcing potential, high
temperature) that reduce the time involved from microseconds to picosec-
onds. Related studies deal with small protein fragments (e.g., a-helices,
B-turns) for which the conformation space is sufficiently small so that full
searches can be accomplished and/or transitions of interest occur on a man-
ageable time scale. Alternatively, the entire polypeptide is considered, but
a simplified description is introduced. One approach is to approximate each
amino acid residue by one or two quasi particles and to use the C, pseudo-
dihedral angles as the only variables. The problem can be further reduced
by restricting the quasi particles to move on a lattice (e.g., a cubic lattice)
and using Monte Carlo procedures to follow the folding process. Such
lattice calculations have the advantage over the physically more correct
(“off-lattice™) atomic models in that the total number of conformations is
reduced, and a large fraction of all the conformations can be examined in a
given time (Shakhnovich and Gutin, 1990; Shakhnovich et al., 1991).

In addition to methods that are based on following the dynamics of
a polypeptide chain with varying levels of detail, there exist a range of
models for protein folding that are phenomenological in character (Karplus
and Weaver, 1976, 1979). These models provide a qualitative description
of the folding process, often including a conceptual approach to the solution
of the Levinthal paradox. In this review we concern ourselves primarily
with molecular dynamics simulations of peptides and proteins that are being
used to analyze elements of protein folding and unfolding. Such simulations
constitute an approach to the protein folding problem that has been made
possible relatively recently by improved simulation technology and the
increase in speed of the available computers. A review of the theory of
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protein folding that considers other aspects of the problems is given by
Karplus and Shakhnovich (1992).

2. Fragment Studies

An approach that can be used to obtain information concerning the detailed
kinetics of protein folding is to study peptide fragments that can be treated
by detailed simulations. A number of such studies have been made, and
more are in progress. Toillustrate the possibilities, we shall describe several
of them here and outline the more important results.

Czerminski and Elber (1989, 1990) did vacuum simulations of a blocked
alanine tripeptide, which is the shortest unit that can form an i to i 4 4
helical hydrogen bond. The simplicity of this system and the absence of
solvent permitted them to make a full analysis of the multiminimum nature
of the potential surface. Minima were found with the three peptide units
in the neighborhood of the local minima for (¢, ¥} equal to (—60, —60;
a-helix), (—120, 120; 8-sheet), (—60, 60) and (60, —60). A total of 138
minima were found in the energy range up to 6.3 kcal/mol, relative to the
lowest minimum. This is to be compared with 4°, or 128, combinations
of the most probable (¢, ¥) values. The 6,216 reaction paths between
the minima were investigated. For direct paths connecting two minima
without an intermediate, the barriers were found to be in the range of 0.5
to 5.5 kcal/mol, with the higher energies most common. Most of the direct
paths involved changes in only one dihedral angle, with two thirds of the
“flips” involving yr and one third involving ¢. Whether indirect paths led to
significantly lower barriers between pairs of minima was not discussed. A
master equation approach was used to study the dynamics, with the kinetic
constants estimated from transition state theory. This led to lifetimes for
the various minima in the picosecond to nanosecond range at 400 K.

The “folding/unfolding” transition of a blocked alanine dipeptide was
investigated recently (Lazaridis et al., 1991). The reaction path between
the “folded” configuration (¢;,V1; ¢n,Y2) equal to (—72, —57; —81, —31)
and an “‘extended” conformation (—83, 129; —83, 129) was determined in
vacuo by a free-energy simulation method with a dielectric constant of 50
to mimic the effect of an aqueous solvent. Two paths were found that
are essentially mirror images of each other with ; and v, undergoing
successive changes (¢; changes very little); an intermediate was found
where either ¢, or ¥, had undergone a transition. The calculated barriers
were in the range of 1.5 to 2 kcal/mol. In a free-energy simulation including
an explicit model for the water molecules, similar results were obtained.
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The major difference in the latter is that the extended configuration with
hydrogen bonds to water is about 3.4 kcal/mol more stable than the “turn,”
which is similar to an earlier value (Tobias et al., 1990); in the model with
a dielectric constant of 50, the extended conformer was less stable by about
1 kcal/mol. The form of the potential of mean force in the presence of
water is similar to that in the absence of water with an intermediate and
with barriers of 2.3 and 2.8 kcal/mol,

Case et al. (personal communication) have studied the dynamics of
tetrapeptides for which there are NMR data indicating that the turn con-
formation makes a significant contribution to the equilibrium population in
aqueous solution. In a 5 ns simulation of the peptide Ala-Pro-Gly-Asp, they
found transitions between “turns” with 13 and 1-4 bifurcated C=0. . .-H-
N hydrogen bonds and essentially extended conformations on a time scale
of about 500 ps. It was noted that the transitions had diffusive elements,
suggesting that a simple transition state description might not be valid.
This corresponds to the resuits of stochastic dynamics simulations of the
B-strand to coil transition (Yapa et al., 1992).

A study (Robert and Karplus, unpublished results) of the folding of the
peptide (Ala),(Asp)(Ala)s from an extended chain to an ¢-helix in vacuo
(dielectric constant of 1) and in aqueous solution suggest similar folding
mechanisms, but significantly different time scales. In vacuo, a structure
formed rapidly (3 ps), in which the carboxyl group of the Asp interacted
with three NH groups. This remained stable for about 80 ps, when a fourth
NH group moved in and this initiated rapid (in a few ps) helix formation.
The simulation in aqueous solution required about 200 ps to form the three
NH/Asp configurations, and helix initiation required on the order of 600 ps.

Tirado-Rives and Jorgensen (1991) used a molecular dynamics sim-
ulation to study a 15-residue ribonuclease A S-peptide analogue at 5°C
and 75°C in the presence of an explicit water model. They found that
the peptide was stable for 300 ps at 5°C, while it unfolded in less than
500 ps at 75°C. Although experiments show that the peptide is more sta-
ble at low temperature (in agreement with the calculation), it is clear that
equilibrium was not reached in the dynamics, since the observed helix—coil
equilibrium constant is near unity at 5°C. In the two higher-temperature
simulations, unfolding occurred; in one, the transition took about 100 ps
and in the other about 350 ps. Examination of the simulation suggested
that an important element of the unfolding transition is the replacement of
an g-helical (i to i + 4) hydrogen bond by water hydrogen bonds through
an intermediate involving a 319 (i to ¢ + 3) or reverse turn hydrogen bond.
This is in accord with the x-ray studies of Sundaralingam and Sekharudu
(1989), who observed that when a water molecule inserts into an «-helix,
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a reverse turn is frequently formed; see also Karle et al. (1990). Details of
the dihedral angle transitions are not given in the paper, s0 no conclusion
can be drawn about their rates. Also, it is important to recognize that in a
simulation of helix unfolding, nothing is learned about the rate-determining
helix-initiation step.

