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Abstract. Simulations to study protein unfolding and folding were performed. The unfolding simula-
tions make use of molecular dynamics and treat an atomic model of barnase in agueous solvent. The
cooperative nature of the unfolding transition and the important role of water are described. The
folding simulations are based on a bead model of the protein on a cubic lattice. t is shown for the 27-
mer model that a large energy gap between the lowest energy (native) state and the excited states is
a necessary and sufficient condition for fast folding.
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I. Introduction

The dynamics of proteins includes a wide range of length and time scales [1].
Figure 1 shows a schematic diagram of the energy of a protein as a function of a
configurational coordinate, such as the radius of gyration. There is the native
state, which includes fluctuations of up to 2 A in length on a time scale in the
picosecond to nanosecond range. Many molecular dynamics simulations have
explored this region of conformational space [2], which is of importance for protein
function. A second region involves the transition from the native state to a compact
globule, which may be an intermediate of the ‘molten globule’ type that is of great
current interest [3]. Here the length scale is in the range 2-5 A and the time scale
of the motions involved is in the nanosecond to microsecond range. Finally, there
are the vast number of configurations of the denatured (coil) state and the folding
process from the coil to the compact globule with near native conformation. In
this region the length scales are on the order of 10-20 A and the time scales are
in the microsecond to millisecond range. This paper briefly reviews some recent
stuglies that explore the native to globule transition in barnase {4, 5] and makes
use of a lattice model to study the folding process from the denatured to the
organized globule state [6, 7].

" II. Barnase Denaturation

Molecular dynamics simulations of the initial stages of unfolding of barnase {(a 110
amino acid ribonuclease from Bacillus amyloliquefaciens) have been made at high
temperature in the presence of water [4,5]. This protein is a particularly good
system for such studies because transition states and pathways of barnase folding
and unfolding have been investigated by protein engineering and NMR hydrogen-
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Fig. 1. Schematic representation of the configuration space of a protein giving the energy as a function
of a configurational coordinate: (a} complete space; (b) enlarged view in the vicinity of the native
state.

exchange trapping experiments [8]. The rate determining step for both folding and
unfolding involves the crossing of a free energy barrier near the native state {9,10].
Figure 2 shows a schematic drawing of the barnase structural elements. The
present simulations provide a detailed mechanism for solvent denaturation of the
secondary structure and the hydrophobic cores.

The barnase denaturation simulations used a deformable boundary potential
[10,11] and standard molecular dynamics methodology [2]. The system consisted
of 1091 protein atoms and 3003 water molecules in a sphere of 30 A radius. Two
denaturation simulations were performed at 600 K (A600, 120 ps; R600, 230 ps)
and a 300 K control trajectory was run for 250 ps. R600 was recently continued to
250 ps; in addition, a third simulation at 600 K (200 ps) was performed and ana-
lyzed (Caflisch & Karplus, in press). The denaturation process is similar in the
three 600 K simulations. The 600 K temperature was used to speed up the unfold-
ing transition. An increase in the unfolding rate by many orders of magnitude
should result since the activation energy is expected to be large; the activation
free energy for unfolding is 20 kcal/mol [12].

The radius of gyration (R,) and heavy-atom root-mean-square deviation
(RMSD) from the X-ray structure as a function of time are given in Figure 3. In
A600 and R600, R, starts to increase after 30 ps, while the RMSD increases
immediately. Both R, and RMSD then increase over most of the simulation.
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Fig. 2. Schematic picture of the backbone of barnase, emphasizing the secondary structural elements;

sidechains of hydrophobic core, are plotted in a ball-and-stick representation. The structural elements

include the foltowing residues: N-terminus (1-5), helix; (6-18), loop; (19-25), helix; (26~34), loop;

(35-40), helix; (41-45), type II B-turn (46—-49), strand; (50-55), loops (56-69), strand, (70-75), loop,

(76--84), strand, (85-90), type I B-turn (91-94), strand, (95-100), type III' B-turn {101-104), strands
(105--108}, C-terminus (109-110). Drawn with the program.

