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Abstract: Traditionally, the empirical force field had great difficulties in simulatingâ-sheet folding. In the
current study, we tested molecular dynamics simulations ofâ-sheet folding using a solvent-referenced potential.
Three availableâ-sheet-forming synthetic peptides, TWIQNGSTKWYQNGSTKIYT, RGWSVQNGKYT-
NNGKTTEGR, and VFITSDPGKTYTEVDPGOKILQ, were simulated at their experimental temperatures. From
extended initial conformations, all three peptides folded intoâ-sheet conformations. The calculated ratios of
theâ-structure from the 100 ns simulations were 26.5%, 17.8%, and 28.5%, respectively, for the three peptides.
From different initial conformations, folding intoâ-sheets was also observed. With the same energy functions,
the alanine-based peptide folded into helical conformations, demonstrating the sequence dependence of folding.
During simulations, theâ-sheet folding is usually initiated by the fast formation of turns. The three-strand
compact structures with favorable inter-strand side-chain interactions occur prior to backbone hydrogen bonding.
The conversion of the compact structure toâ-sheet is slow, and the peptide spends most of the time in these
two states. The attractive side-chain interaction is mainly due to the solvent effect, especially the hydrophobic
interactions. Without this solvent effect,â-sheet did not form in the simulations. For the first two sequences,
the simulations suggest that the experimentally observed structure may include an ensemble ofâ-sheet structures.
For the DP-containing peptide, oneâ-sheet structure with type II′ â-turns is much more stable than other
structures.

Introduction

Secondary structure formation has been proposed as one of
the early steps in the folding pathway by which a polypeptide
chain folds into its native three-dimensional structure.1-3

Understanding these initial steps is of primary importance to
the study of the overall protein folding process as well as to
the de novo design of proteins. Despite the importance ofâ-sheet
structures as basic secondary structure elements in proteins,
studies of the principles underlying their formation and stability
have lagged behind studies of theR-helix, because it is difficult
to find solubleâ-sheet peptides, whereas short peptides that form
monomericR-helices in solution are readily available.4,5 It is
believed that the low solubility of theâ-sheet-forming peptides
or their high tendency to aggregate arises from the amphipathic
character of theâ-structure and the high content of hydrophobic
residues, the ones with highestâ-sheet propensities.6-8 Until

very recently, the scarce information available on the determi-
nants ofâ-sheet stability has been obtained from systematic
mutagenesis experiments using small engineered proteins that
contain a solvent-exposedâ-sheet.9-12

Despite the difficulties, some linear peptides have recently
been shown to fold into monomericâ-hairpins in aqueous
solution.13-16 Furthermore, the design and structure elucidation
of the modelâ-hairpins has demonstrated that the conformation
of the turn plays a key role in directingâ-hairpin structure, and
achieved some rational control of the position and size of the
â-hairpin loop.17-19 Inspired by the observation thatâ-hairpins
with two-residue loops in crystalline protein often have a type
I′ or type II′ â-turn,20,21 investigators have designed short
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peptides containing GS, NG, orDPG (DP stands forD-proline)
segments to adoptâ-hairpin or â-sheet structures with two-
residue turns at these locations.

On the basis of the experimental study and statistical analysis
of amino acidâ-turn andâ-strand propensities, cross-strand side-
chain interaction preferences,22 and the success in design of
solubleâ-hairpins, several groups have designed peptides that
can form a three-strand antiparallelâ-sheet motif in aqueous
solution. The lengths of these peptides were kept as short as
possible while allowing the strands to be long enough to
accommodate the interstrand hydrogen bonds and the side-chain
interactions needed to stabilize the structure. Differentâ-turn
and â-strand sequences were employed in these synthetic
peptides. Kortemme et al.23 have succeeded in designing a 20-
residue peptide, RGWSVQNGKYTNNGKTTEGR, which folds
into a stable three-stand antiparallelâ-sheet with two NG
â-turns. Schenck and Gellman24 used twoDPG segments as the
two â-turn sequences in their 20-residue three-strand antiparallel
â-sheet-forming peptide, VFITSDPGKTYTEVDPGOKILQ. De
Alba et al.25 have designed another 20-reisdue peptide, TWIQNG-
STKWYQNGSTKIYT, which forms a three-strand antiparallel
â-sheet in aqueous solution with two GSâ-turns. In addition,
Sharman and Searle26 have described a 24-residue peptide,
which forms a â-sheet in 50% methanol solution. These
peptides, each of small size and distinctive structure, provide
ideal models in refining existing molecular dynamics (MD)
protocols, as well as testing recent theoretical approaches to
protein folding.

The folding of secondary structures captures much of the basic
physics of protein folding, but the extremely fast kinetics in
secondary structure folding presents a great challenge in the
experimental study of this phenomenon. These events, many
of which occur in less than a millisecond, cannot be directly
observed by most of the current kinetic methods. Only very
recently, new experimental techniques have been put forward,
which allow for the observation of protein folding, including
secondary structure formation, in a time scale from nanoseconds
to microseconds.27-29 Computer simulations, on the other hand,
can provide a detailed picture of these early events.30,31

We have previously reported peptide folding simulations
using Monte Carlo and MD methods at experimentally relevant
temperatures.32-35 To make long folding simulations accessible
with available computing power, water molecules were not
included explicitly in our simulations; instead, the average
solvent effect was included by using the solvent-referenced
potential. The early simulations could not afford to include many

solvent molecules.36,37Recently, with much greater computing
power, MD simulations of peptide folding with explicit water
molecules have become available.38,39 However, most of these
simulations were carried out on helical structures.36-39 Tradi-
tionally, the empirical force fields had great difficulties in
simulating the folding ofâ-sheet structures. To our knowledge,
there has not been aâ-sheet folding simulation with atom-based
models. The previous success in the simulation ofâ-hairpin
folding34,35prompted us to go one step further toward the folding
simulation of theâ-sheet. In the current study, the solvent-
referenced potential we used previously was tested on the three
availableâ-sheet-forming synthetic peptides.

Methods

The methods used in our study have been described in detail
previously.32,35Here, we provide a brief outline of their main features.
The basic idea is to use the average solvent effect as the reference
state for energy calculation without explicitly including water molecules
in the simulation. This solvent-referenced potential greatly increases
the computational efficiency. It may also reduce the inaccuracy resulting
from the cancellation of large energy terms calculated with a vacuum
reference state and circumvent the difficulties caused by the multiple
minima problem.40 The competing effect of the interactions with the
solvent usually reduces the strength of the interactions among protein
atoms and lowers the energy barriers. The solvent-referenced potential
represents a simplified and reduced interaction. It includes modifications
of the van der Waals (VDW) and the electrostatic interactions, and the
treatment of the solvent effect. We tested these treatments on the folding
of protein secondary structures with the AMBER force field param-
eters.41,42In principle, the concept of the solvent reference can be applied
to other force fields, although detailed treatments may be different.

In solutions, the intramolecular VDW interactions of a protein
molecule are balanced by the intermolecular VDW interactions with
solvent molecules. The long-range attractive VDW interactions provide
a nearly uniform background potential and therefore can serve as the
reference for the VDW energy calculation. The possible difference
between the protein intramolecular VDW attraction and that with water
is included in the solvent effect. The short-range repulsion represents
the exclusive volume of each atom and needs to be calculated explicitly.
On the basis of these considerations, a shifted truncation at the minimum
energy distance is applied to the calculation of VDW interaction
energy,32 as shown in eq 1,

wherer is the distance between two interacting atoms andr* is the
minimum energy distance for the given pair of atoms. This treatment
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applied to protein structure studies.45 However, when a peptide molecule
is big and compact, solvent molecules cannot readily fill in any internal
space of the peptide. Completely truncating the attractive part of the
VDW interaction may result in unreasonable empty spaces inside a
compact structure. Therefore, a truncation at a larger distance is
sometimes applied.46 In the current study, the peptide molecule forms
a three-strandâ-sheet, which has a larger buried portion than a
â-hairpin, and a truncation atr ) 1.25r* is also tested.