In related work, Soman et al. (1991) have simulated the isolated helix
H (residues 132 to 149) of myoglobin for 1 ns at 300 K. They found that the
helix unfolded progressively from the C to the N terminus. Tight (i toi +3)
turns (31¢ helices) were intermediates in the unfolding and often appeared
prior to aqueous solvation. Insertion of H,O occured in some cases, but
not all. Often a single water molecule was inserted between the C=0
and NH, but sometimes several water molecules were involved in transient
intermediates. The transition were found to have diffusive elements with a
time scale on the order of 100 ps. Considerable detail about the unfolding
process is given in the paper.

A 100 ps molecular dynamics simulation of hydrated decaalanine (ini-
tially in a canonical right-handed conformation) at 300 K was performed
by DiCapua et al. (1990). The distances between carbonyl oxygen and the
amide nitrogen in the i to / +4 hydrogen bonds were monitored. During the
trajectory the helix was stable, except for the 5 NH-OC 1 hydrogen bond,
which separated at about 15 ps (for 10 ps) and at ca. 70 ps for the remainder
of the simulation. Analysis of the orientation of the water revealed that a
bridge structure (i.e., water acting as donor for the CO group of residue 1 and
acceptor for the NH of residue 5) was formed after about 70 ps but was not
present during the transient destabilization, although a water was inserted
and acted mainly as a hydrogen-bond donor. The helix destabilization cou-
pled to water insertion is in agreement with simulations described above
and the experimental results of Sundaralingam and Sekharudu (1989).

The helix denaturation of a polyalanine peptide (13 residues) was sim-
ulated both ir vacuo and in aqueous solution with an explicit water model
by Daggett and Levitt (1992a). They performed several simulations, last-
ing 200 ps each, at temperatures ranging from 298 to 473 K. The helical
state was stable in vacuo at all temperatures, whereas in solution the helix
denatured at higher temperatures. The role of water in destabilizing and de-
naturing the helix was investigated. Daggett and Levitt concluded that the
type of water insertion proposed by Sundaralingam and Sekharudu (1989)
was not the mechanism of helix unfolding. Instead they found that the
helices tended to open up due to high-temperature fluctuation, after which
the polar C=0 and NH groups of the helix interacted with water molecules.

Although the simulations of Daggett and Levitt (1992a) were too short
to reach equilibrium, the free energy was estimated from the average waiting



7. MOLECULAR DYNAMICS STUDIES OF FOLDING AND UNFOLDING 199

time for the helix—»coil and coil— helix transition for each residue (a fast
event treated as if it were at equilibrium) and then averaged over all residues
during the last 100 ps of each trajectory. It was found that in solution the
free energy change for the helix—» coil transition decreased with increasing
temperature and transitions to coil conformations were unfavorable below
423 K. In vacuo, such transitions were unfavorable at all temperatures and
the free energy was nearly temperature independent. Moreover, the free
energy of activation for the single residue transition was found to increase
with increasing temperature in all cases except for the helix— coil transition
in solution.

Another type of study of peptide fragments makes use of free energy
simulation methods for estimating the change of stability when amino acids
are altered. An example is provided by molecular dynamics simulations,
which were used to estimate the change in the conformational stability
of proline-replaced polyalanine a-helices (Yun et al., 1991). ' An unfavor-
able effect was found for proline replacements in the middle of the helix,
whereas a substitution at the first position of the helical N-terminus yielded
a favorable contribution to the free energy of folding. In a related study,
good agreement with experimental results was obtained for the differences
in stability of oligoalanine peptides with single amino acid replacements in
the middle of the chain (Hermans et al., 1992). Although this type of work
is not concerned with the dynamics of folding, it is nevertheless of interest
in the present context because it may be useful in interpreting the stability
of intermediates or protein fragments involved in folding mechanisms, such
as the diffusion collision model.

A number of simulations of protein fragments have reached longer time
scales than those possible in the all-atom plus solvent simulations described
above. The method uses a potential of mean force surface that implicitly
includes the solvent and employs stochastic dynamics to introduce the dy-
namic effects of the solvent. To further simplify the problem, each residue is
represented by a single interaction center (“atom”) located at the centroid of
the corresponding side chain, and the centers are linked by “virtual” bonds
{Levitt, 1976; McCammon et al., 1980). For the potential energy of inter-
action between the residues, assumed to be Val in an a-helical simulation
(McCammon et al., 1980), a set of energy parameters obtained by averag-
ing over the side-chain orientations was used (Levitt, 1976). Terms that
approximate solvation and the stabilization energy of helix formation were
included. The diffusive motion of the chain “atoms” expected in water was
simulated by using a stochastic dynamics algorithm based upon Brownian
dynamics. Starting from an all-helical conformation, the dynamics of sev-
eral residues at the end of a 15-residue chain was monitored in a number
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of independent 12.5 ns simulations at 298 K. The mobility of the terminal
residues was quite large, with an approximate rate constant of 10° per sec
for the transition between coil and helix states. This mobility decreased
for residues further into the chain. Unwinding of an interior residue re-
quired simultaneous displacements of several residues in the coil, so larger
solvent frictional forces were involved. The coil region did not move as
rigid body. Instead, the torsicnal motions of the chain were correlated so as
to minimize dissipative effects. Such concerted behavior is not consistent
with the conventional idea that successive transitions occur independently.
Analysis of the chain diffusion tensor showed that the frequent occurrence
of correlated transitions resulted from the relatively small frictional forces
associated with such motions (Pear et al., 1981). Further, the correlated
nature of the torsional transition suggests that unwinding occurs in a rela-
tively localized fashion and that a limiting value of about 107 per sec would
be reached for the interior of the helix.

A similar model has been used recently to study S-sheet to coil tran-
sitions in a S-hairpin (Yapa et al., 1992). From an analysis of ten 90 ns
simulations, it was shown that rate constants for the transition between
the coil and strand state are on the order of 10'° to 10!! per sec. This
high rate occurs even though the adiabatic potential has barriers on the or-
der of 3 kcal/mol. Unlike the a-helix results, the transition rate constant
decreases only slowly as one goes from the end of the strand toward the
interior. Also, nonterminal residues are sometimes found in the coil state,
while the end residues form a regular sheet. This behavior may be related
to the occurrence of S-bulges.

