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REFOLDING MOLECULAR DYNAMICS
SIMULATIONS OF SMALL- AND MIDDLE-SIZED
PROTEINS IN AN EXPLICIT SOLVENT

ATSUSHI SUENAGA*"* NORIAKI OKIMOTO® and
TOSHIKAZU EBISUZAKT?

iComputational Science Division, Advanced Computing Centre, The Institute of Physical
and Chemical Research (RIKEN), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan;
Computational Biology Research Centre (CBRC), National Institute of Advanced
Industrial Science and Technology (AIST), 2-41-6 Aomi, Koutou-ku,
Tokyo 135-0064, Japan

In order to elucidate the protein folding problem, we performed molecular dynamics simulations for
small- and middle-sized two unfolding and six refolding proteins in an explicit solvent. Histidine-
containing phosphocarrier protein and small designed protein were chosen for the simulations. We
found that the protein folding process of these proteins was divided into three phases: an a-helix
formation phase, a packing phase and a B-sheet formation phase. In the a-helix formation phase, an a-
helix was developed from a (-turn structure through a 3;o-helix state. In the packing phase, proteins
became compact, and tertiary structures (/o or pre-B/f packing) were formed. Formation of a
hydrophobic nucleus occurred concomitant with the a-helix formation and packing phase. Finally, in
the 3-sheet formation phase, a 3-sheet was developed owing to the sequential formation of hydrogen
bonds between two neighbouring strands, just like a “closing zipper”.

Keywords: Protein folding; Molecular dynamics; a-helix; (3-sheet; Tertiary structure

INTRODUCTION

The protein folding problem, known as how a chain of amino acids folds into a
well-defined unique structure, is one of the most fundamental enigmas in
bioscience. Despite the hard work by many researchers, the protein folding
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problem is still not well understood and how a sequence can find its native
structure in a huge conformational space remains a riddle. Knowledge of the
protein folding mechanism will result in a huge advance in general bioscience,
especially in the field of the drug design and pharmaceutical chemistry. Prion
disease and Alzheimer’s disease, for example, have been found to be caused by
miss-folding of proteins [1,2].

Molecular dynamics (MD) simulation is one of the most promising approaches
for solving the protein folding problem. Simulation of the temporal evolution of a
molecular system at a high time resolution and molecular behaviour at the atomic
level as it occurs in nature is possible. In MD simulations, new positions of atoms
are calculated by numerical integration of Newton’s equation of motion. The time
step must be sufficiently small to resolve the highest frequency mode in the
system (a few femtoseconds). However, the time scale on which the fastest
folding proteins form their native structures is in the microsecond range [3,4], and
10” integration steps are necessary to simulate the whole process of folding. Since
such a huge number of time steps requires a large computer resource, particularly,
for a large molecular system, folding simulations have been performed mainly for
peptide or tiny protein systems [5—13]. Such simulations have shown formation
of district secondary structures, such as a (3-turn [5], a-helix [6,10,13], type VI
reverse turn [7], and B-hairpin [8,11,12]. Duan and Kollman [13] were the first to
perform a microsecond MD simulation, and they demonstrated the effectiveness
of MD simulations for solving the protein folding problem. In other protein
folding simulations, attempts have been made to simplify the system by
representing amino acid residues as linked beads or by implicit representation of
a solvent [14—17]. These studies have shown that secondary structures fold in
only a few nanoseconds and that they use small peptides [5—12] or small proteins
including only «-helices [13]. In the present study, we performed several
refolding MD simulations using small- and middle-sized proteins including both
a-helices and 3-sheet.

Until now, several models have been proposed for the protein folding pathway.
The “framework model” proposed by Kim and Baldwin [18] suggests that the
formation of each secondary structural element, stabilised in comparatively
short-range interactions, precedes the formation of the tertiary structure. The
“hydrophobic collapse model” assumes the initial condensation of hydrophobic
elements that gives rise to compact states without secondary structures [19]. The
development of native-like tertiary interactions in the compact states prompts the
subsequent formation of stable secondary structures. These two models are
different in the timing of formation of the secondary structure and the major
driving force of protein folding [20,21]. The “nucleation condensation model”
assumes the early formation of a relatively stable substructure, directing the rest
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of the protein to fold around it [22]. However, it is very difficult to clarify the
general pathway of protein folding via experimental observations due to the very
short lifetimes of the folding intermediates. From our multiple refolding MD
simulations starting at different levels (fully or partially unfolded structures) of
the process, we have tried to assemble a protein folding pathway.