However, the increase is not uniform; e.g. in A600, R, is nearly constant for 20 ps
between 45 and 65 ps; this may be indicative of an intermediate [13]. In the control
simulation at 300K, R, shows a very small increase (the average R, is 13.7 A,
relative to the X-ray value of 13.6 A); the RMSD from the X-ray structure is
1.9 A (the mainchain atom RMSD is 1.5 A) during the last 50 ps.

In the A600 simulation (120 ps) and the first half (115 ps) of the R600 simulation,
there are similar structural changes. The N-terminus, loop; and loop, begin to
unfold during the first 30 ps. This is followed by partial denaturation of the
hydrophobic cores; core; denatures relatively rapidly, followed by cores, cores
and loop; in both 600 K simulations. The solvation of hydrophobic core; is coupled
with a large distortion of helix; and of the edge strands of the g-sheet. Both helix,
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Fig. 3. (a} R, as a function of simulation time averaged over 10-ps intervals. (b) RMSD from the X-
ray structure as a function of simulation time averaged over 10-ps intervais: (—-) A600, (--+-+)
B300, {(--0--) R600, {--x--} control run at 300 K.
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Fig. 4. Solvent accessible surface area and number of water molectles for core; as a function of time.
{(—) As00; (------ ) B300. For the exposcd surface area, shown in the upper curve with the scale in
A? on the left, the Lee and Richards algorithm (CHARMM implementation) and a probe sphere of
1.4 A radius were utilized. For the number of water molecules, shown in the lower curve with the
scafe on the right, those within 7 A of the center of the core (the instantaneous center of geometry of
the carbon atoms of the sidechains of residues Phe 7, Val 10, Ala 11, Leu 14, Leu 20, Tyr 24, Ala 74,
Tle 76, te 88, Tyr 90, Trp 94, Ile 96, Tle 109) were included.

and helix, lose about half of the native a-helical hydrogen bonds; helixy unfolds
after about 20 ps. In the B-sheet, about half of the native interstrand hydrogen
bonds have disappeared after 100 ps; in R600 the B-sheet is fully solvated after
150 ps. During the last 50 ps of R600, the mainchain still shows essentially the
same overall fold as in the native structure, although the polypeptide chain is
almost fully solvated and all of the secondary structure is lost except for the last
two turns of helix;.

Core,, which is an important stabilizing element of barnase [8,10}, is formed by
the packing of helix; against the B-sheet and is centered around the sidechain of
Ile 88 (Figure 2). Figure 4 shows the time dependence in A600 of the solvent
accessible surface area of the sidechains of core, and the number of water mol-
ecules in the core; similar behavior is seen during the first half of the R600
trajectory. Increase in accessible surface area and water penetration are¢ nearly
simultaneous and begin at about 35 ps. Sixteen water molecules have penetrated
at 82 ps; this falls to 10 between 89-98 ps and increases to 17 in the period from
111 to 120 ps. Many of the solvating waters make hydrogen bonds to waters outside
the core. The accessibility of core, to water is coupled with the relative motion
of helix; and the B-sheet (see Figure 3); i.e., they begin to move apart at about
30 ps and their separation is continuous during the 30-80 ps period; between 80
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Fig. 5. Stereo view of the barnase C, atoms to illustrate the refative helix,/8-sheet motion during
A600. 1 ps (thin line and labels), 70 ps (medium line), 90 ps (thicker fine), 120 ps (thick lines).

and 100 ps there is a small closing movement in accord with the decrease of water
n the core, followed by expansion for the remainder of the simulation. During
the B300 simulation the number of water molecules in core, and the solvent
accessible surface area of its sidechains are nearly constant (see Figure 4); the
average number of water molecules is 14. This steady state of solvation of the
core is correlated with the nearly constant number of hydrogen bonds in helix,
and the central part of the B-sheet (strands 2-3 and 3—4).