A corresponding approach has been applied to the behavior of structural
motifs of proteins. An example is a simulation of two a-helices connected
by a coil segment (Lee et al., 1987). This simulation served to examine a
possible elementary step in protein folding, as described by the diffusion-
collision model (Karplus and Weaver, 1976), i.c., the coalescence of a pair
of helices. The system considered in the simulations is a 24-residue peptide
in which the first and last eight residues formed an a-helix and the inter-
vening eight residues are initially in a random-coil conformation. Twelve
trajectories were generated with a total time of 820 ns. The exact lengths of
the individual trajectories were not important because the parameters were
chosen so that a stable, coalesced structure does not form, Instead, the sys-
tem folds and unfolds many times during the simulation, and rate constants
for the coalescence and dissociation reactions could be determined. The
values obtained are on the order of 10% per sec. For the unfolded system,
there is a strong bias in the connecting loop towards shorter distances, with
a maximum in the radial distribution function near 27 A, even though the
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fully extended conformation has a length of 45 A. This is due primarily
to the entropic contribution, since the intervening chain has many more
allowed conformations at intermediate lengths. Such a trend has been ob-
served experimentally in a study of the end-to-end distances in a series of
oligopeptides (Haas et al., 1978). This model calculation of coalescence
used stable helices to reduce the time required. In a real system, helix
to coil transitions would be coupled to the collisional association events.
Given the estimates of the helix to coil transition rates, such a study should
be possible by combining a stochastic dynamics simulation with a kinetic
model for the helix—coil transition.

3. Simplified Protein Simulations

Simulation of folding for a complete protein represent a much more com-
plex problem than the fragment studies just described. Early work in this
area {Levitt and Warshel, 1975) used a C,-type mode! for the protein and
coupled energy minimization with thermalization in vacuo in an attempt to
fold bovine pancreatic trypsin inhibitor (BPTI), a 58-residue protein. Con-
ceptually, such an approach is of interest; if the potential surface, or better,
potential of mean force surface of a protein, were such that a relatively sim-
pie procedure can find the minimum, there would be no Levinthal paradox.
The limiting case would be a single potential well connecting the extended
coil conformations to the native structure. Clearly that is not what is found
for real proteins, although an empirical potential can be modified to obtain
a relatively well behaved surface that leads to a folded structure. In the
potential used for the BPTI folding, for example, biases for turns and ex-
tended strands were introduced in the regions that have such conformations
in the native structure (Levitt and Warshel, 1975; Hagler and Honig, 1978).
With such a potential, one out of five runs that began with the terminal
a-helix present and involved 600 cycles of minimization and thermaliza-
tion had features of the native form, although the root mean square (RMS)
difference was about 6 A, as compared with 3.4 A, the best value possible
for the simplified model.

Another way of modifying the potential to achieve rapid folding is to
introduce distance constraints. These have been used to simplify the energy
minimization problem and, more recently, as a way of employing molecular
dynamics with a simulated annealing protocol for structure determination
by NMR (Briinger and Karplus, 1991). In a trial study of the protein cram-
bin with NOE interproton distance constraints (Briinger et al., 1986), it
was found that the native structure is achieved from an extended confor-
mation in a few picoseconds of high-temperature molecular dynamics, a
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time on the order of 10'? times faster than that observed in solution. This
decrease in time appears to involve two aspects of the constraints. The first
is that stable secondary structural elements are formed in 1 psec, instead of
approximately 10 msec, and the second aspect is that the need to search a
large portion of the conformation space is eliminated by the long-range con-
straints (in terms of distance along the chain rather than physical distance).
It was shown that if the secondary structure is not formed before collapse,
misfolded structures that are local minima can result. This is consistent
with the diffusion—collision and related phenomenological description of
protein folding (Karplus and Weaver, 1979; Kim and Baldwin, 1990).

A BPTI fragment that contains the 30,51 S-S bond and has a large
portion of the S-sheet and the C-terminal a-helix has been studied ex-
perimentally by Oas and Kim (1988); they have shown that the system
is marginally stable with a stmcture close to that of native BPTI. When
this construct was simulated at 500 K (Robert and Karplus, unpublished
results), rapid denaturation occurred. A corresponding simulation at 500 K
with the explicit inclusion of solvent showed the beginnings of denaturation
over a time scale of 200 psec. The C-terminal e-helix began to unfold and
water molecules replaced the terminal hydrogen bonds of the g-sheet. The
behavior corresponds to the fragment studies cited previously, in term of
the slowing of the time scale relative to vacuum simulations and the explicit
role of water—protein interactions at a certain stage of denaturation.

4. High-Temperature Unfolding Simulations of Proteins

Recently, a number of high-temperature molecular dynamics simulations
of protein denaturation have appeared, and more are in progress. The sim-
ulation of protein unfolding is of interest for several reasons. First, the
utilization of the x-ray structure of the native protein as the starting point
provides initial conditions corresponding to a known, physically stable
state. The choice of an unfolded or denaturated structure for the simulation
of protein folding would be more difficult becaunse of the lack of experimen-
tal information and the multiplicity of possible starting structures. Second,
it is known that protein folding is cooperative in that the transition between
the denafurated and native state is of the all-or-none type at equilibrium
(Karplus and Shakhnovich, 1992). There is evidence that the rate-limiting
step (i.e., the main free-energy barrier to folding and unfolding) is near the
native state in many proteins (Creighton, 1988). Thus, the investigation
of the initial phases of protein unfolding can help to elucidate the cooper-
ative nature of protein folding, as well as of unfolding. Third, a number
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of detailed experimental studies of the protein unfolding transition have
been made; an example is given in the barnase results described below,
Finally, it has been shown by experiments that several proteins have stable,
partially folded intermediates under mild denaturing conditions (Dolgikh
et al., 1981; Ptitsyn et al., 1990; for reviews, see Kuwajima, 1989; Ptit-
syn, 1992). These intermediates are characterized by native-like secondary
structure and a native-like tertiary fold. However, their tertiary structure is
less rigid than in the native state, probably due to the absence of the tight
packing of side chains that occurs in the protein interior (Ptitsyn, 1992),
The term *“molten globule™ has been introduced for such compact states
(Ohgushi and Wada, 1983), which appear to be intermediates on the fold-
ing pathway in some cases. There is evidence that the main energy barrier
in protein folding is encountered after the formation of the molten glob-
ule state, i.e., between the molten globule and the native state. It is likely
that this part of the folding process is mirrored by the presently available
simulations of the unfolding process.