Similarly, the electrostatic interaction of the in vacuo calculation
needs modification to account for the solvent effect. As a widely applied
approximation, different effective dielectric constant values as well as
various forms of distance-dependent functions have been used in MD
simulations.47-49 In our previous studies, the electrostatic interaction
was consistently scaled down by a factor of 2. A scaled distance-
dependent function has been tested forR-helix folding,32,33 and a
constant value 2 has been tested for bothR-helix and â-hairpin
folding.34,35 For simple secondary structure elements without charged
side-chains, either a distance-dependent function or a constant value
within a reasonable range can be used to simulateR-helix andâ-sheet
folding. In the current study, a dielectric constant 2 was used to account
for the solvent effect on intramolecular electrostatic interactions among
protein atoms.

However, in a real heterogeneous protein-solvent system, a single
dielectric constant cannot exactly account for the complicated solvent
effect on electrostatic interactions. For a system as simple as a peptide
with charged side-chains, the calculated electrostatic interactions
between charged side-chains and other peptide groups, such as the
attraction between a lysine side-chain and the backbone carbonyl, are
often so strong that it traps the structure in an unrealistic conformation.
Experimentally, the charged side-chains tend to be surrounded by water
molecules and a much higher dielectric constant, such as 80 for water,
needs to be applied for the side-chain. Or, it may have a close interaction
with a counterion and its charge is largely neutralized. Therefore, using
a neutral side-chain could be a reasonable option. The AMBER force
field42 provides such an option that side-chain atomic charges are
adjusted to neutralize the total change of the amino acid. In the current
study, instead of using different values of the dielectric constant for
charged side-chains, neutral side-chains for lysine, arginine, glutamate,
and ornithine residues were used to reduce the unrealistic intramolecular
interactions. Similar treatment has been used previously.50

In the implicit solvent approach, the solvent effect is often assumed
to be proportional to the solvent-accessible surface area (SASA).51,52

In the current study, the solvation free energy,∆G, was calculated as
the sum of the contribution from each atom according to its exposure
to the solvent, as shown in eq 2. The contribution from an atomi is
assumed to be the product of an atomic solvation parameter∆σi and
the solvent-accessible surface areaAi.51,53

MD simulations with surface area-based solvation energy have been
carried out before.53,54 On the basis of the free energy of transfer
between water and octanol,55 we obtained a set of solvation parameters
in which the protein atoms were categorized into six types: C, O, N,
O-, N+, and S.33 In the current study, similar parameters with some
modification were used. The atomic solvation parameters used were

25 cal mol-1 Å-2 for C, -9 cal mol-1 Å-2 for N and O, and 5 cal
mol-1 Å-2 for S. The atomic solvation parameters for O- and N+ were
not used in this study.

In the current study, MD simulations were carried out using AMBER
software.41,42 The electrostatic interaction was cut off at 20 Å without
using extra switching functions. The time step used in the simulations
was 0.002 ps with the bond lengths involving hydrogen atoms fixed
by the SHAKE procedure.56 The AMBER software we obtained does
not contain the SASA calculation. The algorithm of the TINKER
software57 for calculating the surface area and its derivative was used.
In this algorithm, the derivative of the surface area was calculated
analytically for evaluating the force resulting from the surface area
change. The surface area-based calculation is more efficient than
including water molecules explicitly, but it still increases computing
time by about 15-fold compared with the calculations that do not include
the solvent effect. However, the solvation energy change at each step
is more than an order of magnitude smaller than the fastest changing
energy term (usually, the bond vibration energies). To speed up the
simulation, a larger time step (0.02 ps) was used to calculate the surface
area and its derivative. The force resulting from the solvation was kept
constant within each of these large time steps. In our previous study
of helix folding,33 the results with the large time step were compared
with those with 0.002 ps time step for the surface area calculation.
The structures observed and the folding time were similar during the
simulations. The larger time step (0.02 ps) for the solvent effect
calculation speeds up the simulation by about 6-fold. Multiple time
steps have been widely used in MD simulations to increase computa-
tional efficiency58 and more elaborate methods have been developed.59

Here, we simply increased the time step to 0.02 ps for the solvent effect
calculation and numerical instabilities were not encountered.

The content ofâ-sheet andâ-hairpin conformation, or theâ-ratio,
in the peptide conformations was analyzed by the DSSP program.60

Peptide coordinates were recorded every 0.01 ns during the simulation,
and the secondary structure analysis was carried out on each recorded
conformation along the simulation trajectory. The overallâ-ratio was
calculated by counting the total number of residues participating in
theâ-turns and theâ-strands divided by the number of residues in all
recorded conformations. Residues in the loop region between two
â-strands that did not formâ-turns were treated as not having aâ
structure. All figures in this article were created by the molecular
modeling software InsightII and the graphic software SigmaPlot. All
simulations and analysis were carried out on an SGI O2 workstation.

Results and Discussion

Folding Simulation of Ac-TWIQNGSTKWYQNGST-
KIYT-NH 2. De Alba et al.25 showed that the peptide TWIQNG-
STKWYQNGSTKIYT (GS hereafter) forms a significant popu-
lation of monomeric three-strand antiparallelâ-sheet in aqueous
solution. The 20-residue peptide was designed to be able to form
two type II′ â-turns at the two GS locations, with the other parts
forming three â-strands. Turn residues GS were selected
according to their high statistical probability of being at positions
i + 1 andi + 2 of a type II′ â-turn. Residues with highâ-sheet
propensity, such as I, Y, W, and T, were used for theâ-strand
sequences. Two lysine residues, which have lowâ-sheet
propensity, were included to increase peptide solubility and
prevent aggregation. Nuclear magnetic resonance (NMR) data
obtained at 283 K are consistent with the presence of a single
structure form, the three-strandâ-sheet, in equilibrium with the
coil conformations. Theâ-sheet population was 13-31% based
on CRHi-CRHj NOE intensity, 30-55% based on the chemical
shift of CRH protons.
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The MD simulation of GS was carried out for 100 ns at the
experimental temperature of 283 K. The simulation started with
a standard extended conformation, with the backboneφ, ψ
dihedral angles assigned to 180° for all residues. A short
â-hairpin formed rapidly within 0.2 ns at the C-terminal part
of the peptide. Thisâ-hairpin conformation has a three-residue
turn at the C-terminal NGS location and four interstrand
hydrogen bonds. Thisâ-hairpin unfolded after about 1 ns.
Another C-terminalâ-hairpin, which has a type II′ â-turn at
the C-terminal GS location and four interstrand hydrogen bonds,
folded around 1.8 ns. This C-terminalâ-hairpin unfolded at 2.4
ns. At about 3.2 ns, a short N-terminalâ-hairpin with a type II′
â-turn at the N-terminal GS location formed; thisâ-hairpin
quickly developed into an antiparallel three-strandâ-sheet 0.2
ns later. This three-strandâ-sheet conformation has two type
II ′ â-turns at the two GS locations. Theâ-sheet was stable for
about 3 ns, until the C-terminalâ-strand unfolded at 6.4 ns.
The N-terminalâ-hairpin remained folded for another 1.5 ns
before the peptide unfolded completely at 8 ns. This three-strand
â-sheet conformation folded again during 49-50 and 55-56.5
ns. The peptide adopted various conformations with some
â-hairpin contents after 8 ns, before it folded into another three-
strandâ-sheet conformation at about 18 ns. This newâ-sheet
conformation has a three-residue turn at the N-terminal NGS
location and a type I′ â-turn at the C-terminal NG location. It
unfolded shortly before 20 ns. Thisâ-sheet conformation folded
again during 72-79 and 88-92 ns. In thisâ-sheet conformation,
the C-terminal NGâ-turn was not stable and often unfolded
into a four-residue turn at the C-terminal QNGS location.
Another stable three-strandâ-sheet conformation, which was
first observed around 25 ns, has a type II′ â-turn at the
N-terminal GS location and a three-residue turn at the C-terminal
NGS location. Thisâ-sheet conformation folded during 25-
26, 51-55, and 97.5-100 ns.

