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Abstract

Both folded and unfolded conformations should be observed for a protein at its melting temperature,
or Ty, where the AG between these states is zero. In an all-atom molecular dynamics simulation of
chymotrypsin inhibitor 2 (CI2) at its experimental Ty, the protein rapidly loses its low-temperature
native structure, it then unfolds before refolding to a stable, native-like conformation. The initial
unfolding follows the unfolding pathway described previously for higher temperature simulations:
the hydrophobic core is disrupted, the B-sheet pulls apart and the a-helix unravels. The unfolded state
reached under these conditions maintains a kernel of structure in the form of a nonnative hydrophobic
cluster. Refolding simply reverses this path, the side chain interactions shift, the helix refolds, and
the native packing and hydrogen bonds are recovered. The end result of this refolding is not the initial
crystal structure; it contains the proper topology and the majority of the native contacts, but the
structure is expanded and the contacts are long. We believe this state to be the native one at elevated
temperature and the change in volume and contact lengths is consistent with experimental studies of
other native proteins at elevated temperature and the chemical denaturant equivalent of T,.

The unfolding pathway of chymotrypsin inhibitor 2 (CI2) has been extensively characterized
by molecular dynamics (MD) simulations at a range of temperatures. The unfolding was first
characterized by simulation at 498 K. 1.2 These simulations were compared extensively with
experimental data.3-6 The good agreement with experiment achieved by these simulations
indicated that the unfolding process in simulations at high temperature is similar to the
experimentally observed folding and unfolding processes at lower temperatures. More recent
simulations as a function of temperature for CI2 and several other proteins demonstrate that
the overall unfolding pathway is essentially independent of temperature7 15 and that the
unfolding pathway observed in a small number of simulations is similar to the average
unfolding pathway calculated from 100 independent simulations.16 But, lowering the
temperature does have a minor effect on the unfolding pathway: partially unfolded
conformations take a longer time to completely expose their hydrophobic cores to solvent.
During this time, elements of secondary structure can slide relative to one another in a
movement that is rare at extremely high tempera’curesj’16

Our force field and simulation protocols yield temperature-dependent, or temperature-
activated, conformational behavior consvstent with the experiment melting temperature (Ty,)
for a variety of proteins, including C12,” the WW domain, 14 a3D,15 the engrailed
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homeodomain,? 10 and, most recently and most systematically, Trp cage.17 In contrast,
replica exchange molecular dynamics simulations and the use of other force fields lead to
overestimates of Ty, by ~65-125 K.18-20 5, given that we do obtain unfolding within the
proper temperature regimes, we now explore the detailed interactions within CI2 in simulations
atits T,

It seems reasonable to assume that microscopic reversibility holds for protein folding and
unfolding, such that the conformational changes observed in unfolding are reversed in the
refolding process. We use the extended IUPAC definition of microscopic reversibility,21
which is a structural definition:

“The principle was widely applied to the analyses of reaction mechanisms, in
particular of substitution reactions. In the case of SN2 reactions at tetrahedral centers
implying a formation of the trigonal bipyramid transition state (or intermediate
structure), the original formulation of the principle was extended in the following
way: if a molecule or reactant enters a trigonal bipyramid at an apical position, this
(or another) molecule or reactant must likewise leave the trigonal bipyramid from an
apical position.”

This definition has been in use for decades in the fields of physical organic chemistryzzv 23
and enzymology.24 By considering the principle of microscopic reversibility structurally, we
may apply it to the protein folding-unfolding reaction. Conformations, or ensembles of
conformations such as the transition state and any intermediate states, that have relatively low
free energies will be populated in both the folding and unfolding directions. Thus, we consider
folding to be microscopically reversible in the sense that the conformations that are observed
in the unfolding process will also be observed in the refolding process. This structural view is
the natural way to evaluate an MD trajectory. With atomistic MD simulations of a solvated
system the statistics are too poor to use the definition of microscopic reversibility based on
detailed balance, which requires that the transitions between any two states take place with
equal frequency in both directions at equilibrium. Furthermore, we desire an in-depth view of
the process, of the transitions per se and therefore favor a structural approach.