In this study, we chose two real proteins: a small designed protein (psv) with
only 28 residues and a middle-sized histidine-containing phosphocarrier protein
(HPr) with 87 residues. The structures of these proteins are known [23,24]; Psv
contains an a-helix and a two-stranded (-sheet (Fig. 1A), and HPr has three
o-helices and a four-stranded B-sheet (Fig. 1B). Using our MD simulations for
these proteins, we found that there are three phases in the folding process, (I) an
a-helix formation phase, (II) a packing phase, and (III) a B-sheet formation
phase. The unfolding process followed opposite way (III — II — I).

METHODS

Molecular Dynamics Simulation

All calculations were performed on a Fujitsu VPP700E supercomputer using an
AMBER 5.0 simulation software program [25]. To neutralise the systems, counter
ions (Na* or C17) were placed near charged residues by the EDIT module of

FIGURE 1 Ribbon diagrams showing the secondary structures of native (A) small designed protein
(psv) and (B) histidine-containing phosphocarrier protein (HPr). The a-helices are drawn in red and
yellow, and the 3-sheets are drawn in blue.
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AMBER. The NMR solution structure (SS) of psv (PDB code; 1psv [24]) and the
crystal structure (CS) of HPr (PDB code; 1ptf [23]) were placed in boxes filled
with a TIP3P water model [26]. The sizes of the boxes (52 X 44 X 42 for psv and
73 X 58 X 49 A for HPr) were chosen so that the distances of atoms in the protein
from the wall were more than 10.0A. The total numbers of atoms for the
simulations of psv and HPr were 8176 and 17,863, respectively. We adopted the
force field of Cornell et al. [27] and imposed the periodic boundary condition.
The temperature and pressure were kept constant by the method of Berendsen
et al. [28], and the solute and solvent were separately coupled to a temperature
bath with coupling constants of 0.2 ps and pressure relaxation time of 0.5 ps in all
simulations.

Unfolding/refolding Simulation

We performed two unfolding simulations and six refolding simulations of psv and
HPr. Table I shows details of these simulations. In all unfolding simulations
(temperature is set at 373 K), non-bonded interactions were evaluated using a
twin range cutoff method (9 X 17 for psv and 9 X 18 A for HPr), and all bonds
were constrained to an equilibrium length using the SHAKE method [29]. In all
folding simutations, the particle-mesh Ewald was used to calculate long-range
Coulomb force. Only bonds involving hydrogen atoms were constrained by the
SHAKE method [29]. The temperature of the system of HPr was gradually
lowered from 373 to 300K during a 60 ps period, and the system of psv was

TABLE I Summary of simulations

Protein Simulation Name Initial* Simulation time (ns)
Psv Control Control SS+ 3.0
Unfolding Usim-psv SSt 3.0
Refolding Rsim1-psv EXi 3.0
Rsim2-psv PU1Y 1.5
Rsim3-psv PU2§ 2.6
HPr Control Control CS|| 2.0
Unfolding Usim-HPr CS|| 1.0
Refolding Rsim1-HPr pul* 4.5
Rsim2-HPr PU2"™ 1.7
Rsim3-HPr PU3F¥ 1.5

*Initial structure for the simulation.

T Solution structure.

+ Extended structure.

9 Partially unfolded structure from Usim-psv at 0.8 ns.

§ Partially unfolded structure from Usim-psv at 0.1 ns.

|| Crystal structure.

#Partially unfolded structure from Usim-HPr at 1.0ns.

“* Partially unfolded structure from Usim-HPr at 0.35 ns.
++ Partially unfolded structure from Usim-HPr at 0.15 ns.
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gradually cooled to 280 K during a 80 ps period. The time steps of unfolding and
folding simulations were set at 2.0 and 0.5 fs, respectively.

In order to investigate the structural stability of psv and HPr, we propagated
two control MD simulations at 280K for psv (3ns) and 300K for HPr (2ns)
under the same conditions as those for the refolding MD simulations. The EX of
psv was longer than the native structure, and the box size was very large (123 X
68 X 59 A). The total number of atoms in the system of Rsim1-psv was 45,655.

