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Abstract: Traditionally, the empirical force field had great difficulties in simulatjfigheet folding. In the
current study, we tested molecular dynamics simulatioffssifeet folding using a solvent-referenced potential.
Three availables-sheet-forming synthetic peptides, TWIQNGSTKWYQNGSTKIYT, RGWSVQNGKYT-
NNGKTTEGR, and VFITS8PGKTYTEVPPGOKILQ, were simulated at their experimental temperatures. From
extended initial conformations, all three peptides folded jfvsheet conformations. The calculated ratios of
theS-structure from the 100 ns simulations were 26.5%, 17.8%, and 28.5%, respectively, for the three peptides.
From different initial conformations, folding in{6-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, thegs-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 structurestsheet 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 effegt;sheet did not form in the simulations. For the first two sequences,

the simulations suggest that the experimentally observed structure may include an ens@nshlesbfstructures.

For the PP-containing peptide, ong-sheet structure with type'lj3-turns is much more stable than other
structures.

Introduction very recently, the scarce information available on the determi-
]nants of 3-sheet stability has been obtained from systematic
mutagenesis experiments using small engineered proteins that
contain a solvent-exposgtisheet 12

Despite the difficulties, some linear peptides have recently
been shown to fold into monomerié-hairpins in aqueous
solution3-16 Furthermore, the design and structure elucidation
of the mode|5-hairpins has demonstrated that the conformation
of the turn plays a key role in directingthairpin structure, and
achieved some rational control of the position and size of the
B-hairpin loop~19 Inspired by the observation théthairpins
with two-residue loops in crystalline protein often have a type
I or type II' B-turn2921 investigators have designed short

Secondary structure formation has been proposed as one o
the early steps in the folding pathway by which a polypeptide
chain folds into its native three-dimensional structré.
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 importangesifeet
structures as basic secondary structure elements in proteins
studies of the principles underlying their formation and stability
have lagged behind studies of théhelix, because it is difficult
to find solubles-sheet peptides, whereas short peptides that form
monomerica-helices in solution are readily availadté.lt is
believed that the low solubility of theé-sheet-forming peptides _
or their high tendency to aggregate arises from the amphipathic gg '\K/liﬁ?oé‘ X';. Ei?""”f’“hphfgiﬁ'rgsfg%%‘lsze% 32%17_—3217%
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solvent molecule&®3” Recently, with much greater computing
segments to adopt-hairpin or 5-sheet structures with two-  power, MD simulations of peptide folding with explicit water
residue turns at these locations. molecules have become availaB#é® However, most of these

On the basis of the experimental study and statistical analysissimulations were carried out on helical structues?® Tradi-
of amino acig3-turn ands-strand propensities, cross-strand side- tionally, the empirical force fields had great difficulties in
chain interaction preferencésand the success in design of simulating the folding ofi-sheet structures. To our knowledge,
solubleB-hairpins, several groups have designed peptides thatthere has not beenfsheet folding simulation with atom-based
can form a three-strand antiparalf@isheet motif in aqueous  models. The previous success in the simulatiorg-dfairpin
solution. The lengths of these peptides were kept as short asfolding****prompted us to go one step further toward the folding
possible while allowing the strands to be long enough to simulation of thes-sheet. In the current study, the solvent-
accommodate the interstrand hydrogen bonds and the side-chaitieferenced potential we used previously was tested on the three
interactions needed to stabilize the structure. Diffeygirn availablef-sheet-forming synthetic peptides.
and f-strand sequences were employed in these synthetic
peptides. Kortemme et &} have succeeded in designing a 20-
residue peptide, RGWSVQNGKYTNNGKTTEGR, which folds
into a stable three-stand antiparalj@isheet with two NG , 3235 . : . R
B-turns. Schenck and Gellm#rused twoPPG segments as the preV|ous_Iy._~ Here, we provide a brief outline of their main features.