The qualitative and quantitative agreement between our unfoldinzgssimulations and experiments
probing refolding intermediates and the folding transition state -27 supports this position.
But, the principle of microscopic reversibility requires that the conditions are the same for the
forward and reverse processes, which is clearly not the case when comparing high temperature
unfolding with low-temperature refolding. We aim to test this issue more directly by simulation
of a protein at its T,,, where the AG between the native and denatured states is zero. In this
way we can track the unfolding and refolding of a single-protein molecule under identical
conditions in a single continuous trajectory.

The approach is distinct from annealing: the temperature is not raised and lowered. Limited
refolding has been observed with such annealing approaches with all-atom models and explicit
solvent by simulating higher-temperature unfolded structures under folding conditions. The
first such simulations were performed on ubiquitin.28' 29 structures were taken from various
points along a 498 K trajectory and simulated at 335 K. Structures taken from early in the
unfolding trajectory collapsed and became more native-like. Structures taken later in time along
the unfolding pathway tended to undergo multiple cycles of unfolding and hydrophobic
collapse, with successive collapse events gaining more native-like structure. 335 K quench
simulations of CI2 have also been performed.30 These simulations were intended to probe the
location of the transition state (TS) of folding/unfolding (a Pso4-like analysis). Simulations
that were started from structures before the TS became more native-like while those beginning
with structures after the TS became did not. In all of these cases, however, refolding was limited
to a short portion of the reaction coordinate. A very long continuous folding simulation was
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performed on the villin headpiece in which the protein refolded from a disrupted high-
temperature (1000 K) structure to a stable folding intermediate at 298 K.31 while significant,
but incomplete, folding was observed in this simulation, folding events were not compared to
unfolding events, unfolding and refolding were monitored under different conditions, and the
structural properties of the intermediate were not experimentally validated. More recently, a
replica-exchange method has been used to simultaneously study protein folding and
unfolding.18 This method allows sampling of the entire folding/unfolding reaction coordinate
at a range of temperatures. While this method may be useful for determining thermodynamic
properties of folding/unfolding, it is a fundamentally discontinuous method in that no single
replica folds and unfolds at a single temperature and should not be used to compare microscopic
events in unfolding and refolding. So, while these various studies have implicitly assumed that
the principle of microscopic reversibility is valid, no one of them has been able to directly
monitor the forward and reverse processes under the same conditions.

Here we present a single-molecule simulation of CI2 at 348 K in which the protein unfolds to
a highly distorted structure and then refolds to a long-lived native-like conformation. This
temperature is just below the experimental Ty, of the protein (approximately 353 K)32 such
that both the native and denatured states should be populated at equilibrium. This simulation
allows for direct comparison of the unfolding and refolding processes under identical
conditions. As the unfolding and refolding processes take place under the same conditions,
true differences between the unfolding and refolding pathways can be separated from
temperature or other environmental effects.

The crystalline conformation of cI233 (N) is not stable in simulation at 348 K. Instead it
deforms rapidly, reaching an expanded, native-like conformation (N’) before unfolding to a
structure that is nearly 9 A Ca-root-mean-square-deviation (RMSD) from the starting crystal
structure. The protein then refolds to the N’ conformation (blue curve, Figure 1). This final N’
ensemble is relatively stable for the remainder of the simulation, although there are some large
excursions over time (for example see the peak at 170 ns, red curve, Figure 1). The average
Ca-RMSD between structures over the last 150 ns of the simulation is 2.6 + 0.5 A (see large
black and blue cluster in Figure 2A). This conformational ensemble satisfies 89% of the short
range (5 or fewer residue sequence separation) nuclear Overhauser effect (NOE) restraints
from NMR experiments at 310 K.34 Only 47% of the long range NOEs are satisfied.
Nevertheless, the conformations over the last 150 ns of simulation are topologically the same
as the crystal structure and they have native, though loosened, packing (Figures 3). The average
\Voronoi volume of these structures is 8670 A3, whereas the average volume in a 298 K
simulation is 8360 A3, corresponding to a volume increase of 4%. If the NOE-related cutoff
is increased from 5.5 to 8.5 A, 96% of the short-range and 71% of the long-range NOEs are
satisfied, illustrating the expansion but retention of the topology. Unfortunately, experimental
NOEs for CI2 at, or near, its T, have not been determined.