A number of detailed results of the present analysis are of interest because they
may play a role in protein denaturation, in general. The polar OH and NH groups
of tyrosines and tryptophan sidechains, respectively, play an important role in the
penetration of water (from the top part of core,), while the motion of a lysine
sidechain helps the water molecules reaching the center of core, from the bottom
part (Figure 6a,b). Clusters of hydrogen bonded water molecules surrounding
hydrophobic sidechains participate in hydrogen bonds with polar groups of the
backbone and/or of the sidechains (Figure 6c,d). The S-sheet disruption starts
near the irregular element (B-bulge at residues 53-54) and at the edges (strands
1 and 5); it is promoted by an increase in the twist and an influx of water molecules,
some of which insert between adjacent strands and participate in hydrogen bonds
as both donors and acceptors with the mainchain polar groups (Figure 7). Water
molecules act mainly as hydrogen bonding donors in the initial phase of solvation
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of the main helix; sometimes they insert and replace the helical hydrogen bond,
as previously found in the fragment studies [14,15].

The present results suggest a possible mechanism for the solvation of hydropho-
bic cores and for the dissolution of secondary structural clements in protein
denaturation. Very similar results have been obtained in a simulation of acid
denaturation at 365 K (Caflisch & Karplus, in press). Testing of this mechanism
is a challenge for experimentalists. Techniques that make use of photo-CIDNP
[16], NOEs of water interactions with specific residues [17] and chemical markers
[18] are possible approaches.

HI. Lattice Model for Folding and Its Implications

The essential question is how a polypeptide chain is able to fold rapidly, in ms to
§, to the native state despite the very large number of conformations that exist
for the denatured chain (Levinthal paradox) [19]. To approach this problem, we
use a simplified model that consists of a 27-bead self-avoiding chain on a cubic
lattice (Figure 8). The native (lowest-energy) state can be determined exactly [20]
and a survey of the folding behavior of many sequences is possible [6,7]. In
addition, the full phase space density of the system can be obtained and the
thermodynamic properties can be calculated as a function of the folding reaction
coordinate, which is defined as the fraction of native contacts {out of a total of
28). The model is sufficiently complex that the resolution of the Levinthal paradox
is required for folding; i.e., some sequences find the native state in only ~10’
Monte Carlo (MC) steps even though there are ~10'® conformations. Since the
lattice simulation does not include the amino acid sidechains, the process con-
sidered here may correspond to the folding of real proteins to the molten globule
stage; i.e., the molten globule, if it has a defined fold [3], is the native state in
the present model,

In the first part of the analysis, 200 sequences with random interactions were
generated and subjected to MC folding simulations [6]. Of these, 30 chains found
the known native state in a short time. These chains correspond to actual protein
sequences in the present model; the remaining sequences, which do not fold, do
not correspond to protein sequences and serve as controls. The 30 folding se-
quences were analyzed and compared with the non-folding sequences. Several
suggested mechanisms for resolving the Levinthal paradox do not apply to the
present model; i.e., the features assumed to be responsible for rapid folding are
found to be the same for the folding and non-folding sequences. These include a
high number of short versus long range contacts in the native state [21], a high
content of secondary structure in the native state [22], a strong correlation between
the native contact map and the interaction parameters [23], and the existence of

Fig. 6. Stereo views of A600 dynamics: {(a) 9 ps {(b) 39 ps, (c) 69 ps, {d} 115 ps. Hydrophobic sidechains

of core; are shown as thick lines; e-helix backbone (residues 7-18), Asp 8, Asp 12, Lys 98, and Arg

110 sidechains are shown as thin lines. Water molecules within 12 A of the center of geometry of core,

are inctuded. Hydrogen bonds are dotted (acceptor-hydrogen distance smaller than 2.5 A; no angular
criterion). Waters discussed in text are shown with thick lines.