. . . : The basic idea is to use the average solvent effect as the reference
two f-turn sequences in their 20-residue three-strand antiparallelgiate for energy calculation without explicitly including water molecules
-sheet-forming peptide, VFIT®GKTYTEVPPGOKILQ. De in the simulation. This solvent-referenced potential greatly increases
Alba et al* have designed another 20-reisdue peptide, TWIQNG- the computational efficiency. It may also reduce the inaccuracy resulting
STKWYQNGSTKIYT, which forms a three-strand antiparallel  from the cancellation of large energy terms calculated with a vacuum
pB-sheet in aqueous solution with two @Surns. In addition, reference state and circumvent the difficulties caused by the multiple
Sharman and Seaffehave described a 24-residue peptide, minima problenf? The competing effect of the interactions with the
which forms ap-sheet in 50% methanol solution. These solvent usually reduces the strength of the interactions among protein

peptides, each of small size and distinctive structure, provide a0ms and lowers the energy barriers. The solvent-referenced potential

ideal models in refining existing molecular dynamics (MD) represents a simplified and reduced interaction. Ift |r_1cludes _modlflcatlons
- . of the van der Waals (VDW) and the electrostatic interactions, and the

protocols, as well as testing recent theoretical approaches totreatment of the solvent effect. We tested these treatments on the folding

peptides containing GS, NG, 8PG PP stands fob-proline)

Methods

The methods used in our study have been described in detail

protein folding.

of protein secondary structures with the AMBER force field param-

The folding of secondary structures captures much of the basiceters!*42In principle, the concept of the solvent reference can be applied

physics of protein folding, but the extremely fast kinetics in

secondary structure folding presents a great challenge in the

to other force fields, although detailed treatments may be different.
In solutions, the intramolecular VDW interactions of a protein

experimental study of this phenomenon. These events, manymolecule are balanced by the intermolecular VDW interactions with

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 nanosecond
to microsecondd’~2° Computer simulations, on the other hand,
can provide a detailed picture of these early evéhts.

We have previously reported peptide folding simulations
using Monte Carlo and MD methods at experimentally relevant
temperature®?-3° 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
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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

She 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®? as shown in eq 1,

Evow() = ;[(rT)/ o) e e @

r=r*

wherer is the distance between two interacting atoms ends the
minimum energy distance for the given pair of atoms. This treatment
is based on the mean field approximation in the VDW theory of the
liquid—solid transitior344 A similar treatment has been previously
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applied to protein structure studi®dlowever, 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 applietf.In the current study, the peptide molecule forms
a three-strands-sheet, which has a larger buried portion than a
p-hairpin, and a truncation at= 1.25* 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

J. Am. Chem. Soc., Vol. 122, No. 9, 22001

25 cal mol* A=2 for C, —9 cal mol? A=2 for N and O, and 5 cal
mol-* A-2for S. The atomic solvation parameters for @d N were
not used in this study.

In the current study, MD simulations were carried out using AMBER
software#142 The electrostatic interaction was cut off at 20 A 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 proceduré® The AMBER software we obtained does
not contain the SASA calculation. The algorithm of the TINKER
softwaré” for calculating the surface area and its derivative was used.
In this algorithm, the derivative of the surface area was calculated