Many native or near-native interactions are present in the final, refolded 200 ns structure, but
the distances tend to be longer (Figure 3). Interactions that define the native a-helix and those
between strands 1 and 2 of the sheet are present in the refolded structure, as are contacts between
the N and C-termini. The active site loop has formed native-like contacts with strand 2 and the
C-terminus of the protein. Long range interactions across the protein core are present, although
the distances between these residues are longer. Additionally, Trp 5 is buried, which is notable
as it is the fluorescence probe used in experimental studies to distinguish the native and
denatured states. In other words, when the fluorescence of this residue changes upon exposure
to solvent, the protein is, by definition, denatured (or unfolded). In any case, in the simulations
the protein passes through conformations in which Trp 5 is buried, then becomes exposed to
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solvent, and then is re-buried in the hydrophobic core. In the maximally distorted structure,
seen at 25.6 ns, the termini are not in contact, and the active site loop is no longer packed
against the sheet. Additionally, the a-helix is unfolded and the remaining hydrophobic
interactions are nonnative. For these reasons, and the other structural issues raised above, we
denote the early and late structures during the simulation the native state at 348 K, or N’.

Unfolding/refolding pathway

The unfolding from N/N’ and refolding to N” proceeds through a series of minimally stable
conformations before settling into the final, stable state. Representative structures from the
process of N - N’ — TS — D — TS — N’ are show in Figure 4. The unfolding is similar to
the early stages of the unfolding pathway at high temperature described previously.7 There is
initially some movement in the termini and loops, as well as a loss of well-defined B-sheet
structure. The core becomes partially solvated as the N and C-termini separate. The N-terminal
end of the a-helix separates from the B-sheet and the helix unfolds. The C-terminal turn of the
a-helix is generally preserved (i.e. it fluctuates but it is persistent) in the denatured state in the
348 K simulation, as is also the case in the denatured state as probed by both experiment and
high-temperature MD.> In addition, many hydrophobic contacts between the C-terminus of
the helix and residues within strands 1 and 2 from the B-sheet are present, although they are
nonnative (Figures 5 and 6). By 25.6 ns, this kernel of nonnative structure is essentially all that
remains of the hydrophobic core and the Ca-RMSD to the crystal structure is 8.9 A. The N-
and C-termini are separated from one another and the core of the protein and the active site
loop have become highly deformed. Furthermore, Trp 5 is exposed to solvent (Figure 5).

The unfolding pathway (approximately 8 - 36 ns) is very similar to the previously described
unfolding trajectory at 398 K (7) (Figure 4). The structures during this time period of the 348
K simulation have Ca-RMSDs from 3.6 - 6 A to the unfolded structures in the 398 K simulation
(see green curve in Figure 1 and structures in Figure 4). The unfolded structures in the 348 K
simulation are more similar to the unfolded structures at 398 K than they are to either N or
N’ (compare the 3 curves in Figure 1).