Analysis

The secondary structures were recognised by using the SECSTR module of the
program PROCHECK [30] throughout this study. Figures 1, 7—10 were prepared
using the program MOLMOL [31].

RESULTS AND DISCUSSION

Control MD Simulations At a low Temperature

The control MD simulations of psv (at 280 K) and HPr (at 300 K) were studied to
assess the stability of the proteins. The secondary structure contents of psv and
HPr as functions of time are shown in Figs. 2A and 3A, respectively. Psv and HPr
remained native secondary structures throughout the 3.0ns (or 2.0ns for HPr)
MD simulation. The three-dimensional (tertiary) structures were very close to the
respective native structures during the 3.0ns (or 2.0 ns for HPr) MD simulations
with the main-chain root mean square deviations (RMSDs) being 1.290 A for psv
and 3.753 A for HPr (Fig. 4A for psv and Fig. 4C for HPr, Tables II and III).
Although the RMSD of HPr was large after the 2.0ns MD simulation, in
particular at the loop and the C-terminal a-helix region, the whole fold of HPr
was very similar to that of the native structure. The tertiary contact maps are
shown in Fig. 5. The tertiary structures of psv and HPr remained the native during
the 3.0ns (or 2.0ns for HPr) MD simulations (Fig. 5A,E). Other structural
parameters, radius of gyration (R,, Fig. 4B,D) and solvent accessible surface area
(ASA, Fig. 6), suggest that these two proteins are very stable at 280 or 300 K (See
also Tables IT and III for details of structural parameters of two control MD
simulations).

Unfolding Simulation of Psv

The unfolding process of Usim-psv over a 3.0 ns period is shown in Fig. 7. The
[B-sheet disappeared rapidly within 0.02ns (Fig. 2B). The «-helix began to
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FIGURE 2 Content of the secondary structure as a function of time from (A) control MD simulation
of psv, (B) Usim-psv, (C) Rsim1-psv, (D) Rsim2-psv and (E) Rsim3-psv. The a-helix is shown in red
boxes, the 3;p-helix in yellow boxes, the 3-sheet in blue boxes, and B-turn in black boxes.
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TABLE II  Structural parameters for psv
State* SS Control EX PRIt PUI
RMSD (A)j: - 1.070 22.939 10.629 4.055
R, (A)Y 8.589 8.697 28.971 15.938 9.693
Helix (%)§ 429 43.1 0.0 0.0 10.7
Sheet (%)|| 214 19.6 0.0 0.0 0.0
ASA (Polar) 2051.4 2429.1 4210.8 2692.4 2321.6
(Non-polar) 348.9 431.4 1646.1 1241.3 835.3

* S8, solution structure; Control, control MD simulation at 280 K; EX, extended structure; PR1, partially refolded structure from EX; PU1, partially unfolded structure from Usim-psv at
0.8 ns; FR, fully refolded structure from PU1; PU2, partially unfolded structure from Usim-psv at 0.1 ns; PR2, partially refolded structure from PU2.
+ Average values over the last 0.5 ns period of simulation.

+Main chain RMSD from solution structure.
9 Radius of gyration.

§ Percentage of helical content.

|| Percentage of B-sheet content.

#The value at 1.5 ns of Rsim2-psv for FR and at 2.1 ns of Rsim3-psv for PR2.
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TABLE III  Structural parameters for HPr
State* CS Controly PU3 PRIf PU2 PR2} PUI PR37
RMSD (A)i - 3.753 13.328 12.559 9.208 8.129 4.756 4418
R, (A)Y 11.638 11.331 16.194 14.625 13.777 12.332 12.396 11.605
Helix (%)§ 37.9 37.8 36.8 36.6 35.6 36.4 39.1 37.4
Sheet (%)l 26.4 26.4 0.0 0.0 0.0 1.4 11.5 25.9
ASA (Polar) 3939.7 38443 5265.2 4321.1 4595.4 4044.7 3978.5 4340.1
(Non-polar) 1222.4 1245.2 3560.8 2661.1 2562.2 1918.1 2006.4 1428.6

*CS, crystal structure; Control, MD simulation at 300 K; PU3, partially unfolded structure from Usim-HPr at 1.0 ns; PR1, partially refolded structure from PU3; PU2, partially unfolded
structure from Usim-HPr at 0.35 ns; PR2, partially refolded structure from PU2; PU1, partially unfolded structure from Usim-HPr at 0.15 ns; PR3, partially refolded structure from PU1.