various forms of distance-dependent functions have been used in MD analytically for evaluating the force resulting from the surface area
simulations=° In our previous studies, the electrostatic interaction change. The surface area-based calculation is more efficient than
was consistently scaled down by a factor of 2. A scaled distance- including water molecules explicitly, but it still increases computing
dependent function has been tested éohelix folding3?2® and a time by about 15-fold compared with the calculations that do not include
constant value 2 has been tested for bathelix and $5-hairpin the solvent effect. However, the solvation energy change at each step
folding.343> For simple secondary structure elements without charged is more than an order of magnitude smaller than the fastest changing
side-chains, either a distance-dependent function or a constant valueenergy term (usually, the bond vibration energies). To speed up the
within a reasonable range can be used to simulatelix andj-sheet simulation, a larger time step (0.02 ps) was used to calculate the surface
folding. In the current study, a dielectric constant 2 was used to accountarea and its derivative. The force resulting from the solvation was kept
for the solvent effect on intramolecular electrostatic interactions among constant within each of these large time steps. In our previous study
protein atoms. of helix folding 3 the results with the large time step were compared
However, in a real heterogeneous protesolvent system, a single  with those with 0.002 ps time step for the surface area calculation.
dielectric constant cannot exactly account for the complicated solvent The structures observed and the folding time were similar during the
effect on electrostatic interactions. For a system as simple as a peptidesimulations. The larger time step (0.02 ps) for the solvent effect
with charged side-chains, the calculated electrostatic interactions calculation speeds up the simulation by about 6-fold. Multiple time
between charged side-chains and other peptide groups, such as theteps have been widely used in MD simulations to increase computa-
attraction between a lysine side-chain and the backbone carbonyl, aretional efficiency® and more elaborate methods have been develtped.
often so strong that it traps the structure in an unrealistic conformation. Here, we simply increased the time step to 0.02 ps for the solvent effect
Experimentally, the charged side-chains tend to be surrounded by watercalculation and numerical instabilities were not encountered.
molecules and a much higher dielectric constant, such as 80 for water, The content of3-sheet ang-hairpin conformation, or thg-ratio,
needs to be applied for the side-chain. Or, it may have a close interactionin the peptide conformations was analyzed by the DSSP proffram.
with a counterion and its charge is largely neutralized. Therefore, using Peptide coordinates were recorded every 0.01 ns during the simulation,
a neutral side-chain could be a reasonable option. The AMBER force and the secondary structure analysis was carried out on each recorded
field*? provides such an option that side-chain atomic charges are conformation along the simulation trajectory. The ovefathtio was
adjusted to neutralize the total change of the amino acid. In the current calculated by counting the total number of residues participating in
study, instead of using different values of the dielectric constant for theg-turns and thes-strands divided by the number of residues in all
charged side-chains, neutral side-chains for lysine, arginine, glutamate,recorded conformations. Residues in the loop region between two
and ornithine residues were used to reduce the unrealistic intramoleculars-strands that did not fornf-turns were treated as not havingfa
interactions. Similar treatment has been used previddsly. structure. All figures in this article were created by the molecular
In the implicit solvent approach, the solvent effect is often assumed modeling software Insightll and the graphic software SigmaPlot. All
to be proportional to the solvent-accessible surface area (SASA).  simulations and analysis were carried out on an SGI O2 workstation.
In the current study, the solvation free energys, was calculated as . )
the sum of the contribution from each atom according to its exposure Results and Discussion
to the solvent, as shown in eq 2. The contribution from an atdsn Folding Simulation of Ac-TWIQNGSTKWYQNGST-
assumed to be the. product of an atloglc solvation parameteand KIYT-NH ». De Alba et aP5 showed that the peptide TWIQNG-
the solvent-accessible surface area™ STKWYQNGSTKIYT (GS hereatfter) forms a significant popu-
AG = z AGA Iatioq of monomeric_three-strgnd antipargﬁetheet in aqueous
A solution. The 20-residue peptide was designed to be able to form
two type II' 5-turns at the two GS locations, with the other parts
MD simulations with surface area-based solvation energy have beenforming three g-strands. Turn residues GS were selected
carried out befor€354 On the basis of the free energy of transfer according to their high statistical probability of being at positions
between water and octarfSlye obtained a set of solvation parameters i 4+ 1 andi + 2 of a type Il S-turn. Residues with high-sheet
in which the protein atoms were categorized into six types: C, O, N, propensity, such as I, Y, W, and T, were used for festrand
O, N*, and S¥ In the current study, similar parameters with some sequences. Two lysine residues, which have |8vwgheet
modification were used. The atomic solvation parameters used Werepropensity, 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-strapdsheet, in equilibrium with the
coil conformations. Th@g-sheet population was +31% based
on G,Hi—CH; NOE intensity, 36-55% based on the chemical
shift of CyH protons.
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Figure 1. Location and time of occurrence gfsheet (angi-hairpin)
structures during the simulation of peptide GS. The solid vertical lines
represent thgg-strands and the dotted vertical lines {heurns. The

thick curve shows the accumulatgeratio.

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 backb¢ney
dihedral angles assigned to F86r all residues. A short
pB-hairpin formed rapidly within 0.2 ns at the C-terminal part
of the peptide. Thig-hairpin conformation has a three-residue
turn at the C-terminal NGS location and four interstrand
hydrogen bonds. Thig-hairpin unfolded after about 1 ns.
Another C-terminalg-hairpin, which has a type'l|3-turn at

the C-terminal GS location and four interstrand hydrogen bonds,

folded around 1.8 ns. This C-termin@hairpin unfolded at 2.4
ns. At about 3.2 ns, a short N-terminhairpin with a type I1
fS-turn at the N-terminal GS location formed; thishairpin
quickly developed into an antiparallel three-strghdheet 0.2
ns later. This three-strangtsheet conformation has two type
II" B-turns at the two GS locations. Tifesheet was stable for
about 3 ns, until the C-termindl-strand unfolded at 6.4 ns.
The N-terminals-hairpin remained folded for another 1.5 ns