Unlike the behavior at 398 K, rather than continuing to unfold to achieve complete solvation
of the core, the protein begins to refold at 348 K from the nonnative nucleus of structure formed
between the C-terminus of the a-helix and the N-termini of strands 1 and 2 (Figures 4, 5 and
6). In the crystal structure, Leu 21 is on the surface of the a-helix and Ile 20 is packed against
lle 29, Val 31, Val 47, and Leu 49 on strands 1 and 2 in the core of the protein. As the protein
unfolds and Trp 5 is exposed to solvent, the helix twists and unravels, bringing Leu 21 into the
core. Leu 21 makes contact with Ile 29, lle 30, and Leu 49, forming a nucleus for refolding
(Figure 6). Refolding begins when contacts between strands 1 and 2 recover their native
register, bringing Leu 21 into contact with VVal 47 (Figure 5). The active site loop then assumes
a more native-like conformation. The a-helix reforms and twists back to its native
conformation, bringing Ile 20 back into contact with lle 29, Val 31, Val 47, and Leu 49 on
strands 1 and 2. Some contacts between the N and C-termini are reformed, but they do not
recover their tight packing with the helix and strands 1 and 2. Nonetheless, Trp 5 is buried in
this process. The active site loop remains fairly distorted and does not adopt the precise
conformation of the crystal structure. Experimentally, the active site loop and the N-terminal
tail comprise the most dynamic portions of the native protein.35' 36 As would be expected,
the refolding to N’ yields large deviations from the 398 K denatured state (Figure 1).

The Ca-RMSD between conformational clusters partially reflects these changes, though the
changes are masked by the mobility in the termini and active site loop (Figure 2). The time
point (structure) e at 25.6 ns represents the maximally distorted protein conformation observed
at 348 K (Figures 2 and 4). Conformations in this cluster, represented by structure f at 28 ns,
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are within 6A Ca-RMSD of structures in the clusters preceding e, such as ¢ and d (Figure 2).
If the N- and C-termini are excluded from the calculation, the Ca-RMSD drops below 4 A for
many pairs of structures. In the cluster from about 35 to 45 ns, represented by structure g, the
protein is refolding, leading to an increase in the Ca-RMSD between these structures and those
in the unfolding portion of the simulation (c and d, Figures 2 and 4). Furthermore, the TS
ensemble (represented by structure b) traversed during unfolding is very similar to that of
refolding (represented by structure g) (Figures 2C and 4). Between 45 and 50 ns (h), the N’
state is recovered, as evidenced by the low RMSDs between the structures before the unfolding
transitions state and after the folding transition state (i.e. see the off-diagonal blue region linking
the 3-5 ns and the 45-60 ns time periods in Figure 2C and structures in Figure 4).

The drastic overall changes that the protein undergoes can be seen clearly in Figure 7. The
structures are all aligned at the a-helix with residues 16 and 20 pointing towards the right in
every case. From the crystal structure to the 5 ns snapshot the protein expands some, but the
four highlighted residues remain in contact. In contrast, the C-terminal part of the protein
unravels and moves around to the other side of the helix in the 25.6 ns structure. In the 200 ns
snapshot the refolding is evident, the C-terminal half of the protein has moved back to the other
face of the helix and the correct topology is recovered along with the packing of the
hydrophobic residues in the core. The change in the shape and surface of the protein throughout
this process is displayed in the bottom panel of Figure 7.

Discussion

At temperatures greater than 448 K, the unfolding of C12 is essentially a unidirectional process.
The native structure expands rapidly, allowing the core to become completely solvated and
leading to a statistical coil-like denatured state.1: 5 7 At lower temperatures, 373 K and 398
K, unfolding is less direct. Core contacts are lost in a more piecemeal fashion, allowing for
sliding of the helix along the sheet before complete unfolding is achieved.” These smaller-
scale movements require less solvent rearrangement, and are thus more favorable at lower
temperatures and higher solvent densities. The volume of the cavity required to separate one
of the terminal strands from the core is much smaller than that required to expose the entire
cavity to solvent. In the simulation described here at the T, of CI2, unfolding proceeds until
only a small nonnative hydrophobic cluster remains, then the protein refolds to a stable native-
like state, which we denote N’.