F Average values over the last 0.5 ns period of simulation.

+Main chain RMSD from the crystal structure.
Y Radius of gyration.

§ Percentage of helical content.

|| Percentage of B-sheet content.
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FIGURE 3 Content of the secondary structure as a function of time from (A) control MD simulation
of HPr, (B) Usim-HPr, (C) Rsim1-HPr, (D) Rsim2-HPr and (E) Rsim3-HPr. See the legend to Fig. 2
for the colour scheme.
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collapse at the central part and fully deformed at 0.8ns (Figs. 2B and 7).
Subsequently, the a-helix region was transformed into a 3y-helix and then into a
B-turn structure (Fig. 2B). After 0.8 ns (main-chain RMSD from the native
structure was 4.055 A at 0.8 ns), the psv had greatly unfolded (Fig. 4A) and the
structure of psv had become a random coil after 1.0ns (main-chain RMSD
was around 7.0 A). ASA of the nonpolar part also increased through two steps
(Fig. 6A,B). These steps in the increase of ASA took place during periods of
0-0.6ns (first step) and 0.8—3.0ns (second step). These results indicate that the
structure formed at about 0.8 ns is an intermediate state of the unfolding of psv.
The tertiary structure of the intermediate state, especially the contacts between
strand 2 of the (3-sheet (residue numbers 9—12) and the o-helix (upper-left
diagonals of Fig. 5A,C), was lost.
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FIGURE 4 (A) Backbone root mean square deviations (RMSD) from the solution structure and (B)
radius of gyration (R,) of simulation structures of psv as a function of time. Black thick lines, Usim-
psv; black thin lines, control simulation of psv; red lines, Rsim1-psv; blue lines, Rsim2-psv; and green
lines, Rsim3-psv. (C) Backbone RMSD from the crystal structure and (D) R, of simulation structures
of HPr as a function of time. Black thick lines, Usim-HPr; black thin lines, control simulation of HPr;
red lines, Rsim1-HPr; blue lines, Rsim2-HPr; and green lines, Rsim3-HPr.
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FIGURE 5 Tertiary contact maps of psv [(A) to (D)] and HPr [(E) to (H)]. (A) Solution structure of
psv (upper-left diagonal)/3.0ns control MD simulation of psv (lower-right diagonal), (B) initial
structure of Rsim1-psv (extended structure)/PR obtained by Rsim1-psv at 3.0ns, (C) PU obtained by
Usim-psv at 0.8 ns/PR obtained by Rsim2-psv at 1.5ns, (D) PU obtained by Usim-psv at 0.1 ns/PR
obtained by Rsim3-psv at 2.6 ns, (E) crystal structure of HPr/2.0 ns control MD simulation of HPr, (F)
PU obtained by Usim-HPr at 1.0 ns/PR obtained by Rsim1-HPr at 4.5 ns, (G) PU obtained by Usim-
HPr at 0.35ns/PR obtained by Rsim2-HPr at 1.7ns, (H) PU obtained by Usim-HPr at 0.15ns/PR
obtained by Rsim3-HPr at 1.5 ns. The darkest blocks represent Ca—Ca distances under 5 A; shaded
blocks, under 8 over 5 A; and open blocks, under 12 over 8 A. Blue and red lines on the X- and Y-axes
indicate the 3-strand and «-helical regions in the native protein, respectively.
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FIGURE 6 Nonpolar and polar solvent-accessible surface area (ASA) as a function of time. (A)
Nonpolar and (B) polar ASA from simulations of psv. Black thick lines, Usim-psv; black thin lines,
control simulation of psv; red lines, Rsim1-psv; blue lines, Rsim2-psv; and green lines, Rsim3-psv. (C)
Nonpolar and (D) polar ASA from simulations of HPr. Black thick lines, Usim-HPr; black thin lines,
control simulation of HPr; red lines, Rsim1-HPr; blue lines, Rsim2-HPr; and green lines, Rsim3-HPr.