The overall percentage of theâ structure (â-ratio) in this 100-
ns simulation is 26.5%, as calculated by the DSSP algorithm.
Theâ-ratio agrees quite well with the experimental estimations
of theâ-sheet population for this peptide.25 Figure 1 shows the
location of the three-strandâ-sheet and theâ-hairpin conforma-
tions in every 0.1 ns during the simulation, as well as the
accumulatedâ-ratio. The accumulatedâ-ratio is drawn as a thick
curve in the figure. Theâ-hairpin andâ-sheet conformations
are represented by vertical lines, with the solid lines for the
â-strands and the dotted lines forâ-turns. The accumulated
â-ratio at timet is the average percentage of theâ structure
over the period of time from 0 tot. In the beginning of the
simulation, because the period of time for averaging is shorter,

a structural change has a more apparent effect on the shape of
the accumulatedâ-ratio curve than in the later stage of the
simulation. Hence, a sharp peak is often observed, corresponding
to a transientâ structure. The folding process that occurred
between 3.1 and 3.4 ns is illustrated in Figure 2. At 3.1 ns, the
peptide adopted a coil conformation. At 3.2 ns, a type II′ â-turn
formed at the N-terminal GS location. A complete N-terminal
â-hairpin formed at 3.25 ns, and the C-terminal part of the
peptide adopted a U-shaped conformation. With more interstrand
hydrogen bonds formed in the C-terminal, the peptide folded
into a complete three-strand, antiparallelâ-sheet conformation
with two type II′ â-turns at the two GS locations at 3.39 ns.

The important energies were recorded every 0.01 ns during
the 100-ns simulation, as shown in Figure 3. The top curve in
this figure shows the VDW energy, the second the solvation
energy, the third the total potential energy, and the bottom the
electrostatic energy. Upon the folding ofâ-sheet structures, all
energy terms decreased. The average potential energy for two
â-sheet regions (3.5-6.0 and 50.5-53.0 ns; 500 structures) is
14.5 kcal/mol lower than the average potential energy of three
coil regions (38.9-39.9, 42.0-45.0, and 69.0-70.0 ns; 500
structures). The average solvation energy, electrostatic energy,
and VDW energy for theâ-sheet regions is 3.6, 7.9, and 1.2
kcal/mol lower than that of the coil regions, respectively. The
contributions to the potential energy difference from covalent
bonding energies are smaller in value, totaling about 1.8 kcal/
mol. Compared with coil conformation, the lower electrostatic
energy ofâ-sheet comes from the large number of hydrogen
bonds formed by backbone atoms. The lower solvation energy
and the lower VDW interaction energy resulted from the better
side-chain packing in theâ-sheet.

During the simulation, four typical three-strandâ-sheet
conformations along with two typicalâ-hairpin conformations
were observed (Figure 4). Of the fourâ-sheets, the first one

Figure 1. Location and time of occurrence ofâ-sheet (andâ-hairpin)
structures during the simulation of peptide GS. The solid vertical lines
represent theâ-strands and the dotted vertical lines theâ-turns. The
thick curve shows the accumulatedâ-ratio.

Figure 2. Conformations illustrating aâ-sheet folding event. The
conformations of peptide GS at 3.10, 3.20, 3.25, and 3.39 ns are shown
from left to right. The backbone of the peptide is shown as ribbons;
side-chain atoms are not shown. The N-terminus of the peptide is
located at the lower left of each structure.

Figure 3. Energy changes during the simulation of peptide GS. The
top curve shows the VDW energy, the second curve from the top the
solvation energy, the third curve from the top the total potential energy,
and the bottom curve the electrostatic energy.
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has two type II′ â-turns at the two GS locations with six
hydrogen bonds formed between each edge strand and the
central strand. The secondâ-sheet has a type II′ â-turn at the
N-terminal GS location and a three-residue turn at the C-terminal
NGS location. The N-terminalâ-hairpin has six interstrand
hydrogen bonds, whereas the C-terminalâ-hairpin has five. The
third â-sheet has a three-residue turn at the N-terminal NGS
location and a type I′ â-turn at the C-terminal NG location with
the N-terminalâ-hairpin having five interstrand hydrogen bonds
and the C-terminalâ-hairpin having six. The fourthâ-sheet is
a mixed parallel-antiparallel â-sheet with the N-terminal
â-strand as its central strand. Thisâ-sheet conformation was
only briefly observed, at 57.4-57.8 ns in the simulation. With
only two â-strands formed, the peptide can fold into various
â-hairpin conformations. The firstâ-hairpin conformation in
Figure 4 has a type II′ â-turn at the N-terminal GS location
and six interstrand hydrogen bonds. The N-terminal 2/3 of the
peptide formed aâ-hairpin conformation, and the C-terminal
1/3 adopted a coil conformation. The secondâ-hairpin confor-
mation in Figure 4 has a type II′ â-turn at the C-terminal GS
location and five interstrand hydrogen bonds. The C-terminal
2/3 of the peptide formed aâ-hairpin conformation, and the
N-terminal 1/3 adopted a coil conformation. Otherâ-hairpin
conformations with different turn and strand configurations were
also observed during the simulation. Allâ-sheet andâ-hairpin
conformations had a right-handed twist characteristic, which is
consistent with experimental structures of theâ-sheet in
proteins.61 All of these conformations have lower potential
energies compared with the coil structures.

Different turn configurations have been found for the three-
strandâ-sheet conformations. Type II′ â-turns at the two GS
locations were frequently observed in the three-strandâ-sheet
structures. Of these two GS turns, the N-terminalâ-turn is more
stable compared with the C-terminal GS turn. Three-residue
turns at the two NGS locations were also observed in theâ-sheet
conformations. Even though GS were designed to form the two-
residueâ-turn, the NG segment also has a high statistical
probability of forming a type I′ â-turn.20 A type I′ â-turn at the
C-terminal NG formed in one of the typicalâ-sheet conforma-
tions, but it usually unfolded into a four-residue turn. A type I′
â-turn at the N-terminal NG was not observed in theâ-sheet
structures, though it was observed in some of theâ-hairpin
structures. Different configurations of the turn regions in the
â-sheet structures were a result of the competing effects of
forming a type II′ â-turn at GS and a type I′ â-turn at NG. The
type I′ â-turn suits theâ-hairpin conformation better than the
type II′ â-turn due to their larger right-handed twist. The type
II ′ â-turn is more planar, allowing better backbone interstrand

hydrogen bonding. Type II′ â-turns at the GS locations were
more stable than type I′ NG â-turns because for smallâ-sheet
structures, a stable hydrogen bond network is needed. Although
NMR data are compatible with the presence of a single three-
strandâ-sheet form, linear peptides in solution commonly exist
as conformational ensembles of fast interconverting structures.
This is the reason that multipleâ-sheet structures were observed
in our simulation.

In the three-strandâ-sheet conformations, the side-chains
were separated into two groups along a plane formed by the
backbone atoms. In the firstâ-sheet in Figure 4, the hydrophobic
side-chain atoms of I3 of the firstâ-strand, T8 and W10 of the
secondâ-strand, and Y19 of the thirdâ-strand packed together
to form a hydrophobic cluster along one side of the backbone
plane. On the other side, the hydrophobic side-chain atoms of
W2 of the firstâ-strand, K9 and Y11 of the secondâ-strand,
and I18 of the third strand packed together to form the
hydrophobic cluster. The pairing and side-chain packing pattern
in this â-sheet conformation agree with all the NMR findings
except for two weak NOEs indicating side-chain interactions
in W2‚‚‚W10, and W2‚‚‚N13 pairs, as listed in Table 1. The
side-chains of W2 and W10 sit on different sides of the
backbone plane in this conformation, making it impossible for
any side-chain interactions between these two residues. Even
though their side-chains are aligned on the same side of the
backbone plane, the distance between W2 and N13 is too large
to have any strong side-chain interaction between them.(61) Chothia, C.J. Mol. Biol. 1973, 75, 295-302.