The initial unfolding process in this 348 K simulation is similar to the unfolding observed at
higher temperatures’. At the beginning of the 348 K simulation there is movement in the
termini and loops, as well as a loss of well-defined B-sheet structure. The core becomes partially
solvated as the N and C-termini separate. The N-terminal end of the a-helix moves away from
the B-sheet and the helix unfolds aside from its C-terminal turn. The C-terminal turn of the a-
helix is also preserved in the denatured state as probed by previous MD simulations and NMR
experiments.5 The remaining hydrophobic contacts between this segment of the helix (Leu 21,
which was originally on the surface of the helix pointing away from the core in the native state)
and strand residues (particularly lle 29, lle 30, and Leu 49) are nonnative, and this hydrophobic
cluster is essentially all that remains of the protein’s hydrophaobic core (Figures 4+ 5 and 6).
Furthermore, Trp 5, the fluorescence probe of folding and unfolding, is exposed to solvent.
Consistent with our findings, the residues involved in the nonnative cluster have chemical shift
deviations distinct from random coil values indicative of residual structure in the chemically
denatured state® as well as in fragments used to model the denatured state in water.37

Whereas at high temperatures the unfolding continues from this point with the complete
solvation of the hydrophobic core, in this simulation the protein does not completely unfold.
Instead, it refolds in a process that mirrors the initial unfolding. Refolding begins when contacts
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between strands 1 and 2 recover their native register, bringing Leu 21 into contact with Val
47. The active site loop also assumes a more native-like conformation. The a-helix refolds and
twists back to its native conformation. Leu 21 returns to its position on the surface of the protein,
and lle 20 comes back into contact with Ile 29, Val 31, Val 47, and Leu 49 on strands 1 and 2.
Trp 5 is re-buried in the process (Figure 5). Thus, structure coalesces around a nucleus of
hydrophobic residues in the reverse of the order that it is lost. Furthermore, the protein passes
through the same transition-state ensemble in both the unfolding and folding processes. That
is, the unfolding pathway is, structurally, microscopically reversible to give the refolding
pathway.

The order of structure loss in unfolding observed here is also similar to the order of structure
loss observed in multiple simulations at 498 K (100 independent runs), where we observe a
statistically favored mean unfolding pathway in an ensemble of similar possible pathways.
16 Similarly, the unfolding and refolding pathways observed in this simulation are likely to
represent only one of a variety of pathways. It is, of course, impossible to show from this single
simulation that refolding is always the exact mirror of unfolding, but the partial unfolding and
refolding observed here do present a model for what microscopic reversibility could look like
in proteins. Namely, that the order of structure formation from a given nucleus of structure in
refolding will be similar to the order of structure loss in unfolding to that nucleus of structure.
A complete description of the refolding process would necessarily include all possible paths
to all possible nuclei, but the statistically favored pathway observed at 498 K suggests that a
smaller set of pathways will allow a reasonable description of the folding and unfolding
process.

The refolding is not a complete mirror of the unfolding principally in that the crystal structure
determined at low temperature33 is not recovered, nor would we expect it to be. There are still
significant differences between N’ and the crystal structure in the active site loop and N and
C-termini. Core packing is not as tight in the final N’ ensemble, but the residues in the native
hydrophobic core are buried and interacting, and, importantly, Trp 5 is buried. The N’ ensemble
is very long-lived in the simulation.