Vacuum molecular dynamics simulations with a polar hydrogen model
for reduced BPTI were performed by heating the system from 300 to 1000K
over a time of 450 psec (Brady et al., unpublished results). Such a sim-
ulation of denaturation is in accord with the thermodynamic analysis of
Shakhnovich and Finkelstein (1989) in which the first step of denaturation
is regarded as a “vacuum” process and the protein expands to a molten,
globule-like state with a transition temperature of the order of 500 K. A rel-
atively sharp transition in the RMS deviation from the native structure was
found at about 500 K; the RMS increased from about 2A t0 4A. After
this, the RMS increased slowly until there was a second transition close to
1000 K, in which the RMS reached about 7 A. The first transition corre-
sponds to a loss of tertiary structure with preservation of secondary struc-
ture; i.e., the B-sheet and a-helix are present but reoriented relative to each
other. In the second transition all the secondary structure is lost, with the
a-helix disappearing before the S-sheet. The loss of the secondary struc-
tures is accompanied by the formation of new hydrogen bonds, including
“C5 ring”-like structures, a local minimum on the vacuum dipeptide map.
The final system is a random, coil-like globule, whose radius of gyration is
only slightly larger that that of native BPTL

Fan et al. (1991) have utilized high-temperatvre vacuum molecular dy-
namics to study the molten globule state of ar-lactalbumin, Some native-like
secondary structure was recently shown to be present in the molten-globule
state of guinea pig «-lactalbumin by NMR hydrogen exchange experiments
(Baum et al., 1989; Dobson et al., 1991). A number of main-chain NH
groups were observed to be highly protected from solvent exchange in the
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molten globule state; these were found to occur mainly in segments that
are helical in the native structure. In particular, two major helical regions,
including residues 2334 (helix B) and residues 89-96 (helix C), were iden-
tified as stable by these experiments. To investigate the stability of a-helices
B and C in o-lactalbumin, Fan et al. performed two sets of simulations (with
a dielectric constant of 4r, r being the distance in A between interacting
atoms); one was at a temperature of 500 K (lasting 50 ps) and the other
at 1000 K (lasting 20 ps). Starting coordinates were model-built from the
x-ray structure of the homologous baboon «-lactalbumin (Acharya et al.,
1989) since no x-ray coordinates are available for the guinea pig protein.
Fan et al. imposed harmonic constraints on the helices in one simulation
and on the hydrophobic core in another, for each value of the temperature.
Upper and lower bounds for the distances of all pairs of constrained atoms
were introduced by adding or subtracting 0.2 A from the distances in the
native structure. They found that constraining the helices does not stabi-
lize the hydrophobic core, whereas constraining the hydrophobic core does
stabilize the ar-helices. The hydrophobic contribution to the free energy of
unfolding was estimated from the change in the solvent accessible surface
area during the simulation. It was found that this contribution was more fa-
vorable for the structures obtained with hydrophobic constraints than those
obtained with the helix constraints. As expected, conformations character-
ized by a more compact hydrophobic core have a better hydrophobic free
energy. Fan et al. do not give quantitative description of the behavior of the
radius of gyration and of RMS deviation from the x-ray structure during
the simulation. It is difficult to determine, therefore, whether what they
observe corresponds to the molten globule state. Nevertheless, their results
on the coupling of helix stability with the existence of a hydrophobic core
is of considerable interest.

Daggett and Levitt (1992b) investigated the unfolding of reduced bovine
pancreatic trypsin inhibitor (BPTT) by high-temperature molecular dynam-
ics. BPTT was solvated in a box of water molecules and periodic boundary
conditions were applied. Simulations were performed at constant temper-
ature by coupling to an external bath (Berendsen et al., 1984). The system
was brought to the target temperature by scaling the velocities. Five sim-
ulations (lasting up to 550 ps) were performed: native BPTI at 298 K and
423 K and fully reduced BPTI at 298 K, 423 K, and 498 K; in the latter, all
three S—S bonds were not present. Properties of BPTI as a function of tem-
perature and the state of the disulfide bonds were averaged over the entire
simulation. Since no detailed description of the behavior of such properties
as afunction of time is givenin the paper, itis difficult to interpret the results,
e.g., to determine whether the simulation reached a stable unfolding inter-
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mediate. The main conclusion presented by Daggett and Levitt (1992b) is
that reduced BPTI at high temperature was relatively compact but had a
larger radius of gyration than native BPTI (a volume increase of 5 to 25%),
while there was little change at 423 K in the oxidized form; presumably a
higher temperature would have been required to denature the native protein
on the simulation time scale. Reduced BPTI at high temperature showed
increased main-chain and side-chain mobility over that of the native pro-
tein. Since the average number of water molecules inside reduced BPTI
was observed to be independent of structure, the expansion was not caused
by solvent penetration. Thus, the present results are rather similar to those
observed in the vacuum simulation of Brady et al. (unpublished) described
above. However, it is important to note that the authors used a reduced den-
sity in their constant volume, high-temperature simulations. This is likely
to be the reason for the lack of water penetration, which is in disagreement
with experiment (Ptitsyn, 1992) and with the barnase simulations described
below. Moreover, when a low-temperature (298 K) simulation with normal
water density was performed for the unfolded reduced structure, there was
a significant increase of protein—water interactions over that in the native
state. Because of the lack of experimental results on BPTI kinetic inter-
mediates, the authors compared the BPTI simulation with data for other
proteins.