Figure 4. Different types ofâ-sheet andâ-hairpin conformations observed during the folding simulation of peptide GS. From left to right, a
three-strandâ-sheet with two type II′ â-turn at the two GS locations (5 ns), a three-strandâ-sheet with a type II′ â-turn at the N-terminal GS
location and a three-residue turn at the C-terminal NGS location (25 ns), a three-strandâ-sheet with a three-residue turn at the N-terminal NGS
location and a type II′ â-turn at the C-terminal GS location (88 ns), a three-strandâ-sheet with the N-terminalâ-strand as the centralâ-strand (57
ns), an N-terminalâ-hairpin (47 ns), and a C-terminalâ-hairpin (10 ns). Side-chain atoms are not shown. The N-terminus is located at the lower
part of each structure.

Table 1. Compatibility of Differentâ-Sheet Conformations of
Peptide GS with Experimentally Observable Interstrand NOEs

â-sheet

residue I residue J
NOE

intensitya 1b 2 3 4

CRH W2 CRH Y11 m-s Y Y Y Y
Cε3H W2 CRH Y11 w Y Y Y Y
CRH Q4 CRH K9 s Y Y Y Y
CRH W10 CRH Y19 m-s Y Y N N
CRH Q12 CRH K17 m-s Y Y N N
CRH T1 Cε3H Y11 w Y Y Y Y

Cââ′H W2 Cε3H W10 vw N N Y N
Cε3H W2 Câ′H N13 w N Y N N
CγH3/CδH3 I3 Cε′3H W10 w Y Y N Y
CγH3/CδH3 I3 Cδ1H W10 m-w Y Y N Y
CδH Y11 Cγ′H I18 vw Y N Y N
CδH Y11 CγH I18 w Y N Y N
CδH Y11 CγH3 I18 m Y N Y N

a The intensities of the NOEs are classified as follows: s, strong;
m, medium; m-s, intermediate between strong and medium; w, weak;
m-w, intermediate between weak and medium; vw, very weak.b Y
indicates that the distance between the atom pair is small enough in
the structure for NOE to be observable. N indicates that the distance
between the atom pair is too large in the structure for NOE to be
observable.
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In the secondâ-sheet in Figure 4, the hydrophobic side-chain
atoms of I3, W10, T16, and I18 form a hydrophobic cluster
along one side of the backbone plane. The hydrophobic side-
chain atoms of W2, K9, Y11, and Y19 form a hydrophobic
cluster on the other side. The pairing and side-chain packing
pattern in thisâ-sheet conformation satisfy some of the NOE
constrains, including the signal indicating side-chain interactions
between W2 and N13. Here, W2 and N13 are close enough to
have strong side-chain interaction between them. But, Y11 and
I18 are on different sides of the backbone plane, inconsistent
with the observed NOEs between the side-chain atoms of these
two residues.

In the thirdâ-sheet in Figure 4, the hydrophobic side-chain
atoms of I3, K9, Y11, and I18 form a hydrophobic cluster on
one side of the backbone plane. The hydrophobic side-chain
atoms of W2, W10, K17, and Y19 form a hydrophobic cluster
on the other side. The side-chains of W2 and W10 are very
close in this conformation, satisfying the NOE constraint
observed between these two residues. But the pairing and side-
chain packing pattern does not satisfy most of the other NOE
constrains as listed in Table 1. For theâ-sheet with the
N-terminal strand as the central strand, the hydrophobic side-
chain atoms of I3, W10, and Y19 form a hydrophobic cluster
along one side of the backbone plane. The hydrophobic side-
chain atoms of W2, K9, Y11, and I18 form a hydrophobic
cluster on the other side. The pairing and side-chain packing
pattern do not satisfy most of the interstrand NOEs. As none
of the â-sheet conformations satisfied all the observed NOEs,
a likely explanation is that the peptide exists in three different
â-sheet conformations in aqueous solution, with the most
populated form being the firstâ-sheet. The second and third
â-sheet were present in a much smaller population as indicated
by the weak NOEs of W2‚‚‚W10 and W2‚‚‚N13 interactions.

Folding Simulation of Ac-RGWSVQNGKYTNNGKT-
TEGR-NH2. Using a four-residue per strand and two-residue
â-turns structural template and an iterative hierarchical approach,
Kortemme et al.23 have successfully designed a 20-amino acid,
three-strandedâ-sheet peptide, RGWSVQNGKYTNNGKT-
TEGR (NG hereafter), based on a designed de novoâ-hairpin
peptide.14 In the selection of the peptide sequence, experimental
information onâ-hairpin stability, amino acidâ-sheet propensi-
ties, and statistical preferences for interstrand residue pairing
have been considered. The turn sequences were selected to be
optimal for type I′ â-turns.19 Two arginine residues at both ends
of the peptide were introduced to increase its solubility and
prevent aggregation. NMR spectroscopy at 273 K provides
strong evidence that the 20-residue peptide forms a monomeric,
three-stranded, antiparallelâ-sheet in aqueous solution, with the
NG residues forming the twoâ-turns.

The simulation of NG was carried out for 100 ns at the
experimental temperature of 273 K. The simulation started with
a standard extended conformation. Aâ-hairpin formed at the
N-terminal part of the peptide at about 0.1 ns. Thisâ-hairpin
has a three-residue turn at the N-terminal NGK location and
four interstrand hydrogen bonds. Thisâ-hairpin unfolded after
about 0.5 ns. Another N-terminalâ-hairpin, which has a type
II ′ â-turn at the N-terminal GK location and four interstrand
hydrogen bonds, and a C-terminalâ-hairpin, which has a three-
residue turn at the C-terminal NGK location and four interstrand
hydrogen bonds, folded occasionally during the first 5-ns
simulation. The C-terminalâ-hairpin with three-residue turn
folded again at 5 ns and developed into a three-strandâ-sheet
conformation at around 5.8 ns. The three-strandâ-sheet has two
three-residue turns at the two NGK locations, and it unfolded

around 6 ns. The peptide adopted various conformations with
some â-hairpin contents before it folded into a very stable
â-hairpin conformation at about 44 ns. Thisâ-hairpin has a
â-turn at the KY location with up to eight interstrand hydrogen
bonds. It unfolded shortly before 53 ns. The three-strandâ-sheet
was observed briefly again between 66 and 67 ns. The most
stable three-strandâ-sheet region in this 100-ns simulation
occurred between 77 and 79 ns as the peptide folded for about
2 ns.

The overallâ-ratio in this 100-ns simulation is 17.8%, as
calculated by the DSSP algorithm. Figure 5 shows the location
of theâ-hairpin andâ-sheet conformations every 0.1 ns during
the simulation, as well as the accumulatedâ-ratio. Theâ-ratio
is mostly contributed by theâ-hairpin content in different
conformations. Three-strandâ-sheet conformations were ob-
served during the simulation, but none of them were very stable.
Unlike the three-strandâ-sheet structure determined by the NMR
experiment, which has two type I′ â-turns at the two NG
locations, the most stable three-strandâ-sheet observed in our
simulation has two three-residue turns at the two NGK locations.

Upon the folding ofâ-sheet andâ-hairpin structures, all
energy terms decreased compared with those of the coil
conformations. The average potential energy for one stable
â-sheet region (77.0-78.0 ns; 100 structures) is 8.7 kcal/mol
lower than the average potential energy of three coil regions
(27.0-28.2, 33.8-36.0, and 84.6-86.2 ns; 500 structures). The
average solvation energy, electrostatic energy, and VDW energy
for theâ-sheet regions is 1.1, 4.9, and 2.1 kcal/mol lower than
that of the coil regions, respectively. The contributions to the
potential energy difference from covalent bonding energies are
smaller in value, totaling about 0.7 kcal/mol. Theâ-sheet
conformations in this simulation are much less stable compared
with those of peptide GS. The smaller value in the potential
energy difference betweenâ-sheet and coil conformations could
be an indication of the instability of theâ-sheet structures for
this peptide.