Unfolding Simulation of HPr

Figure 8 shows the unfolding process of Usim-HPr over a period of 1.0ns. At
first, a C-terminal o-helix started to separate from the hydrophobic core at about
0.15ns (Fig. 8) (main-chain RMSD from the native structure was 4756 A at
0.15ns). After that, two intermediate states appeared at about 0.35 and 1.0ns,
respectively (Fig. 8). The first intermediate state (at about 0.35 ns) retained all of

\\& %) @ :\

NMR 0.1ns 0.8ns 3.0ns

FIGURE 7 Ribbon illustrations of snapshots from Usim-psv trajectories. See legend to Fig. 1 for
definitions of colours of the secondary structures.
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FIGURE 8 Ribbon illustrations of snapshots from Usim-HPr trajectories. See legend to Fig. 1 for
definitions of colours of the secondary structures.

the native a-helices (Fig. 3B) and the tertiary structure (upper-left diagonals of
Fig. 5E,G) except the (3-sheet structure (Fig. 3B) (main-chain RMSD from the
native structure was 9.208 IOA). In the second intermediate state (at about
1.0ns), no tertiary structure was not able to found (upper-left diagonals of
Fig. SE,F), though all of the native a-helices remained (Fig. 3B) (main-chain
RMSD from the native structure was 13.328 10\). See Suenaga et al. [32] for
details.

Unfolding Pathways of Psv and HPr

The unfolding process of psv started from the collapse of the hydrophobic
nucleus (~ 0.8 ns, Fig. 6). The (3-sheet disappeared rapidly within 0.02 ns. After
the (3-sheet disruption, a part of the tertiary structure was lost (~ 0.7 ns, upper-left
diagonal of Fig. 5C). Finally, the a-helix destabilised and reformed through the
pathway of 3y — helix < B — turn (~0.8 ns). These observations suggest that
the unfolding pathway of psv follows: native — disruption of 3-sheet structure —
disruption of tertiary structure — disruption of a-helix structure — random coil.
Since the ASA of the nonpolar part was continuously increasing during the path
from “native” to “disruption of the a-helix structure” (0—0.8 ns), it was very
difficult to determine where exactly the “collapse of the hydrophobic nucleus” is
in the pathway.

The unfolding pathway of HPr was same as that of psv, i.e. native — disruption
of B-sheet structure — disruption of tertiary structure — disruption of a-helix
structure — random coil. In the MD simulation of unfolding of HPr, we did not
investigate after the path from “disruption of a-helix” to “random coil”, because
of the short simulation time. The “collapse of the hydrophobic nucleus”
continued from “native” to “disruption of a-helix” of the path as in the unfolding
pathway of psv. See Suenaga et al. [32] for details of the pathway.
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FIGURE 9 Ribbon illustrations of snapshots from Rsim-psv trajectories. (A) (top line) shows the
conformational change of Rsim1-psv, (B) (middle line) shows the conformational change of Rsim2-
psv, and (C) (bottom line) shows the conformational change of Rsim3-psv. See legend to Fig. 1 for
definitions of colours of the secondary structures.

Refolding Simulation of Psv from Extended Structure: Initial Phase of
Folding

Figure 9A shows the results of refolding simulation of Rsim1-psv representing
the initial phase of the folding process over a period of 3.0ns. At first, four
B-turns appeared (Fig. 2C). These four turns were located at residues 14—17 (type
I B-turn at the central part of the peptide, TC), residues 16—19 (type III 3-turn at
the helical region of the native structure, TH), residues 25—-28 (type III B-turn at
the C-terminus, TT) and residues 8—11 (type II B-turn in the middle of the two-
stranded (3-sheet, TB). Since the hydrogen bond in TH [Lys16(CO)—-Arg19(HN)]
easily developed into an a-helical hydrogen bond [Lys16(CO)—Asp20(HN)], one
round of the a-helix (nascent a-helix) was tentatively formed through the 3;(-
helix structure. These results indicate that the initial step of protein folding is the
formation of a B-turn and an a-helix. Structural parameters, RMSD, R,, and
ASA, gradually decreased, approaching those of the control simulation, but the
Rsim1-psv could not demonstrate the final refolding (Figs. 4A,B and 6A,B and
Table II). R, and ASA of the polar part showed particularly large decreases,
indicating that the protein had become compact.
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FIGURE 10 Ribbon illustrations of snapshots from Rsim-HPr trajectories. A (top line) shows the
conformational change of Rsim1-HPr, B (middle line) shows the conformational change of Rsim2-
HPr, and C (bottom line) shows the conformational change of Rsim3-HPr. See legend to Fig. 1 for
definitions of colours of the secondary structures.