Wang and Sung

W 3G

Figure 2. Conformations illustrating g-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.
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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.

a structural change has a more apparent effect on the shape of
the accumulategi-ratio curve than in the later stage of the
simulation. Hence, a sharp peak is often observed, corresponding
to a transient structure. The folding process that occurred
between 3.1 and 3.4 ns is illustrated in Figure 2. At 3.1 ns, the

before the peptide unfolded completely at 8 ns. This three-strandpeptide adopted a coil conformation. At 3.2 ns, a typg-iurn

p-sheet conformation folded again during480 and 55-56.5

ns. The peptide adopted various conformations with some
f-hairpin contents after 8 ns, before it folded into another three-
strand-sheet conformation at about 18 ns. This n@sheet
conformation has a three-residue turn at the N-terminal NGS
location and a type' |3-turn at the C-terminal NG location. It
unfolded shortly before 20 ns. Thiissheet conformation folded
again during 7279 and 88-92 ns. In thig3-sheet conformation,
the C-terminal NGS-turn was not stable and often unfolded
into a four-residue turn at the C-terminal QNGS location.
Another stable three-stranttsheet conformation, which was
first observed around 25 ns, has a typé fitturn at the

formed at the N-terminal GS location. A complete N-terminal
SB-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, antiparafietheet conformation
with two type Il f-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 @fsheet structures, all
energy terms decreased. The average potential energy for two

N-terminal GS location and a three-residue turn at the C-terminal -sheet regions (3:56.0 and 50.553.0 ns; 500 structures) is

NGS location. Thigs-sheet conformation folded during 25
26, 51-55, and 97.5100 ns.

The overall percentage of tifiestructure g-ratio) in this 100-
ns simulation is 26.5%, as calculated by the DSSP algorithm.
Theg-ratio agrees quite well with the experimental estimations
of the 8-sheet population for this peptideFigure 1 shows the
location of the three-strangtsheet and thg-hairpin conforma-
tions in every 0.1 ns during the simulation, as well as the
accumulategb-ratio. The accumulate@tratio is drawn as a thick
curve in the figure. Theg-hairpin andj-sheet conformations
are represented by vertical lines, with the solid lines for the
p-strands and the dotted lines f@rturns. The accumulated
p-ratio at timet is the average percentage of thestructure
over the period of time from O td¢. In the beginning of the

simulation, because the period of time for averaging is shorter,

14.5 kcal/mol lower than the average potential energy of three
coil regions (38.9-39.9, 42.6-45.0, and 69.670.0 ns; 500
structures). The average solvation energy, electrostatic energy,
and VDW energy for theg-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 of$3-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 thg-sheet.

During the simulation, four typical three-strangtsheet
conformations along with two typicg@-hairpin conformations
were observed (Figure 4). Of the fofrsheets, the first one
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Figure 4. Different types off3-sheet ang3-hairpin conformations observed during the folding simulation of peptide GS. From left to right, a

three-strangB-sheet with two type Il g-turn at the two GS locations (5

ns), a three-str@grsheet with a type 115-turn at the N-terminal GS

location and a three-residue turn at the C-terminal NGS location (25 ns), a three{$tsheét with a three-residue turn at the N-terminal NGS
location and a type 1|8-turn at the C-terminal GS location (88 ns), a three-stgustheet with the N-termingi-strand as the centrgkstrand (57
ns), an N-terminaB-hairpin (47 ns), and a C-terminAthairpin (10 ns). Side-chain atoms are not shown. The N-terminus is located at the lower

part of each structure.