During the simulation, three types of the three-strandâ-sheet
were observed (Figure 6). Of the three typicalâ-sheet confor-
mations, the first one has two three-residue turns at the two
NGK locations with five hydrogen bonds formed between each
edge strand and the central strand. The secondâ-sheet has a
â-turn at the QN location and a six-residue loop at the NNGKTT
location. The N-terminalâ-hairpin has five interstrand hydrogen
bonds, and the C-terminal four. Unlike the previous twoâ-sheet
conformations, the thirdâ-sheet uses the C-terminalâ-strand
as the central strand. The small side-chains of the C-terminal

Figure 5. Location and time of occurrence ofâ-sheet (andâ-hairpin)
structures during the simulation of peptide NG. The solid vertical lines
represent theâ-strands and the dotted vertical lines theâ-turns. The
thick curve shows the accumulatedâ-ratio.
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â-strand fit well between the other twoâ-strands. With only
two â-strands formed, the peptide can also fold into different
â-hairpin conformations. Theâ-hairpin formed by the N-
terminal 2/3 of the peptide usually has a three-residue turn at
the N-terminal NGK location, whereas theâ-hairpin formed
by the C-terminal 2/3 usually has a type II′ â-turn at the
C-terminal GK location or a three-residue turn at the C-terminal
NGK location. C-Terminalâ-hairpin conformations were more
frequently observed than N-terminal ones during the simulation.
Figure 6 also shows the structure of a stable longâ-hairpin
observed during the simulation, which has a KYâ-turn and
eight interstrand hydrogen bonds. This longâ-hairpin structure
appeared to be a result of the side-chain interactions. During
the folding process, the side-chain of N7 formed hydrogen bonds
with CdO of K9 and NH of T11, and the side-chain of T11
formed a hydrogen bond with NH of G9. These hydrogen bonds
helped the formation of a turn at the KY location. The side-
chains of N7 and T11 formed a hydrogen bond between them
in the â-hairpin conformation, which stabilizes theâ-hairpin
structure. Allâ-sheet andâ-hairpin conformations had a right-
handed twist characteristic and lower potential energies com-
pared with the coil structures.

Folding Simulation of Ac-VFITSDPGKTYTEV DPGOK-
ILQ-NH 2. Peptide VFITSDPGKTYTEVDPGOKILQ (PG here-
after) was found24 to adopt a three-strand antiparallelâ-sheet
conformation in aqueous solution. Site-specific conformational
data from NMR spectroscopy provide strong evidence that high
populations of the three-strandâ-sheet are present in aqueous
solution at 297 K. PG also displays aâ-sheet signature in
circular dichroism measurements. This peptide incorporated
three unnatural amino acids (twoD-prolines and one ornithine).
The constraint of the pyrrolidine ring ofDP restricts its backbone
φ torsion angle to a value close to the idealφi+1 value of+60°
in a type I′ or type II′ â-turn, promoting the formation of two
â-turns at the twoDPG locations. It is intended that the formation
of these twoâ-turns will further promote the formation of two
â-hairpins with one strand in common. Ornithine has a side-
chain similar to that of lysine, but one CH2 unit shorter.

The simulation of PG was carried out for 100 ns at the
experimental temperature of 297 K. The simulation started with
an extended conformation generated by assigning the backbone
φ, ψ dihedral angles to 180° for all residues except the two
D-prolines, whoseφ andψ dihedral angles were set to 60° and
180°, respectively. Within 0.2 ns of the simulation, various
â-turns formed at several locations along the peptide sequence,
including the twoDPG locations, as the peptide system searched
for low-energy conformations. Theâ-turns formed atDPG were

always type II′. A â-turn located at the C-terminalDPG sequence
developed into a shortâ-hairpin with three hydrogen bonds at
around 0.3 ns. This first shortâ-hairpin was not stable and
unfolded very quickly. A three-strandâ-sheet conformation first
formed at 0.9 ns, with twoâ-turns at the twoDPG locations
and less than three hydrogen bonds between the centralâ-strand
and the edgeâ-strands. The N-terminalâ-hairpin of this three-
strandâ-sheet unfolded at about 1 ns, while the C-terminal
â-hairpin remain folded, and the peptide refolded into a three-
strandâ-sheet structure at 1.4 ns. The newâ-sheet conformation
has more interstrand hydrogen bonds and is more stable, which
unfolded at about 2.0 ns. The peptide underwent several folding
and unfolding processes in the first 20-ns simulation, during
which three-strandâ-sheets with different number of interstrand
hydrogen bonds and variousâ-hairpin conformations with
different loop configurations have been observed. Shortly after
20 ns, the peptide refolded into the three-strandâ-sheet again;
this time theâ-sheet conformation was very stable, lasting about
3 ns. The most stableâ-sheet region observed during the
simulation occurred between 76 and 81 ns, and the peptide
stayed in this conformation for about 5 ns.

The overallâ-ratio in this 100-ns simulation is 28.5%, as
calculated by the DSSP program. Figure 7 shows the location
of theâ-hairpin andâ-sheet conformations every 0.1 ns during
the simulation, as well as the accumulatedâ-ratio. This peptide
has the most stable turn regions, especially the N-terminal
â-turn, and the highestâ-ratio among the threeâ-sheet-forming
peptides. The average potential energy for threeâ-sheet regions
(21.2-23.0, 78.2-80.2, and 83.0-84.2 ns; 500 structures) is
13.5 kcal/mol lower than the average potential energy of three
coil regions (14.5-16.3, 27.1-28.3, and 98.0-100.0 ns; 500
structures). The average solvation energy, electrostatic energy,
and VDW energy for theâ-sheet regions is 1.9, 6.3, and 2.5
kcal/mol lower than that of the coil regions, respectively. The
contribution to the potential energy difference from covalent
bonding energies is 2.8 kcal/mol.

During the simulation, three typical three-strandâ-sheet
conformations were observed (Figure 8). Of the three typical
â-sheet conformations, the first one has two type II′ â-turns at
the two DPG locations, with five hydrogen bonds formed
between each edge strand and the central strand. Thisâ-sheet
is the most frequently observedâ-sheet conformation during
the 100-ns simulation. In this structure, the hydrophobic side-
chain atoms of I3 of the firstâ-strand, K8 and Y10 of the second
â-strand, and K17 and L19 of the thirdâ-strand packed together
to form a hydrophobic cluster along one side of the backbone

Figure 6. Different types ofâ-sheet andâ-hairpin conformations
observed during the folding simulation of peptide NG. From left to
right, a three-strandâ-sheet with two three-residue turns at the two
NGK locations (77 ns), a three-strandâ-sheet with aâ-turn at the QN
location and a six-residue loop at the NNGKTT location (66 ns), a
three-strandâ-sheet with the C-terminalâ-strand as the central strand
(37 ns), and aâ-hairpin with aâ-turn at the KY location (45 ns). Side-
chain atoms are not shown. The N-terminus is located at the lower left
of each structure.

Figure 7. Location and time of occurrence ofâ-sheet (andâ-hairpin)
structures during the simulation of peptide PG. The solid vertical lines
represent theâ-strands and the dotted vertical lines theâ-turns. The
thick curve shows the accumulatedâ-ratio.

Folding Simulation ofâ-Sheet Structure J. Am. Chem. Soc., Vol. 122, No. 9, 20002005



plane. On the other side, the hydrophobic side-chain atoms of
F2 of the firstâ-strand and T9 and T11 of the secondâ-strand
packed together, while T11 and V13 of the secondâ-strand
packed with O16 and I18 of the third strand, to form two
hydrophobic clusters. The side-chain packing pattern in this
â-sheet conformation agrees with all the observed side-chain
NOEs, i.e. between residues Y10‚‚‚L19, Y10‚‚‚K17, and F2‚‚
‚T11.