PROTEIN DYNAMICS: NATTVE AND UNFOLDED STATES 77

Fig. 7. Stereo views of water penetration into the S-sheet during R600. Mainchain N and O atoms
are thick, hydrogens are thin and hydrogen bonds are dotted; water molecutes within 3 A of any
mainchain atom of the g-sheet are shown. Top, 1 ps; middle, 60 ps; bottom 150 ps.
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Fig. 8. Lattice model of protein folding. An example of a compact sel-aveiding structure of a chain
of 27 monomers (filled numbered circles) with 28 contacts (dashed lines). The total energy of a
conformation is the sum of contact encrgies: E = Z,.; A(r;, r;) B,;, where r; are the positions of mono-
mers §, By are the contact energies for pairs of monomers i, j, and A(r,, r;} is 1 if monomers i and j
are in contact and is 0 otherwise; two monomers are in contact if they are not successive in sequence
and at unit distance from each other. The values of the B;; are obtained from z Gaussian distribution
with a mean By and standard deviation o, The parameter By is an overall attractive term that emulates
the hydrophobic effect observed in globular proteins. The native conformation is the compact self-
avoiding chain with the lowest energy.

a high number of low energy states with near-native conformations [20]. Moreover,
there is no repetitive trapping of the non-folding sequences in the same local
minimum, so that the native state cannot be a metastable state [24]. The only
significant difference between folding and nonfolding sequences is that the native
state is at a pronounced energy minimum in the former. As can be seen in Figure
9, there is a large energy gap between the native and the ‘excited’ states in the
sequences that fold; no such gap is present in the nonfolding sequences. This
energy gap is the necessary and sufficient condition for a sequence to fold rapidly
in the present model.
The time history of the folding process (Figure 10) shows that there is a rapid
“collapse in ~10* MC steps to a semi-compact random globule; i.e., the number
of contacts increases, the energy decreases, while the fraction of native contacts
remains below 0.3. In this way, the total of ~10' random-coil conformations is
reduced to ~10"" random semi-compact globule states. The fast collapse results
from a large energy gradient and the presence of many empty lattice points, In
the second, rate limiting, stage the chain searches for one of the ~10° transition
states. The transition region consists of all states from which the chain folds rapidly
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Fig. 9. Enerpy spectra for 10 folding and nonfolding random sequences. The energies of the 400

lowest compact self-avoiding conformations are shown. The native state corresponds to the bottom

bar. The numbers below the spectra show the probabilities that the corresponding sequence will fold
under the conditions of the simulation (6); if no number is given, the probability is 0.

to the native state. The transition states are structurally similar to the native state,
with 23 to 26 of the native contacts. The mean first passage time, 7, for finding
any of the n states among the total of N states by a random search which explores
7 states per unit of time is N/(n X r). For the present model, 7~ 10'%(10° x 1) =
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Fig. 10. Typical trajectory for a folding sequence (7 = 1.3). Energy, e {in units of kg T); the number

of contacts, N,; fraction of the number of contacts in common with the native state, (. The instan-

taneous values of these quantities are plotted every 10MC steps in the first part of the trajectory

{=<10000 MC steps) and every 20000 steps in the subsequent part. The folding trajectory starts with a

random-coil conformation and consists of local MC moves of one or two successive monomers that
preserve bond lengths and aveid multiple occupancy of the lattice sites [6].

107, of the same order as the observed time scale (Figure 10). This indicates that
the rate limiting stage in folding consists of a random search for a transition state
in the semi-compact part of the phase space; i.e., a folding ‘pathway’ is not
involved in finding the native state. In the third stage, the chain rapidly {within
~10° MC steps) attains the native conformation from any one of the transition
states.

To examine the kinetics of the folding process, we write the unimolecular rate
expression; i.e.,