Mark and van Gunsteren (1992) have reported a simulation of the ther-
mal denaturation of hen egg white lysozyme. As in Daggett and Levitt
(1992b), the enzyme was solvated in a box of water molecules with periodic
boundary conditions and the temperature was kept constant by coupling to
an external heat bath. They performed a control run of 550 ps at 300 K and a
run at 500 K, which was branched after 85 ps by cooling the system to 320K
over 5 ps. The simulation at 320 K was continued for 190 ps, while the
500 K simulation was stopped after 180 ps. They monitored the radius of
gyration, the RMS deviation of the Car atoms from the starting x-ray struc-
ture, and changes in the main-chain hydrogen bonding pattern as a function
of simulation time. At 500 K, the radius of gyration increased steadily for
about 90 ps and then remained effectively constant for 40 ps before rising
again more rapidly than before. A similar behavior was observed for the
C, RMS deviation from the x-ray structure. The simulation branched from
the intermediate state showed an approximately constant radius of gyration
at 320 K, a marked increase in solvent penetration (the authors report a
50% increase in solvent accessible surface area but do not discuss the pen-
etration of the water molecules) and a high degree of native-like secondary
structure. Hydrogen exchange NMR experiments (Miranker et al., 1991)
have shown that lysozyme has two distinct folding domains, which corre-
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spond to the two structural domains (McCammon et al., 1976; Janin and
Wodak, 1983). No difference between the two domains was observed in the
simulation. Van Gunsteren (private communication) has argued that this
result is not inconsistent with the hydrogen exchange experiments, i.e., that
rapid fluctuations in accessibility can explain the NMR results. However,
this argument is incorrect because it is based on a misunderstanding of the
mechanism of hydrogen exchange, which, for the lysozyme, measures the
equilibrium between the unfolded (exposed NH) and folded (protected NH)
structures, rather than fluctuations in the latter. From the number of helical
main-chain hydrogen bonds as function of time, Mark and van Gunsteren
(1992) concluded that the formation of secondary structure occurs after the
collapse of the peptide chain. This is in sharp contrast with experimen-
tal results based on far-UV ellipticity measurements, which demonstrate
that there is formation of secondary structure at an early stage of folding
(Gilmanshin and Ptitsyn, 1987, Kuwajima et al., 1987, Goldberg et al,,
1990).

Recently, molecular dynamics simulations lasting 500 ps or more of
apomyoglobin in aqueous solution were carried out by Brooks (1992) at
312 K, and by Tirado-Rives and Jorgensen (1993) at 298 K and at 358 K
(pH values of 6 and 4 were used at the high temperature). The studies
used different force fields; the CHARMM polar hydrogen model (Brooks
et al., 1983) was used by Brooks (1992) and the AMBER-OPLS all-atom
model by Tirado-Rives and Jorgensen (1993); the same water model, TIP3P
(Jorgensen et al., 1983), was used by the two groups. The two room-
temperature simulations (298 K and 312 K) address the native structure of
apomyoglobin. In both simulations helices A, E, G, and H were stable.
However, for the remaining helices, there are differences. Brooks (1992)
found that the other helices also existed during the entire simulation, with B
as stable as A, E, G, and H, while C, D, and F were more mobile and moved
into the heme cavity. By contrast, Tirado-Rives and Jorgensen (1992) found
that helix B unfolded in part and helices C, D, and F unfolded completely
in a relatively short time. Both results are consistent with the experimental
findings of Hougson et al. (1990, 1991} in that helices A, G, and H constitute
a stable subdomain that retains substantial helicity upon partial unfolding
in environments of decreasing pH; as to the other helices, the experiments
do not clearly distinguish between the two simulations. Brooks (1992)
found that the all-atom RMS deviation (RMSD) from the crystal structure
reached a plateau value after about 60 ps. Different behavior of the RMSD
for the main-chain heavy atoms relative to the crystal structure were found
at 358 K by Tirado-Rives and Jorgensen (1993); in the 358 Krun at pH =4,
the RMSD increased continuously until the end of the simulation (500 ps),
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whereas in the 358 K run at pH = 6 it reached a plateau value after the
first 350 ps. It is surprising that in the 298 K control run (pH value of 6.0)
the RMSD did not reach a plateau value. Tirado-Rives and Jorgensen state
that the helical content averaged over the last 50 ps of both trajectories at
358 K was in agreement with CD estimates (Houghson et al., 1990). No
discussion of the role of water is given in either paper.

High-temperature molecular dynamics simulations have been per-
formed to study the unfolding of barnase, a ribonuclease excreted from
Bacillus amyloliquefaciens for which a large body of experimental work
on folding and unfolding is available from Fersht and co-workers. Bar-
nase is a monomeric enzyme (110 residues) that is of particular interest as
a folding model, as suggested by Fersht (for a review, see Fersht, 1993).
Both its crystal structures (Mauguen et al., 1982; Baudet and Janin, 1991)
and its structure in solution are known (Bycroft et al., 1991); there are no
disulfide linkages to constrain the unfolded state and the three prolines in
barnase are all trans. The structure of barnase consists of three a-helices
and a five-stranded B-sheet that are stabilized by three hydrophobic cores in
the native structure (Figure 7-1). Transition states and pathways of barnase
folding have been investigated in detail by protein engineering (Matouschek
et al., 1989; Fersht et al., 1992a; Matouschek et al., 1992a; Meiering et al.,
1992; Serrano et al., 1992a, 1992b) and NMR hydrogen-exchange trapping
experiments (Bycroft et al., 1990; Matouschek et al., 1992b). The two tech-
niques, which yield complementary results (Fersht et al., 1992b; Serrano
et al,, 1992c), have shown that the rate-determining step for both folding
and unfolding involves the crossing of a free-energy barrier near the native
state.

Solvated barnase denaturation simulations started with the x-ray struc-
ture and were performed with a deformable boundary potential (Brooks
and Karplus, 1983, 1989); the system consisted of 9009 solvent atoms
and 1091 protein atoms. Two denaturation simulation were performed at
600 K (A600, 120 ps; R600, 150 ps) and a 300 K control trajectory was
run for 250 ps. The 600 K temperature was used to speed up the unfolding
transition by at least six orders of magnitude relative to the experimental
denaturation temperature of approximately 327 K; the activation energy
for unfolding is 20 keal/mol (Kellis et al., 1989; Matouschek et al., 1990).
The A600 simulation was started after 4 ps of simulation at 300 K, while
the R600 run was initiated after 100 ps of simulation at 300 K. The two
different initial structures were chosen to evaluate the effect of the initial
conditions on the overall unfolding behavior. The A600 simulation was
branched after 90 ps dynamics, by cooling the system to 300 K; it was con-
tinued for 160 ps; the name B300 is used to designate this simulation. The
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Helix1

Figure 7-1. Schematic picture of the backbone of barnase, emphasizing the sec-
ondary structure elements. Side chains of hydrophobic core, are plotted in a ball-
and-stick representation. The secondary structural elements include the following
residues: N-terminus {(1-5), helix; (6-18), loop; (19-25), helix, (26-34), loop; (35—
40), helixs (41-45), type II f-turn (46—49), strand; (50-55), loop; (56—69), strand;
(70-75), loop, (76-84), strand, (85-90), type 1 f-turn (91-94), strand, (95-100),
type I’ B-turn (101-104), strands (105-108), C-terminus (109-110). The atomic
coordinates of the protein were kindly provided by Dr. A. Cameron and Professor
@G. Dodson of the University of York. Figure made with the Molscript program
(Kraulis, 1991).

temperature of the system was controlled by weak coupling to an external
bath (Berendsen et al., 1984).