has two type Il f-turns at the two GS locations with six

hydrogen bonds formed between each edge strand and the

central strand. The secorfdsheet has a type'lp-turn at the
N-terminal GS location and a three-residue turn at the C-terminal
NGS location. The N-termingb-hairpin has six interstrand
hydrogen bonds, whereas the C-termjfiddairpin has five. The
third -sheet has a three-residue turn at the N-terminal NGS
location and a typ€ J3-turn at the C-terminal NG location with
the N-terminaf3-hairpin having five interstrand hydrogen bonds
and the C-termingB-hairpin having six. The fourt|#-sheet is

a mixed paralletantiparallel g-sheet with the N-terminal
f-strand as its central strand. Thissheet conformation was
only briefly observed, at 57457.8 ns in the simulation. With
only two g-strands formed, the peptide can fold into various
p-hairpin conformations. The firgf-hairpin conformation in
Figure 4 has a type'll3-turn at the N-terminal GS location
and six interstrand hydrogen bonds. The N-terminal 2/3 of the
peptide formed g-hairpin conformation, and the C-terminal
1/3 adopted a coil conformation. The secghtairpin confor-
mation in Figure 4 has a type' IB-turn at the C-terminal GS
location and five interstrand hydrogen bonds. The C-terminal
2/3 of the peptide formed gA-hairpin conformation, and the
N-terminal 1/3 adopted a coil conformation. Othghairpin
conformations with different turn and strand configurations were
also observed during the simulation. AHsheet angb-hairpin
conformations had a right-handed twist characteristic, which is
consistent with experimental structures of tffesheet in
proteinst® All of these conformations have lower potential
energies compared with the coil structures.

Different turn configurations have been found for the three-
strandj-sheet conformations. Type' |B-turns at the two GS
locations were frequently observed in the three-straistheet
structures. Of these two GS turns, the N-termfiélirn is more
stable compared with the C-terminal GS turn. Three-residue
turns at the two NGS locations were also observed ifftbbeet
conformations. Even though GS were designed to form the two-
residue 5-turn, the NG segment also has a high statistical
probability of forming a type’'l3-turn2° A type I' B-turn at the
C-terminal NG formed in one of the typicAtsheet conforma-
tions, but it usually unfolded into a four-residue turn. A type |
pB-turn at the N-terminal NG was not observed in fhisheet
structures, though it was observed in some of fReairpin
structures. Different configurations of the turn regions in the

pB-sheet structures were a result of the competing effects of

forming a type Il 8-turn at GS and a typé B-turn at NG. The
type I' f-turn suits theB-hairpin conformation better than the
type II' 5-turn due to their larger right-handed twist. The type
II" B-turn is more planar, allowing better backbone interstrand

(61) Chothia, CJ. Mol. Biol. 1973 75, 295-302.

Table 1. Compatibility of Different3-Sheet Conformations of
Peptide GS with Experimentally Observable Interstrand NOEs

NOE ﬂ'sheet

residue | residueJ intensity 1° 2 3 4
CaH W2 CaH Y11 m-s Y Y Y Y
Ce3H W2 CoH Y11 w Y Y Y Y
CaH Q4 CoH K9 S Y Y Y Y
CaH W10 CoH Y19 m-s Y Y N N
CaH Q12 GoH K17 m-s Y Y N N
CaH T1 Ce3H Y11 w Y Y Y Y
CBp'H W2 Ce3H W10 vw N N Y N
Ce3H W2 G3'H N13 w N Y N N
CyH3/COH3 13  Ce'3H W10 w Y Y N Y
CyH3/COH3 13 Co1H W10 m-w Y Y N Y
CoH Y11 Cy'H 118 vw Y N Y N
CoH Y11 CyH 118 w Y N Y N
CoH Y11 CyH3 118 m Y N Y N

a2 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.
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.

hydrogen bonding. Type'l|5-turns at the GS locations were
more stable than typé NG f-turns because for smaftsheet
structures, a stable hydrogen bond network is needed. Although
NMR data are compatible with the presence of a single three-
strandf-sheet form, linear peptides in solution commonly exist
as conformational ensembles of fast interconverting structures.
This is the reason that multipfesheet structures were observed
in our simulation.