The other two three-strandâ-sheets have identical N-terminal
â-hairpins as the firstâ-sheet, but with different C-terminal
conformations. The secondâ-sheet has a three-residue C-
terminal loop with a type II′ â-turn atDPG and a bulge at O16.
The C-terminalâ-hairpin, which has only four interstrand
hydrogen bonds, is shorter than the N-terminalâ-hairpin. The
third â-sheet has a four-residue C-terminal loop at the EVDPG
location. The C-terminalâ-hairpin has the same length as the
N-terminalâ-hairpin, with five interstrand hydrogen bonds. The
second and thirdâ-sheets are much less stable than the first
â-sheet, and their side-chain packing patterns are different from
those of the NMR findings. In theâ-sheet conformations, the
C-terminalâ-hairpin is less stable than the N-terminalâ-hairpin,
as shown by the single N-terminalâ-hairpin configuration and
multiple C-terminalâ-hairpin configurations. The reason for this
difference is not clear. Stableâ-hairpin conformations are also
observed, with most of them having aâ-turn at the N-terminal
or the C-terminalDPG locations. Allâ-sheet andâ-hairpin
conformations had a right-handed twist characteristic and lower
potential energies compared with the coil structures.

The Effect of the Turn Residues and the Side-Chain
Interactions. The â-sheet folding is usually initiated by the
formation of turns. In the folding process, the peptide backbone
always forms bends at the sequences with highâ-turn propen-
sity, such as GS, NG, GK, andDPG in the threeâ-sheet-forming
peptides. The bends at these locations are usually preserved even
in the coil structures, where the backbone reverses its direction.
Among these peptides, the three-strandâ-sheet formed by
peptide PG is the most stable one, followed by GS and NG. In
peptide PG, the backbone usually forms two bends at the two
DPG locations, and the conformation of the bends is usually
that of a type II′ â-turn, even in the coil conformations. The
dominant preference of formingâ-turn at theDPG location
greatly restricted the conformational freedom of the peptide
backbone. The GK segment in the peptide also has a tendency
of forming â-turn, and is observed in some less populated
â-sheet structures.

With peptide GS, the peptide backbone usually forms two
bends at the two GS locations. UnlikeDPG, the conformation

of bends formed by GS is not always close to that of a type II′
â-turn in the conformations, indicating more conformational
flexibility for this sequence. As the NG segment also has a high
probability to form aâ-turn, bend at the NGS location is
frequently observed, resulting in more flexible turns. As a result,
the â-sheets formed by this peptide have more turn configura-
tions and are less stable compared with those formed by peptide
PG.

With peptide NG, bending of the backbone usually occurred
around the NG segments. The backbone conformation at this
location is even more flexible. As the GK segment in the peptide
sequence also has a high possibility in forming type II′ â-turns,
and its propensity ofâ-turn formation is as strong as that of
the NG segment,17 the conformation at the two bending positions
is very flexible. With the competing effects between NG and
GK, the peptide does not form a uniqueâ-turn, leading to
unstable side-chain packing. Thus, it is difficult for peptide NG
to fold into â-sheet, and the structure is much less stable once
folded.

A good turn sequence is not sufficient for the folding of a
â-sheet structure, as most coil conformations also formâ-turns
at these locations; favorable side-chain interaction is needed for
the stability of theâ-sheet structure. A good side-chain packing
pattern is required for a stableâ-sheet, while lacking this often
results in briefly observed structures. Different turn configuration
often leads to different registration in backbone hydrogen bonds
and a different side-chain packing pattern. Side-chain packing
is not as rigid as the turn location, because the side-chains often
easily adjust their conformations to find good packing. The
observation of hydrophobic clusters inâ-sheet conformations
with different turn configuration is a good indication of the
flexibility in side-chain interactions.

The Effect of van der Waals Attractions.As mentioned in
the Methods section, simulations with a longer truncation
distance atr ) 1.25r* for the VDW interaction were tested.
These simulations were started with the extended conformations
and were carried out for 100 ns at the same temperatures as in
the simulations withr ) r* . For peptide GS, the first three-
strandâ-sheet conformation formed shortly after 5 ns, which
has a three-residue turn at the N-terminal NGS location and a
â-turn at the C-terminal NG location. The three-strandâ-sheet
was not very stable and unfolded 1.5 ns later. Thisâ-sheet was
observed again at 38-40 ns. A new three-strandâ-sheet with
two type I′ â-turns at the two NG locations folded at 11 ns. It
remained folded for about 1.5 ns. The peptide adopted mainly
coil conformations in the following 10 ns and refolded into this
three-strandâ-sheet at 23 ns. The newly formedâ-sheet was
very stable, remaining folded until 36 ns. But the conformation
at the two turn regions is unstable, especially the C-terminal
â-turn, often unfolded into a four-residue loop at the QNGS
sequence. Another three-strandâ-sheet with a type II′ â-turn at
the N-terminal GS location and a three-residue turn at the
C-terminal NGS location folded briefly between 41 and 42 ns.
At about 63 ns, the peptide refolded into yet another three-
strandâ-sheet conformation, with two three-residue turns at the
N-terminal NGS and C-terminal QNG locations. The peptide
remains folded in this three-strandâ-sheet for about 14 ns. The
overall â-ratio in this 100-ns simulation is 33.5%, higher than
that with r ) r* (26.5%).

For the peptide NG, a C-terminalâ-hairpin formed at 16.8
ns, which has a three-residue turn at the C-terminal NGK
location. Thisâ-hairpin quickly developed into a three-strand
â-sheet, with the formation of a thirdâ-strand occurring at about
17.4 ns. This three-strandâ-sheet has two three-residue turns

Figure 8. Different types ofâ-sheet conformations observed during
the folding simulation of peptide PG. From left to right, a three-strand
â-sheet with two type II′ â-turns at the twoDPG locations (21 ns), a
three-strandâ-sheet with a type II′ â-turn at the N-terminalDPG location
and a three-residue turn at theDPGO location (37 ns), and a three-
strandâ-sheet with a type II′ â-turn at the N-terminalDPG location
and a four-residue turn at the EVDPG location (5 ns). Side-chain atoms
except those of theDP’s are not shown. The N-terminalDP is located
at the upper right of each structure.
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at the two NGK locations, with the N-terminal NG adopting a
type I′ â-turn. The three-strandâ-sheet is very stable. The
N-terminalâ-strand unfolded at about 31.2 ns and the C-terminal
â-hairpin stayed folded for about 4 ns more until the peptide
completely unfolded. A short three-strandâ-sheet folded again
at about 39 ns, lasting for 5 ns. After a long coil region between
44 and 63 ns, the peptide refolded into a three-strandâ-sheet
conformation between 63.8 and 66.3 ns. Again, the N-terminal
â-hairpin unfolded first in the unfolding process. The peptide
refolded into a three-strandâ-sheet at about 72 ns and unfolded
4.5 ns later. The overallâ-ratio in this 100-ns simulation is
24.2%, higher than that withr ) r* (17.8%).

In the simulation of the peptideDPG, a shortâ-hairpin
conformation with aDPG â-turn formed at 6.5 ns at the
N-terminal of the peptide. The length of thisâ-hairpin increased
gradually during the simulation. With the formation of a third
strand at about 8.7 ns, the peptide folded into a three-strand
â-sheet with two type II′ â-turns at the twoDPG locations. This
â-sheet is stable for the rest of the 100-ns simulation, except
the occasional unfolding of one of the edgeâ-strands. The
overallâ-ratio in this 100-ns simulation is 67.5%, much higher
than that withr ) r* (28.5%).