In addition, two molecular dynamics runs starting with the x-ray struc-
ture and lasting 250 ps were performed at 600 K (V600) and 800 K (V800)
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without explicit solvent molecules (in vacuo) starting from the x-ray struc-
ture; a distance dependent dielectric constant was used, as in the simulation
of Fan et al. (1991). During the V600 in vacuo run, the radius of gyration
(R;) decreased to about 13.0A in the first 50 ps (R, of the minimized x-
ray structure is 13.6 A), and was approximately constant during the rest of
the simulation. The heavy atom RMS positional deviation (RMSD) from
the x-ray structure increased to about 4.5 A in the first 60 ps and did not
change significantly after that. In V800, R; increased to about 14.3 A dur-
ing the first 10 ps; it then decreased to a value that oscillated between 13.5
and 14.0 A in the last 50 ps, while the heavy atom RMSD from the x-ray
structure reached a plateau value of 9 A after about 170 ps. The struc-
tures obtained at the end of the V600 and V800 runs are characterized by
a tight packing of the loops and a large amount of distortion in the sec-
ondary structure elements. At the end of V600 the major a-helix (helix;)
of barnase preserves about 40% of its helical content and packs against the
stable B-sheet. In V800, helix, unfolded during the first 50 ps; most of the
B-sheet was disrupted in the first 50 ps (apart from strands 3 and 4, which
lasted until 120 ps). The in vacuo simulations are briefly compared with
the simulations that included explicit water molecules at the end of this
section,

Plots of R; and RMSD as a function of time for the simulations with
explicit solvent are given in Figures 7-2a and 7-2b. In the control simula-
tion at 300 K, R, showed a very small increase (the average Rgis 13.7 A),
which was mainly due to the rearrangements of surface hydrophilic side
chains, and the heavy atom RMSD from the x-ray structure is 1.9A (the
main-chain atom RMSD is 1.5 A) during the last 50 ps. The overall con-
formation, hydrophobic core compactness (Figure 7-5a~c), and secondary
structure elements are found to be stable at room temperature. Furthermore,
an average of 0, 2, and 1 water molecules were present in core; (within 7 A
from the core center), core; (within 6 A), and cores (within 6 A), respec-
tively. Experimental evidence indicates that core; contains three water
molecules, whereas core; and cores are fully inaccessible to solvent in the
x-ray structure (A. Cameron and K. Henrick, unpublished results; Serrano
et al., 1992c).

In A600 and R600, R, started to increase only after 30 ps, while the
RMSD increased immediately, This suggests that the protein was under-
going a local conformational search to find convenient pathway(s) for de-
naturation. In the A600 simulation, R, increased between 30 and 45 ps to
about 14.2 A; this was followed by the formation of an intermediate state,
while in R600, R, continuously increased during the first 70 ps. In A600,
the intermediate state lasted for about 18 ps; the average R; of the 45-63 ps
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structures was 14.2 A. This intermediate was characterized by a structure
similar to the native one and a partially solvated core; (solvation of the cores
is discussed in the next section). In A600 and R600, another intermediate
state was formed after about 80 and 70 ps, respectively. It was characterized
by a relatively small distortion in the secondary structural elements, a fully
solvated core;, and partially solvated core; and core; (see Figure 7-1 for
notation), During the B300 simulation (started after 90 ps of A600 dynam-
ics), R, remained approximately constant at an average value of 14.8 A;
assuming a spherical geometry, the volume increase from the minimized
x-ray structure amounts to 29%. Fersht and co-workers have shown that
there exists an intermediate on both the folding and unfolding pathway of
barnase (Matouschek et al., 1992a). It has some of the properties of B300
(e.g., unfolded N-terminus, loop;, loop,, and loops, distorted secondary
structure elements, solvated core;, and weakened hydrophobic interactions
in core; and core3) but no Ry measurement is available. Measurements of
the ¢t-lactalbumin molten globule by ultracentrifugation (Kronman et al.,
1967) and by quasielastic light scattering (Gast et al., 1986) show a volume
increase of about 30%.

Inthe high-temperature simulations, there were many structoral changes
(most of which are common to A600 and R600), but the overall fold was
conserved (Figures 7-3a and 7-3b), as it appears to be in the experimen-
tally observed intermediate (Matouschek et al., 1992a). In A600, the N-
terminus, loop,, and loop; began to unfold during the first 30 ps. This was
followed by partial denaturation of the hydrophobic cores; core; denatured
relatively rapidly, followed by core,, cores, and loop;. The same sequential
order for the hydrophobic core solvation was seen in R600. Solvation of
hydrophobic core; was coupled with a large distortion of both helix; and
the edge strands of the §-sheet. Helix; and helix; lost about 50% of the
native ¢-helical hydrogen bonds in the A600 and R600 simulations; helixs
unfolded after about 20 ps. In the S-sheet, about half of the native inter-
strand hydrogen bonds had disappeared after 100 ps in both trajectories; in
R600 the S-sheet was almost fully solvated in the last 30 ps (120 to 150 ps),
while in the last 20 ps of A600 (100 to 120 ps), there were about 50% of the
native interstrand hydrogen bonds. In the B300 simulation, the percentages
of native interstrand hydrogen bonds at the edges of the sheet (strands 1-2
and 4-5), and at the center of the sheet (strands 2-3 and 3-4), stabilized
at about 50% and 70%, respectively. Interactions with water molecules
replaced many of the helical and B-sheet hydrogen bonds (see Section 5).