In crystallographic studies of the structural and dynamic behavior of ribonuclease A and
metmyoglobin, Petsko and co-workers found that increasing temperature leads to a linear
increase in the protein volume.38: 39 The crystal structure of myoglobin increases in volume
by about 3 % over a 120 K temperature range, and that of ribonuclease-A by 0.4 % per 100 K.
The volume of our simulated N’ state is 4% greater than the native state at 298 K. This volume
increase is probably reasonable given the difference in the environments: the protein volume
probed experimentally is constrained in the crystalline state. Regardless, the change in volume
affects the packing interactions; with longer interaction distances observed in higher
temperature crystal structures of ribonuclease A39 Experimentally there is a shift in the native
state to looser packing and longer intermolecular interactions with increasing temperature,
consistent with our findings. In addition, a distinct high temperature folded state has been
proposed as an explanation for the unfolding behavior of CspA in laser T-jump experiments.
40 Similarly, Rhoades et al. 4L also observed a shift from the tightly packed native structure to
a more loosely packed native state, N’, for folding events at the GndHCI equivalent of T, in
single-molecule folding experiments. Thus, it is our contention that our refolded conformer
(N”) represents the native state at 348 K.

In previous temperature-quenched simulations of CI2 near its unfolding transition state, 30 the
extent of core solvation was observed to be the major determinant of whether or not a
conformation quickly refolded. In pre-transition state conformations, waters were not well
bound in the protein core and could be easily expelled to allow rapid refolding. In later
structures, waters remained in the core, deterring refolding. In the simulation presented here,

J Mol Biol. Author manuscript; available in PMC 2008 February 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Day and Daggett

Page 7

the protein becomes highly distorted, achieving nearly complete core solvation. Although
specific native core interactions are lost, nonnative interactions between hydrophobic residues
prevent solvent from totally penetrating between residues comprising the a-helix and strands
1 and 2 in the native state, and thus prevents complete unfolding. This nonnative cluster
facilitates rapid refolding precipitated by a simple rearrangement of hydrophobic residues,
allowing us to observe partial unfolding and refolding events despite the fact that the timescale
of complete unfolding and refolding is much longer than the simulation time. But, we note that
this is a rare process and we were fortunate to see it. More recently we have been investigating
this phenomenon using an ultrafast folding and unfolding protein, the engrailed homeodomain.
So far, in two separate simulations of this protein at its Ty, (unpublished results) we have
observed reversible unfolding and refolding by the same structural pathway, which supports
our position that MD simulations can display microscopic reversibility.

Conclusions

Methods

In a single, all-atom simulation of CI2 at 348 K, the protein unfolds and refolds to a stable,
native-like structure. The protein unfolds through a highly distorted state but unfolding is
incomplete, with a small kernel of nonnative hydrophobic contacts remaining in the maximally
distorted structure. Folding from this nucleus of nonnative structure is the reverse of unfolding:
the nonnative contacts shift back to their native positions, the helix refolds, and the hydrophobic
core is recovered. The same transition state ensemble is traversed during both unfolding and
refolding. Thus, the order in which structure is reformed mirrors the order in which it was lost
under identical conditions, thereby satisfying the principle of microscopic reversibility.

MD was performed using the program ENCAD.#2 The potential energy function and the
protocols for molecular dynamics are described elsewhere.43-45 The initial structure used in
all simulations was the crystal structure solved at 1.7 A resolution (1YPC).33 The simulation
was carried out at neutral pH (Asp and Glu negatively charged, His uncharged, Lys and Arg
positively charged).

The protocols for the MD simulation were as follows. The starting structure was minimized
for 1000 steps. After minimization, water molecules (1 g/ml) were added to solvate the protein
in a rectangular box extending at least 8 A in all directions resulting in 2596 waters. The water
density was set to the experimental value for 348 K, 0.975 g/ml, by adjusting the volume of
the box.46 The solvent water was then subjected to conjugate gradient minimization of 1000
cycles followed by 1000 steps of molecular dynamics. The water was then minimized again
for 1000 cycles. Finally, the protein was minimized for 1000 steps, followed by 1000 steps of
minimization of the entire protein-water system. After these preparatory steps, the system was
heated to 348 K by initially assigning low atomic velocities from a Maxwellian distribution.
Atoms were allowed to move according to Newton’s equations of motion and the velocities of
the atoms were adjusted intermittently until the system reached the desired temperature. At
this point the microcanonical ensemble was used (NVE). An 8 A force-shifted nonbonded
interaction cut-off was used2 and the nonbonded list was updated every five cycles. The
simulation was performed for 200 ns using a 2 fs integration time step, yielding 10° structures
for analysis.