Refolding Simulation of Psv from a Partially Unfolded Structure Obtained
by Unfolding Simulation At 0.8 ns: Middle Phase of Folding

Figure 9B shows snapshots of simulation of Rsim2-psv over a period of 1.5 ns. At
first, the B-turn in the helical region of the native structure (residues 16—19, TH)
changed to a 3y-helix and then developed into a nascent a-helix (Fig. 2D). This
is exactly the reverse process of the unfolding shown in Usim-psv and also
observed in Rsiml-psv. A full-length a-helix was rapidly formed from the
nascent a-helix at 0.65ns (Figs. 2D and 9B). These results are consistent with
previous observations [10,11,33-36] of the a-helix formation/deformation
taking a unique pathway: a — helix < 3y — helix < 3 — turn.

After formation of the a-helix, the peptide was gradually packed until 1.2 ns.
The radius of gyration (R,), which indicates the compactness of a protein,
decreased from +13 to —3% (Fig. 2B and Table II). RMSD (Fig. 2A) and ASA
(Fig. 6A,B) also decreased. The decrease in ASA of the nonpolar parts indicates
nucleation of the hydrophobic core.

Finally, B-sheet formation and o/f packing (upper-left and lower-right
diagonals of Fig. 5C) took place. Since the PU (at 0.8 ns) of psv (initial structure
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for Rsim2-psv) had a hydrogen bond between two neighbouring strands
[Tyr3(CO)—Phel2(HN)], located in a 3-sheet of the native structure, the native
(-like) B-sheet propagated by forming hydrogen bonds sequentially just like a
“closing zipper” from 1.2 to 1.5ns (Fig. 2D). A similar “closing zipper”-like
propagation was observed in a previous folding simulation of the 3-hairpin [11].
The first hydrogen bond between the two neighbouring strands played the role of
a “junction of the zipper”. The final structure of Rsim2-psv seemed to be a
transition state of folding, since the final structure was very similar to the native
structure. The structural parameters of the final structure however were slightly
different from those of the native structure. When we performed Rsim2-psv at
300K, a -sheet was not formed during a period of 8.0 ns (data not shown), and
this finding is consistent with the results of an NMR experiment showing that psv
took a defined three-dimensional structure at 280K but not at 300K [37].
Although we performed several Rsims starting from other PUs of psv (more
unfolded structures than PU at 0.8 ns of Usim-psv) that had no “junction of the
zipper”, we did not observe the “closing zipper” of the 3-sheet. Thus, the seed of
a hydrogen bond for the (3-sheet, which was not formed in our simulation trials, is
absolutely necessary.

Refolding Simulation of Psv from a Partially Unfolded Structure Obtained
by Unfolding Simulation At 0.1 ns: Final Phase of Folding

Figure 9C shows the results of simulation of Rsim3-psv over a period of 2.6 ns.
The starting structure, PU at 0.1 ns of Usim-psv, had an a-helix and the structural
parameters were close to those of the native structure (Fig. 4A,B, upper-left
diagonal of Figs. 5D and 6A,B, and Table II). In this simulation, we observed the
final stage of the peptide folding. The a-helix was relatively stable during a
period of 2.6 ns (Fig. 2E). At first, a tertiary structure was formed during a period
of 1.2 ns (data not shown). Next, since the initial structure of Rsim3-psv had the
“junction” of B-sheet [Tyr3(CO)— Phel2(HN)] like PU at 0.8 ns of the Usim-psv,
the B-sheet was formed rapidly as in the case of Rsim2-psv (Fig. 2E). The
partially refolded structure (PR) obtained by Rsim3-psv at 2.6 ns seemed to be a
transition state of folding, because it was similar to the native structure. Structural
parameters of the PR were slightly different from those of the native structure
(Table II). When we performed Rsim3-psv at 300 K, a (3-sheet was not formed in
6.0 ns simulation.