The accessibility of core; to water was coupled with the relative motion
of helix, and the 8-sheet (see Figures 7-3a and 7-3b); in A600 they began
to move apart at about 30 ps and their separation was continuous during the
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30-75 ps period; between 75 and 100 ps there was a small closing movement
in accord with a decrease of water in the core, followed by expansion for
the remainder of the simulation (see strand; residues 85-90 and helix;
residues 6-18 in Figure 7-3a). During the R600 simulation an essentially
continuous opening motion was seen (Figure 7-3b). In B300, the relative
orientation of helix; and the B-sheet was stable, the steady state of partial
solvation of core; was coupled with a nearly constant number of hydrogen
bonds in helix, and the central part of the 8-sheet (strands 2-3 and 3—4).
The structure at the end of B300 was similar to the conformation of A600
after 90 ps. The all-atom (backbone, side chain) RMSD after optimal
superposition between these two structures was 2.32A (1.89 4, 2.68 A).
This is to be compared with the deviations from the native structure; they
were4.55 A (4.15 A, 4.91 A) after 90 ps of A600 and 4.94 A (4.25 &, 5.36 A)
at the end of B300.

5. Solvent Role in the Unfolding Transition

The results from the simulations described in the previous section provide
considerable insights into the nature of the unfolding transition of globular
proteins. Animportant point is that water penetration plays an essential role
in the disruption of secondary structure and of hydrophobic clusters. This
is in disagreement with theoretical arguments, which have suggested that
water is not involved in the transition from the native to the molten globule
state (Shakhnovich and Finkelstein, 1989). It also disagrees with the results
of Daggett and Levitt (1992b), who used a low water density in their high-
temperature simulations. However, it is in accord with measurements of the
partial specific volume of the molten globule and the heat capacity change
in the transition from the native to the molten globule state (Ptitsyn, 1992).
It has been concluded that there are several hundred water molecules in
the interior of the molten globule state of a-lactalbumin. In what follows,
we summarize the available results. Much of the information (all of it
for hydrophobic cores and B-sheets) comes from the barnase simulation
outlined above.

The picture that emerges is that of a stepwise but partly cooperative
unfolding phenomenon from the native to a compact globule state. By this
we mean that the initial break-up of secondary structure is simultaneous
with and coupled to the denaturation of the hydrophobic cores that are
involved in the stabilization of the tertiary structure. During the transition
there is a limited expansion of the protein and the overall fold is preserved,
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, 90 ps (thicker line), last ps (thick lines and labels). (In all stereofigures, the view is cross-eyed for the left

pair of images and wall-eyed for the right pair).

7-3a. Stereo drawing of the barmase C, atoms to illustrate the relative helix;/8-sheet motion during A600. 1 ps (thin line and

labels), 70 ps (medium line)

Figure
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though the loops and secondary structural elements are present in a looser
and significantly distorted form. In all of this, entropic effects due to the
elevated temperature may play a role, i.e., at high temperature a flexible
polypeptide chain with its polar groups participating in hydrogen bonds to
water has a lower free energy than a more rigid helix with enthalpically
stronger intrahelical hydrogen bonds. This effect may be amplified by the
use of the room-temperature water density,

For a-helices and f-sheets the denaturation process shows similar char-
acteristics. The essential factor is that water molecules compete with the
existing hydrogen bonds of the secondary structure. Simulations of isolated
helices (see Section 2 on fragment studies) and helices as parts of proteins
(apomyoglobin and barnase) have shown that the water molecules attack
primarily the more accessible carbonyl groups. A water molecule that has
formed a hydrogen bond to a carbonyl oxygen can then insert into the helix
and replace the helical C=0...NH hydrogen bond. Of course not every
water molecule that makes a hydrogen bond to a carbonyl group inserts
directly. Moreover, some helical hydrogen bonds are broken without si-
multaneous water insertion. For §-sheets, the process involves waters that
also interact primarily with carbonyl oxygens but now the waters insert to
replace interstrand hydrogen bonds.

As a detailed example, we consider the A6Q0 simulation results for
helix; of barnase. The C-terminal hydrogen bond was lost after about
30 ps and did not reform. The three N-terminal hydrogen bonds were
broken after about 50 ps; they reformed in the last part of the simula-
tion. Reformation of the N-terminal hydrogen bond in helix; (at 90 ps
and 110 ps) occurred through a 31 hydrogen bond; this phenomenon was
observed during molecular dynamics simulations of an a-helical analogue
of the ribonuciease A S-peptide (Tirado-Rives and Jorgensen, 1991) and is
in accord with the x-ray studies of Sundaralingam and Sekharudu (1989).
The helical hydrogen bonds between 15NH.- - - -CO11 and 16NH.- - - -CO12
were broken after about 70 ps; they were converted into a 315 form in the last
20 ps of A600. A water molecule accepted from the NH group of residue
15 and donated to the CO of residue 11 during the entire B300 simulation.
The NH group of residues 12 and 13 converted from the 3,¢- to the a-type
int the first half of the B300 simulation, while the NH of residue 14 under-
went the opposite conversion after about 80 ps. The 11NH. . -CO7 and
17NH. . . .CO13 helical hydrogen bonds and the 16NH. - - .CO13 forming
a 3)p hydrogen bond were stable during B300.

The barnase S-sheet is composed of five antiparallel 8-strands in con-
secutive order (Figure 7-1) and provides a clear example of the role of
water in its high-temperature denaturation. In its native state, the sheet has
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a regular structure, apart from a g-bulge in strand; between residue 53 and
54; it has a twist of about 90 degrees (from strand; to strands; Figure 7-1).
Solvent insertion began at the edges of the B-sheet (see Figures 7-4a and
7-4b). The C-terminal part of strand, (near the 8-bulge) was rapidly sol-
vated in both A600 and R600 (Figure 7-4a); this is likely to originate from
the instability of this irregular structure. At 70 ps several solvent molecules
were located between strands and participate in hydrogen bonds with the
main-chain NH and CO groups as donor, acceptor or both. In R600, hy-
drogen bonds between strands 1 and 2 came apart at about 70 ps (in A600
they separated after about 100 ps). This was followed by separation (ac-
companied by water insertion) of strands 3 and 4 at 120 ps, strands 2 and
3 at 130 ps, and strands 4 and 5 at 150 ps; in A600, except for strands 1
and 2, one or more interstrand hydrogen bonds remained until the end of
the simulation.