The qualitative results of these folding simulations are
consistent with those of the previous simulations. Quantitatively,
with the VDW truncation atr ) 1.25r* , theâ-ratios are higher,
particularly for peptide PG. For peptides GS, NG, and PG, the
longer VDW truncation increased theâ-ratio by 26%, 36%, and
137%, respectively. With the VDW truncation atr ) r* , the
average SASA of theâ-sheet is about 70% of that of the
corresponding extended conformation, whereas the average
SASA of the coil conformations is close to 80%. Longer VDW
truncation increases the compactness of the structures, as the
average SASA of theâ-sheet reduces to about 65% of the SASA
of the extended conformation, and the average SASA of the
coil conformations reduces to about 70%. In general, theâ-sheet
is more compact than the coil conformation. The attractive VDW
interaction makes structures compact and stabilizes compact
structures more than other structures. The attractive VDW
interaction shifted the equilibrium toward theâ-sheet structures,
thus increasing theâ-ratio. TheDPG residues form tightâ-turns,
which usually result in a very compact antiparallelâ-sheet
structure. Therefore, the longer VDW truncation increases the
â-ratio of the PG peptide much more than that of the GS and
NG peptides. The longer VDW truncation also increases the
heights of energy barriers between energy minima. Compared
with the simulations withr ) r* , the three-strandâ-sheet folds
later in these simulations, but tends to be more stable for all
three peptides.

Different Initial Conformations. Random coil initial con-
formations were tested for all three peptides we studied. To
generate random coil conformations, one method assigns random
numbers to theφ, æ dihedral angles. However, this method often
results in close contact among atoms and additional structural
adjustment is needed. Other studies have used high-temperature
simulation to generate random coil conformations.39 To avoid
unrealistic distortions of the molecular structure, such as the
trans-CONH near planer geometry, we used a moderately high
temperature (500 K). In addition, the nonbonding interactions
(the electrostatic interaction and the solvent effect) were set to
zero so that the structural changes were dominated by random
thermal motions. The covalent bonding constraints and the
repulsive VDW interactions keep the structure from falling apart.
For each sequence, two conformations at 1 and 2 ns in the

simulation were taken as the initial conformations for the
following two â-sheet folding simulations.

For each peptide, two simulations were carried out at the
corresponding experimental temperature with the same energy
function as used in the simulation with the extended initial
conformation and with VDW truncation atr ) r*. For the
peptide GS, the simulations were carried out at 283 K. With
the first initial conformation (Figure 9), a turn formed at GS in
the N-terminal part of the peptide at 0.6 ns. This turn developed
into a shortâ-hairpin conformation with 1 to 3 hydrogen bonds
and lasted for about 0.3 ns. At 1.0 ns, a shortâ-hairpin
conformation occurred at the C-terminal part of the peptide,
but it was not stable. Frequently, the whole peptide showed a
three-strand compact structure with side-chain interactions,
similar to the conformation at 2.6 ns shown in Figure 9. From
3.0 ns, aâ-hairpin at the C-terminal part was observed with
occasional unfolding, but the N-terminal strand had only 1 or 2
backbone hydrogen bonds with the central strand. A three-strand
â-sheet conformation formed at 5.7 ns and was stable for about
2 ns. Unfolding and refolding were observed in the remaining
part of the simulation. Partial unfolding sometimes occurred,
where the structure contains aâ-hairpin and an unfolded strand,
similar to the last two conformations in Figure 4.

Compact conformations similar to that at 2.6 ns were
frequently observed. These conformations have considerable
side-chain interactions between each pair of strands, but do not
have the backbone hydrogen bonding, except the one or two
hydrogen bonds very close to the turn. Similar structures were
also observed in other simulations, including those of other
peptides, suggesting a general folding mechanism. The side-
chain interactions are mainly hydrophobic and are dependent
on the nonlocal interaction of the amino acid sequence. It brings
the strands together reducing the conformational entropy and
shields the backbone polar groups from solvent. The backbone
hydrogen bonds often form from the turn to the other end of
the strands, locking the structure in theâ-sheet conformation.
From these observations, theâ-sheet folding mechanism may
be summarized as follows: coils with turnsS compact
structures with side-chain interactionsS â-sheets. Note that
each structural conversion is microscopically reversible and the
stability of one structure affects that of the previous and

Figure 9. The initial conformation, a compact conformation at 2.6
ns, and aâ-sheet conformation at 6.5 ns of the simulation of peptide
GS, shown from left to right. The backbone of the peptide is shown as
ribbons. The compact conformation has three strands and inter-strand
side-chain interactions, but does not have theâ-sheet hydrogen bonding
pattern. The lower terminus of the peptide is the N-terminus in each
structure.
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following structures. The turns form very fast and the coil
conformations almost always have turns at different positions.
The formation of the turn at the proper position is the initiation
step of folding. The compact structure with side-chain interac-
tions forms relatively fast, and it includes a large number of
similar conformations. Its conversion to aâ-sheet includes the
reorientation of the side-chains of the compact structure and
the partially foldedâ-sheet, and is much slower than other steps
of folding, which could suggest a macroscopic two-state folding
kinetics.67 Similar observations have been reported in previous
studies of theâ-hairpin folding.34 It is interesting to note that
the compact structure with side-chain interactions resembles
some features of the molten globule in protein folding.

With the other initial conformation of the peptide GS, three
strandâ-sheet conformations were formed at 9.9 ns. For the
peptide NG, the two simulations were carried out at 273 K.
Theâ-sheet conformations were formed around 4.0 ns with one
initial conformation and around 10.0 ns with the other initial
conformation. For the peptideDPG, the two simulations were
carried out at 297 K. Theâ-sheet conformations were formed
around 10.9 ns with one initial conformation and around 14.0
ns with the other initial conformation. During these simulations,
the conformations observed for the three peptides are very
similar to those shown in Figure 4, Figure 6, and Figure 8,
respectively.

To further test the dependence of the simulation results on
the initial conformation, a right-handedR-helical initial con-
formation was used in a simulation of the peptide GS. The initial
conformation did not have any close contacts or high covalent
bonding tensions. The C-terminus of the helix started unfolding
in 0.1 ns and the side-chain interactions increased. At 0.5 ns,
the C-terminal part formed an extended strand and the N-
terminal part remained helical. At 0.9 ns, the helix unfolded
completely, and a three-strand compact structure was observed.
At 3.0 ns, a complete three-strandâ-sheet formed. With different
initial conformations, the exact folding trajectories and folding
times were different. However, the qualitative results ofâ-sheet
folding do not depend on the initial conformation.

The Effect of Different Solvation Parameters.To further
address the importance of the solvent effects onâ-sheet folding,
a set of three 50-ns simulations was carried out for peptides
GS, NG, and PG with solvation parameters set to zero for all
atoms. During these simulations, the peptide conformation was
mainly random coil, and no stableâ-sheet or â-hairpin
conformations formed. These tests showed that the solvent effect
is crucial for the folding and stability ofâ-sheet andâ-hairpin
structures, a finding that agrees qualitatively with the study of
Yang and Honig.62 Compared with other interactions, such as
the electrostatic interaction, the specificity of the solvent effect
is primarily in its atom-type dependence. For example, the
solvent effect between two hydrophilic atoms is repulsive,
regardless of their charges. As shown in our previous studies,
the exact distance dependence of the specificity of the solvation
effect is secondary compared with the atom-type dependence.34

In our simulations, the magnitude of the solvation energy
difference betweenâ-sheet conformation and coil conformation
is not as large as that in some theoretical studies that ignored
the nonlocal interactions (in one-dimensional sequence space)
for the coil conformation. Using the two-state assumption, the
coil conformation in our calculation is the ensemble of the non-
â-structures generated by the simulation. Because of the
hydrophobic effect, many coil conformations are compact with
side-chain interactions. The nonlocal interactions in these

structures significantly decreased the solvation energy of the
coil conformations. This is clearly shown in Table 2, which
lists the solvation energies for different conformations of the
three peptides. The average solvation energies are calculated
over the respective structural regions, as mentioned earlier. The
solvation energy differences between the extended conforma-
tions and the coil conformations are around 10 kcal/mol or more;
in contrast, the solvation energy differences between the coil
conformations and theâ-sheet conformations are less than 4
kcal/mol for all three peptides. Withr ) 1.25r* , the VDW
attraction increases the solvation energy differences between
the extended and coil conformations. In both cases, the energy
differences between theâ-sheet and coil conformations are much
smaller than those between theâ-sheet and the extended
conformations.