Overall, the results indicate that the B-sheet is formed at the final phase of
folding and that the “junction” of the 3-sheet plays an important role in the
[B-sheet formation.
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Refolding Simulation of HPr from a Partially Unfolded Structure Obtained
by Unfolding Simulation At 1.0 ns

Figure 10A shows the results of simulation of Rsim1-HPr over a period of 4.5 ns.
At first, a hydrophobic nucleus was formed by packing of residual a-helices; R,,
ASA (especially of the nonpolar part), and RMSD decreased (Figs. 4C,D, SF,
6C,D and Table III). Furthermore, two strands (residues 32—37 and 60—66) of the
[-sheet in the native structure came close to each other (pre-f/f packing) at the
hydrophobic nucleus in the partially refolded structure (PR) [Figs. SF and 10A
(3.0ns)], although the (3-sheet was not formed. The partially unfolded structure
(PU) obtained by Usim-HPr at 0.35ns was quite similar to the PR by Rsiml-
HPr at 4.5ns, except for the N-terminus (AR,% = 7.3%, AASA% of the
nonpolar part = 8.1%, and AASA% of the polar part = 17.0%; Table III). The
difference in secondary structure contents between PU obtained by Usim-HPr at
0.35ns and the PR by Rsim1-HPr at 4.5ns was also small (A% —peiix = 1.0%,
A%g—sheet = 0.0%; Table III). The tertiary contact maps of the PU (upper-left
diagonal of Fig 5G) and the PR (lower-right diagonal of Fig. 5F) were very
similar. However, Ca atom positional RMSD of the PR obtained by Rsim1-HPr
at 4.5 ns from the PU by Usim-HPr at 0.35 ns was 11.841 A, i.e. PU obtained by
Usim-HPr at 0.35ns < (PR by Rsiml-HPr at 4.5ns) < PU by Usim-HPr at
1.0ns. These facts indicate that the pathway is unique for the local
unfolding/refolding process.

Refolding Simulation of HPr from a Partially Unfolded Structure Obtained
by Unfolding Simulation At 0.35 ns

Figure 10B shows the snapshots of simulation of Rsim2-HPr over a period of
1.7 ns. The a-helices in PU were similar to the native ones (Fig. 3D). In this
simulation, the protein packing proceeded further [~ 1.7 ns, Fig. 10A (1.7 ns)]; R,
and ASA decreased (Figs. 4D and 6C). The C-terminal a-helix, which was
located far from the hydrophobic core in Usim-HPr (~0.15ns, Fig. 8), was
packed to the hydrophobic core (Figs. 5G and 10B). Furthermore, subsequent to
the o/a packing, pre-B/B packing was also observed, as in the simulation of
Rsim1-HPr. As a result, almost all of the tertiary structure was formed in the
simulation (Fig. 5G). During a period of 1.7 ns, a short two-stranded 3-sheet was
formed in the central 3-sheet region of the native structure (Figs. 5G and 10B).
The short two-stranded 3-sheet was not stable (Fig. 3D).

The PR obtained by Rsim2-HPr at 1.7 ns was very close to the PU by Usim-
HPr at 0.15ns (Fig. 10B,C), with Ca atom positional RMSD from the PU by
Usim-HPr at 0.15ns of 3.782 A. At first, Cae atom positional RMSD of the PU
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obtained by Usim-HPr at 0.35 ns, as the initial structure for Rsim2-HPr, from the
PU by Usim-HPr at 0.15ns was 4.737 A. The structural parameter differences
between the PU obtained by Usim-HPr at 0.15ns and the PR by Rsim2-HPr at
1.7ns, AR,% and AASA% of the polar part and AASA% of the nonpolar part,
were 0.5, 7.2 and 1.7%, respectively. These results also indicate that the pathway
is unique for the local unfolding/refolding process, similar to the results of
Rsim1-HPr, PU obtained by Usim-HPr at 0.15ns < (PR by Rsim2-HPr at
1.7ns) < PU by Usim-HPr at 0.35ns.