dCx
S ke
di P

where Cy is the probability of finding the unique native state at time ¢, Cp is the
probability of the denatured states (all other states; i.e., Cp = 1 — Cy) and & is the
rate coefficient. Since the folding process takes place on a complex multiminimum
surface, it would be possible for k not to be the usual rate constant, but a function
of time [25]. To determine the kinetic behavior, we show in Figure 11 a plot of
In(1 — Cx) = — kt versus the number of MC steps, which correspond to the time
in the lattice model. The probability of finding the native state at time #is estimated
from 100 independent folding simulations at several temperatures. It is calculated
from the distribution of first passage times (i.e., when the native state is reached
for the first time). It is evident from the figure that the coefficient k is indeed a
rate constant; i.e., it is independent of time. To examine the dependence of the
folding rate on temperature, log k is plotted versus 1/7 in Figure 12. This piot
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Fig. 12. Temperature dependence of the folding rate constant for a sample folding sequence. This
Arrhenius piot shows the rate constants at different temperatures that were obtained from Figure 12.
The standard error of this estimate was found by the jacknife test.
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shows a strong deviation from standard Arrhenius type behavior. For low T
(0.90 < 1/7 < 0.65) there is an increase in the folding rate, as expected from an
activation energy limited process. However, at higher 7 (0.65 < 1/T < 0.50) the
rate decreases with increasing temperature as expected from an activation entropy
dominated process. This is in accord with analysis of the configuration space of
the system,; i.e., at low temperatures, an increase in temperature makes it easier
to get over the energy barriers which are rate limiting. However, at higher temper-
atures, a larger portion..of the configuration space becomes accessible, which
results in a slowing down of the folding process.

The pronounced energy minimum is the necessary condition for the folding of
a 27-mer on a lattice because it guarantees that the native state is stable above
the critical temperature, where the rearrangements of the structure with local
unfolding required in the rate limiting stage are energetically possible. It is also a
sufficient condition because a random search of compact globules with random
structures can rapidly find a transition state that folds to the stable native state in
a short time. While a non-folding sequence may also fold slowly to its native state
above the critical temperature, it would not be stable and, therefore, could not
correspond to a real protein.

The size of the search space for the native state is greatly reduced when the
chain is semi-compact as it is in real proteins [26]. Nevertheless, in the 27-mer
model as in real proteins, a random search of a collapsed globule cannot find the
native state in the observed time. It is the existence of a transition region, con-
sisting of a large number of states, that reduces the search time to realistic values
when combined with the search of the random compact globule. Extrapolation of
the folding time to real proteins suggests that the three-stage random search
mechanism could be effective for small proteins (Figure 13). However, the me-
chanism breaks down for long chains because the folding time increases exponen-
tially with chain length; i.e., the number of semi-compact states increases faster
than the number of the transition states. Thus, a modification of the present
mechanism is required for larger proteins.

it is likely that proteins existing early in evolution were small enough to fold
according to the three-stage random search mechanism [27)]. Since the pre-biotic
and early biotic environment was hot, unusually thermostable proteins were re-
quired, such as those found in the most primitive bacteria that live at temperatures
as high as 105° [28]. If so, the stability condition required a native state that
corresponded to a low energy minimum for which the folding problem was solved
simultancously. As the evolution progressed, longer proteins evolved. These prote-
ins had to fold on the same time scale. One way of achieving this is by evolving
proteins with sequences that have a larger difference between the native and non-
native contact energies than the random folding sequences of the present model.
Such sequences would have an even more pronounced global minimum in their
potential surfaces, in line with the ‘consistency principle’ [29] and the “principle
of minimal frustration’ [30}. A factor may be the existence of a nucleus for folding
[21], or the early appearance of secondary structural elements [31], neither of
which are found in the present model. As a result, the collapse would not result
in random semi-compact globules and the very favorable native contacts would
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Fig. 13, Three-stage random search model of folding. The numbers indicate the geometrically possible
conformations obtainad from the density of states that was determined as a function of energy and
reaction cootdinate. The solid rectangles correspond to folding sequences. The empty rectangle indi-
cates the energy of the native state of a nonfolding random sequence. The other states of a nonfolding
sequence appear at the same positions as the corresponding states of a folding random sequence.

lead more directly to a native-like molten globule state. Actual proteins could use
an intermediate mechanism that might vary with the external conditions.

The results of this study may have implications for the prediction of the structure
of a protein from its amino acid sequence. The success of the three-stage random
seatch in finding the pronounced global minimum on a potential surface suggests,
at least for small proteins, that the bottleneck in structure prediction may be
the derivation of a suitable potential function rather than the design of folding
algorithms.
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