Table 3 lists the ratio of hydrophobic SASA against the total
SASA for each group of conformations of the three peptides.
Among these three peptides, PG is the most hydrophobic
peptide, as it has the largest hydrophobic SASA ratio in all three
different conformations, and NG is the most hydrophilic peptide.
The hydrophobicity of a peptide could be another factor, other
than the turn sequences, contributing to the stability of the
â-sheet conformation, as the more hydrophobic peptide has a
higher â-ratio. This agrees with the finding that hydrophobic
residues generally have higherâ-sheet propensities. The data
also show that the hydrophobic SASA ratios are very close for
the coil conformations andâ-sheet conformations, both about
8% lower compared with the ratios for extended conformations.
Using a longer VDW truncation distance does not significantly
change the ratios, in agreement with the fact that little change
was observed for the solvation energy difference between the
â-sheet and coil conformations.

The Sequence Dependence of Folding.The simulation
results obtained using theseâ-sheet-forming peptides were
compared with those from an alanine-based synthetic peptide,
Ac-AAQAAAAQAAAAQAAY-NH 2 ((AAQAA) 3Y hereafter).
Experimentally, (AAQAA)3Y folds into a stable helical con-
formation in aqueous solution, and its helical content is about
50% at 274 K, as measured by CD.63 The details of the folding
simulations of (AAQAA)3Y have been reported previously.33

(62) Yang, A. S.; Honig, B.J. Mol. Biol. 1995, 252, 366-376.
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Chem. Soc.1991, 113, 5102-5104.

(64) Okamoto, Y.Proteins1994, 19, 14-23.

Table 2. Solvation Energies for Different Conformations of the
Peptides

peptide ca extend coil â-sheet

GS 1.0 38.36 23.70 20.13
1.25 38.36 22.20 19.53

NG 1.0 27.66 18.13 17.07
1.25 27.66 16.70 15.19

PG 1.0 43.46 29.44 27.55
1.25 43.46 26.97 25.41

a VDW interaction is truncated at cr* .

Table 3. Ratios of Hydrophobic Solvent Accessible Surface Area
for Different Conformations of the Peptides

peptide ca extend coil â-sheet

GS 1.0 0.58 0.50 0.49
1.25 0.58 0.51 0.48

NG 1.0 0.49 0.41 0.41
1.25 0.49 0.43 0.40

PG 1.0 0.68 0.60 0.62
1.25 0.68 0.62 0.62

a VDW interaction is truncated at cr* .
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The simulations were carried out for 50 ns at 274 K using the
same energy function as that used for the GS, NG, and PG
peptides. With an extended initial conformation, stable helical
conformations formed during the simulations. The overall helical
ratio is 48.9% with the VDW truncation atr ) r* , and 63.6%
with the VDW truncation atr ) 1.25r* . These results show
that the folding simulations are sequence-dependent and are not
a consequence of the bias of the method or the energy function.

Conclusions

Without including solvent effect, the multiple minima prob-
lem40 is a major obstacle for protein folding simulations with
the traditional empirical force fields. Either thermal perturba-
tions64 or high temperatures, such as those used in the simulated
annealing method,65 are needed for peptide-folding simulations.
A modification of the force field to include an average solvent
effect has made the constant-temperature helix folding simula-
tion possible.32 With the atom-based solvent effect,â-sheet
folding can now be simulated. This model is applicable to
qualitative study of the secondary structure folding. Quantita-
tively, more realistic models are needed. For example, the
implicit solvent models often accelerate conformational changes,
which is useful for conformational search, but cannot quanti-
tatively estimate the folding time.37

From the simulations, it is clear that the first factor determin-
ing â-sheet folding is the amino acid sequence. The selection
of the turn residues has a profound effect on the folding and
stability of theâ-sheet structure. Theâ-sheet folding is usually
initiated by the formation of turns. In the folding process, the
peptide backbone always forms bends at the sequences with
high â-turn propensity. The bends at these locations are usually
preserved even in the coil structures readily to formâ-turns
once favorable side-chain interaction is achieved. Peptide PG
has the highestâ-ratio and most stableâ-sheet structure as a
result of the strong preference of formingâ-turns at the two
DPG segments. The rigid side-chain ofDP greatly restricted its
backbone conformation, leading to dominant type II′ â-turn at
theDPG location. In peptide GS, type II′ â-turns at the two GS
locations were frequently observed in the three-strandâ-sheet
structures. But a three-residue turn at NGS and a type I′ â-turn
at NG locations were also found in manyâ-structures. This is
because of the high statistical probability of forming a type I′
â-turn at the NG location as well as the backbone flexibility of
glycine residue. Although a type I′ â-turn suits theâ-hairpin
conformation better than a type II′ â-turn geometrically, the type
II ′ â-turn allows better backbone interstrand hydrogen bonding,
which is essential for smallâ-sheet structures. Isolatedâ-sheet
andâ-hairpins with type I′ â-turns are less stable compared with
those with type II′ â-turns, as peptide NG has the lowestâ-ratio
among the three peptides we investigated. These simulation
results also agree with the experimental findings by Stanger
and Gellman66 that replacing theDPG segment with an NG
segment leads to a less stableâ-hairpin structure.

Besides the amino acids in the turn, the hydrophobic

interactions among the side-chains of the strands played a crucial
role. Hydrophobic clusters formed through the packing of
hydrophobic side-chain atoms contribute significantly to the
stability of all â-sheet structures. A good side-chain packing
pattern is required for a stableâ-sheet, while lacking good
packing often results in briefly observed structures. Because
the side-chains readily adjust their conformations, the side-chain
packing is not as rigid as the turn location. This interaction may
explain why the more hydrophobic peptides often show a higher
â-ratio. For all three sequences in this study, no stableâ-sheet
has been observed in the simulations with solvation parameters
set to zero. Therefore, for a proper sequence the solvent effect
in the energy functions is a major factor that drivesâ-sheet
folding.34,35,68

Kinetically, it is observed during the simulation that the side-
chain interactions occur prior to forming backbone hydrogen
bonds. Because the side-chains are more flexible than the
backbone, they often reach each other before the backbone polar
groups do. The favorable side-chain interactions bring the
backbones of the strands together and shield the backbone polar
groups from the competing hydrogen bonding with solvent. For
global folding, some simulation suggested that the initial
collapse and the secondary structure formation occurred simul-
taneously,39 but the question is currently under debate. For local
folding of aâ-sheet, our simulations showed that the side-chain
interactions occur prior to the backbone hydrogen bonding. The
attractive interactions among the side-chains are mainly from
the solvent effect, especially the hydrophobic interactions. In
this sense, the hydrophobic interaction drives the backbone
hydrogen bonding. Once the backbone hydrogen bonds formed,
they stabilize the backbone conformation as well as the side-
chain interactions. In general, the side-chains, not the backbone,
carry the sequence information. The side-chain interaction shows
how the amino acid sequence determines folding. The side-
chain effect of the turn residues on the turn-forming tendency
is well recognized. In our previous helix folding study,33 some
kinetic effects of the interaction between the side-chain and the
backbone have been observed. The currentâ-sheet folding
simulations suggest that the mechanism of theâ-sheet folding
includes the initiation step of formingâ-turns, the intermediate
step of the side-chain interactions, and the final step of the
â-sheet hydrogen bonding. Microscopically, each structural
conversion is reversible and the stability of one structure affects
that of the previous and following structures. The formation of
the turns is usually fast. The conversion from the compact
structure with side-chain interactions to theâ-sheet is the slowest
step. This conversion contains mainly a search for optimal side-
chain packing, including the reorientation of the side-chains of
the compact and the partially folded structures. For an amino
acid sequence that can form a stableâ-sheet, the optimal side-
chain packing will result in the favorable backbone hydrogen
bonding pattern of theâ-sheet.
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