Refolding Simulation of HPr from a Partially Unfolded Structure Obtained
by Unfolding Simulation At 0.15 ns

Figure 10C shows the results of simulation of Rsim3-HPr over a period of 1.5 ns.
During the first 0.2ns, protein packing (packing of the C-terminal «-helix)
proceeded further; and R, and ASA decreased (Figs. 4D and 6C). As aresult of the
packing, a tertiary structure, similar to the native structure, was formed (Fig. SH).
Next, a native-like -sheet developed just like a “closing zipper” from the
preexisting “junction” of the [3-sheet (between residues 37 and 60) at 0.3ns
(Figs. 3E and 10C). Judging from the structural parameters, RMSD, R,, ASA, the
secondary structure and tertiary structure (Figs. 3E, 4C, 4D, 5H, 6C,D and
Table III), we found that the structure of the PR was quite similar to the native
structure.

In our calculations, the total simulation period is of the order of a few
nanoseconds. We demonstrated several essential steps of folding by our simu-
lations: « — helix — tertiary structure — [3 — sheet — transition state.The rate
constant for folding of HPr in water has been shown to be 14.9 s~ 1 [38], so that it
is difficult to describe full refolding simulation of HPr.

Folding Pathways of Psv and HPr

The refolding process of psv started from the formation of an «-helix (from
Rsim1 and Rsim2-psv). After the path of a-helix formation, a tertiary structure
was formed (from Rsim2-psv). Concomitantly with the formation of the a-helix
and tertiary structure, a hydrophobic nucleus was formed. Finally, a 3-sheet was
formed (from Rsim2 and Rsim3-psv). These results indicate that the folding
pathway of psv is random coil — a — helix formation phase — packing (tertiary
structure formation) phase — 3 — sheet formation phase — transitionstate —
native.
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The refolding process of HPr started from the formation of a hydrophobic
nucleus (all a-helices being similar to the native ones) and it continued until the
path of B-sheet formation. Subsequently, formation of a tertiary structure
(packing) took place (from Rsim1, Rsim2 and Rsim3-HPr). Finally, a 3-sheet was
formed (Rsim3-HPr). These results suggest that the refolding pathway of HPr is
random coil — a — helix formation phase — packing (tertiary structure forma-
tion) phase — 3 — sheet formation phase — transitionstate — native, the same as
the refolding pathway of psv.

The refolding and unfolding pathways of psv and HPr were exactly reverse.
Thus, the pathway is considered to be a general pathway of folding of small
globular proteins. The first formation of an «-helix and the slow formation of a
[3-sheet observed in our simulations were consistent with experimental
observations [3,39]. In this pathway, an o-helix and a tertiary structure were
formed concurrently with (in parallel to) the “formation of hydrophobic nucleus”
process. This pathway was also found similarly in chymotrypsin inhibitor 2 by
experiment [40] and by MD simulation [41]. Accordingly, the nucleation
condensation model better describes the folding mechanisms of psv and HPr.

CONCLUSIONS

In this study, we found that the protein folding process of both the psv and HPr is
divided into three phases: (I) an a-helix formation phase, (II) a packing (tertiary
structure formation) phase, and (IIT) a 3-sheet formation phase. The formation of
a hydrophobic nucleus occurred concomitantly with the a-helix formation and
packing phase. In the a-helix formation phase, a 3-turn appears first, a 3;o-helix
develops from the -turn (Fig. 2D), and then the 3;(-helix is transformed into an
a-helix. During the packing phase, the protein becomes compact, first by a/a
packing (formation of a tertiary structure) and then by pre-f3/@3 packing (Fig. 5F).
After a long time, probably a few microseconds, a hydrogen bond is formed
between the two neighbouring strands; in this study, we did not simulate this step.
Once the hydrogen bond is formed, 3-sheet formation takes place like a “closing
zipper” (Figs. 9B and 10C). Finally, the configuration of the structure may be
adjusted (from a transition state) to the native structure.

We successfully followed the process of partial folding by getting together
several pieces of refolding simulations. Although complete simulation of the
whole folding process is not possible at present, the rapid increase in
computational power should enable us to perform a microsecond MD simulation
of a protein in the near future; a molecular dynamics machine (MDM) was
developed by Narumi et al. [42].
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