To focus on the nature of the motions of water molecules interacting
with the B-sheet during R600, six waters that spent more than 30 ps within
3A of any main-chain atom of the 8-sheet are labeled (from A to F) in
Figures 7-4a and 7-4b. From 60 to 110 ps, water A belonged to a cluster
of solvent molecules interacting with the g-bulge part of strand;. At 70 ps
(bottom stereopicture of Figure 7-4a), it donated a bifurcated hydrogen bond
to the CO group of strand; residues 52 and 53; at 90 ps (top stereopicture
of Figure 7-4b), it acted as acceptor for another water, which donated a
bifurcated hydrogen bond to the same CO groups. From 50 to 110 ps,
water B was inserted between strands 1 and 2; it donated to the CO group
of residue 73 in strand;. At 110 ps, it also accepted from the NH groups
of residue 53 (strand;) and residue 73 (strand,), acting as an interstrand
bridging element. It then moved to the C-terminal part of strands, where
it donated to the CO group of residue 90 at 150 ps. Water C interacted
with the N-terminal part of strand; from 50 to 100 ps; it then moved away
from the 8-sheet and came closer again at 130 ps for about 5 ps. Water D
solvated the N-terminal part of strand, during the 90130 ps period. Waters
E and F inserted between the C-terminal part of strand; and the N-terminal
part of strands during the 70-130 ps period.

The role of water in disruption of hydrophobic cores is more complex.
Water molecules penetrate in a number of ways, all of which tend to involve
the preservation of their hydrogen bonds. This may be achieved by waters
hydrogen bonding to polar groups (e.g., OH of Tyr residues) and to charged
groups that enter the hydrophobic core. Alternatively, the water molecules
form hydrogen-bonded chains or clusters around hydrophobic residues.
Also, some waters may also be involved in breaking up the secondary
structural elements that are held together by the hydrophobic cores. Any
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Figure 7-4a. Stereoview of water penetration into the §-sheet during R600. Main-
chain N and O atoms are thick, hydrogens are thin, and hydrogen bonds are dotted;
water molecules within 3 A of any main-chain atom of the S-sheet are shown. Water

molecules labeled from A to F are discussed in the text. From top to bottom: 10,
30, 50, 70 ps.
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Figure 7-4b. Stereoview of water penetration into the S-sheet during R600. Main-
chain N and O atoms are thick, hydrogens are thin, and hydrogen bonds are dotted;
water molecules within 3 A of any main-chain atom of the $-sheet are shown. Water
molecules labeled from A to F are discussed in the text. From top to bottom: 90,
110, 130, 150 ps.
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such water penetration is coupled to opening up of the hydrophobic core
by relative motion of the secondary structural elements. In barnase, for
example, the solvent-exposed surface area of the core increases as more
water molecules penetrate into the core. Figure 7-5a-c shows the time
dependence of the solvent-accessible surface area of the side chains of
the principal hydrophobic core of barmase. Increase in core; surface area
(Figure 7-5a) and water influx (not shown) are nearly simultaneous and
begin at about 35 ps in A600 and 25 ps in R600. A maximum of 16 water
molecules has penetrated at 82 and 84 ps in A600 (average of 12 for the
67-86 ps period); most of them are expelled again so that at 90 and 98 ps
only 7 water molecules are located within 7 A of its center (average of 10
for the 89-98 ps period). In the last 10 ps of A600 (from 111 to 120 ps)
the number of water molecules in core; increases again to an average of
17. The water molecules penetrate mainly in the two directions parallel
to the helix; axis. Furthermore, hydrophobic residues at the edges of the
core (Leu 20, Tyr 24, Tyr 90, Trp 94, and Ile 109) were solvated first,
whereas residues in the center of the core (Leu 14, Ala 74, Ile 88, and Ile 96)
were more compact, in agreement with protein engineering results (Serrano
et al., 1992c). The solvation of the main hydrophobic core was coupled
to both the relative motion of helix, and the S-sheet and the distortion of
the secondary structure elements. During the B300 simulation, the solvent
accessible surface area of core; was nearly constant (average of 431 A?;
14 water molecules within 7 A). This steady state of solvation of the core
was correlated with the nearly constant number of hydrogen bonds in the
secondary structure elements.

Solvation of core; began after about 10 ps in A600 and R600 (Figure 7-
5b). It was coupled to the rearrangement of the subdomain consisting of -
helixy, loop;, and helix; which unfolded along with the B-turn formed
by residues 46—49 (Figures 7-3a and 7-3b). Apart from a small closing
movement of core; during the 20-50 ps period in R600, the number of
water molecules increased continnously during the first 100 ps; a plateau
value was reached after about 100 ps. Core; was more stable than either
core; or core;. It began to unfold after about 60 ps and 70 ps in the R600
and A600 trajectories, respectively. The late unfolding of core; and loops,
relative to cores, is consistent with experimental results (Serrano et al.,
1992¢).

During the in vacue simulation V600 the solvent-accessible surface
area of the cores showed an oscillating behavior around average values of
461 A?, 300 A2, and 162 A2, for core;, corey, and cores, respectively. In
V800, opening of the cores began in the first 10 ps (core; and core;) or
100 ps (cores); the solvent-accessible surface area reached a plateau value
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after 40 ps, 50 ps, and 150 ps, for core,, core, and cores, respectively; the
sequential order was the same as in A600 and R600.

6. Conclusions

At the present stage of computational hardware, folding studies are limited
to small fragments or to simplified models of proteins. The results that
have become available are particularly useful as a source of parameters for
phenomenotogical descriptions of protein folding, such as the diffusion—
collision model. Much more can be done at an all-atom level of detail to
simulate the dynamics of the early stages of unfolding from the native state
to a compact organized globule. Here the results of a number of recent
simulations focus on the important role in the denaturation process of ex-
plicit water molecules, rather than the general dielectric effect of aqueous
solvent. Both for secondary structural elements (¢-helices and g-sheets),
and for hydrophobic cores, the entrance of water molecules that are hydro-
gen bonded to each other or to the protein polar groups are an essential part
of the denaturation process. Some detailed examples, particularly from
simulations of barnase, have been presented to illustrate the dynamic role
of water molecules in protein unfolding.

Much remains to be done to obtain a full understanding of protein un-
folding and to extend that knowledge to the folding process. All simulations
of unfolding of entire proteins, in contrast to fragments, were performed at
unrealistically high temperatures to increase the rate so that it falls within
the nanosecond time scale of present day simulations. Most of these high-
temperature simulations used explicit models of water molecules at a den-
sity corresponding to that appropriate for room temperature; it is likely that
this also contributes to increasing the unfolding rate. These special condi-
tions will have to be investigated further to determine whether significant
artifacts are introduced. Also, alternative approaches to the denaturation
process should be examined. Finally, the question of how best to use the in-
formation obtained from unfolding studies for analyzing the folding process
has yet to be determined.
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