For comparison with the experimental nuclear Overhauser effect crosspeaks (NOE)34, r6
weighted distances between the appropriate hydrogen pairs were averaged over the specified
time period. Figures were rendered using PyMOL.
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Figure 1.

Ca-RMSD of the MD structures during the 348 K simulation relative to different
reference states. The reference structures used: crystal structure33 (blue), the 200 ns 348 K
N’ structure (red), and a partially unfolded 398 K MD structure (green). The reference
structures are given below the plot.
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Figure 2.

All vs. all Ca-RMSD matrices between structures along the 348 K trajectory. (A) Ca-
RMSD matrix for the full 200 ns. Structures are compared every 100 ps. (B) Ca-RMSD matrix
for the first 60 ns, blocked out in yellow in panel A. Structures are compared every 20 ps. The
dotted lines indicate the times of representative structures given in Figure 4. (C) As B, but
residues in the N- and C-termini (residues 1-12 and 53-64) are not included in the Ca-RMSD
calculation. The color of a point gives the Ca-RMSD between the two time points given on
the X and Y axes according to the scale on the right. Regions of black to blue along the diagonal
indicate clusters of highly similar structures. Actual conformational states were determined
using 3-dimensional projections with higher granularity of time points.
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Figure 3.

Contact maps of the starting, maximally unfolded, and final structures. (A) Contacts in
the starting (crystal) structure are plotted above the diagonal, and contacts in the maximally
unfolded (25.6 ns) structure are plotted below the diagonal. (B) Contacts in the crystal structure
and in the final structure (below diagonal). Ribbon diagrams of the respective structures are
provided next to the appropriate contact map. A contact between two residues is defined by
the shortest distance between heavy atoms: blue < 3.5 A separation; green < 5.5 A; and red <
75A.
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Figure 4.
Representative structures from the simulation. Structures are colored from blue to red

e.25.6ns

according to their relative degree of native structure. The lowercase letters correspond to those
used in Figure 2. Structures from a 398 K simulation’ are given as an unfolding reference.
Structures that are in the same column are similar by Ca-RMSD and position along the reaction

coordinate.

J Mol Biol. Author manuscript; available in PMC 2008 February 16.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Day and Daggett

Page 15

28 ns

Figure 5.

Hydrophobic core interactions in the unfolding and refolding pathways. The side chains
of residues Trp 5, lle 20, Leu 21, lle 29, Val 31, VVal 47, and Leu 49 are shown. Trp 5 is colored
red and Leu 21 is orange. As the protein unfolds, the a-helix twists and Leu 21 is buried in the
core of the protein and the a-helix unfolds. In the most distorted structure, at 25.6 ns, the protein
is held together by a nonnative cluster consisting of Leu 21, lle 29, lle 30, and Leu 49. The a-
helix twists back as it refolds, and Ile 20 reforms its native contacts in the core.
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Figure 6.

Core interactions in the denatured state at 348 K. (A) Stereoview of waters around the
nonnative core interactions in the 25.6 ns structure. Side chain atoms of residues Leu 21, lle
29, and Leu 49 are rendered as spheres and all solvent molecules within 5 A are displayed. (B)
Space-filling view of the structure with solvating waters.
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Figure 7.

Changes in structure, packing, topology, shape and surface properties as Cl2 unfolds and
refolds. (A) The crystal structure and MD snapshots are aligned at the a-helix and the same
orientation is shown for each image with Ala 16 and lle 20 of the helix pointing toward the
right. (B) The same structures are displayed as in panel (A) but the protein is colored from the
N- to the C-terminus from blue to red. (C) The same structures are shown in the same orientation
as in the previous panels. The rainbow coloring scheme from panel B is shown but in space
filling mode.
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