In the three-strangb-sheet conformations, the side-chains
were separated into two groups along a plane formed by the
backbone atoms. In the firStsheet in Figure 4, the hydrophobic
side-chain atoms of I3 of the firgestrand, T8 and W10 of the
seconds-strand, and Y19 of the thir@-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 first3-strand, K9 and Y11 of the secorfdstrand,
and 118 of the third strand packed together to form the
hydrophobic cluster. The pairing and side-chain packing pattern
in this g-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.
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In the secong-sheet in Figure 4, the hydrophobic side-chain R T 10
atoms of 13, W10, T16, and 118 form a hydrophobic cluster E - 0.9
along one side of the backbone plane. The hydrophobic side- L 08
chain atoms of W2, K9, Y11, and Y19 form a hydrophobic g 0.7
cluster on the other side. The pairing and side-chain packing § Nk 06 o
pattern in this8-sheet conformation satisfy some of the NOE E 7 o5 &
constrains, including the signal indicating side-chain interactions ~ $ M 04 g
between W2 and N13. Here, W2 and N13 are close enough to = & A 0'3
have strong side-chain interaction between them. But, Y11 and 9] 0'2
118 are on different sides of the backbone plane, inconsistent S I 0'1
with the observed NOEs between the side-chain atoms of these G 0'0

two residues.

In the third3-sheet in Figure 4, the hydrophobic side-chain Time (ns)
atoms of 13, K9, Y11, and 118 form a hydrophobic cluster on
one side of the backbone plane. The hydrophabic .Slde_Chamstructures during the simulation of peptide NG. The solid vertical lines
atoms of W2, WlO, K17, _and YlQ form a hydrophobic cluster represent thg-strands and the dotted vertical lines theurns. The
on the other side. The side-chains of W2 and W10 are very ick curve shows the accumulatgeratio.
close in this conformation, satisfying the NOE constraint

observed between these two residues. But the pairing and sideyound 6 ns. The peptide adopted various conformations with
chain packing pattern does not satisfy most of the other NOE some g-hairpin contents before it folded into a very stable
constrains as listed in Table 1. For tifesheet with the g nairpin conformation at about 44 ns. Thishairpin has a
N-te_rmlnal strand as the central strand, the hydroph_oblc S|de-ﬁ_tum at the KY location with up to eight interstrand hydrogen
chain atoms of I3, W10, and Y19 form a hydrophobic cluster Konds. It unfolded shortly before 53 ns. The three-ststieet
along one side of the backbone plane. The hydrophobic side-yas observed briefly again between 66 and 67 ns. The most
chain atoms of W2, K9, Y11, and 118 form a hydrophobic staple three-stran@-sheet region in this 100-ns simulation

cluster on the other side. The pairing and side-chain packing pccurred between 77 and 79 ns as the peptide folded for about
pattern do not satisfy most of the interstrand NOEs. As none 2 pg.

of the 8-sheet conformations satisfied all the observed NOEs, 1o overallB-ratio in this 100-ns simulation is 17.8%, as

a likely explanation is that the peptide exists in three different qicyjated by the DSSP algorithm. Figure 5 shows the location
f-sheet conformations in aqueous solution, with the most 4t the 4-hairpin ands-sheet conformations every 0.1 ns during
populated form being the firgt-sheet. The second and third ;4 simulation, as well as the accumulagedatio. Theg-ratio
pB-sheet were present in a much smaller popula_tion as _indicatedis mostly contributed by the8-hairpin content in different
by the weak NOEs of W2-W10 and W2--N13 interactions.  conformations. Three-strangrsheet conformations were ob-
Folding Simulation of Ac-RGWSVQNGKYTNNGKT- served during the simulation, but none of them were very stable.
TEGR-NH.. Using a four-residue per strand and two-residue Unlike the three-stranf-sheet structure determined by the NMR
p-turns structural template and an iterative hierarchical approach,experiment, which has two typé B-turns at the two NG
Kortemme et af? have successfully designed a 20-amino acid, |ocations, the most stable three-strghdheet observed in our
three-strande3-sheet peptide, RGWSVQNGKYTNNGKT-  simulation has two three-residue turns at the two NGK locations.

Figure 5. Location and time of occurrence gBfsheet (ang-hairpin)

TEGR (NG hereafter), based on a designed de ribhairpin Upon the folding of-sheet ands-hairpin structures, all
peptidet* In the selection of the peptide sequence, experimental energy terms decreased compared with those of the coil
information ons-hairpin stability, amino acig-sheet propensi-  conformations. The average potential energy for one stable

ties, and statistical preferences for interstrand residue pairing s-sheet region (77:678.0 ns; 100 structures) is 8.7 kcal/mol
have been considered. The turn sequences were selected to bigwer than the average potential energy of three coil regions
optimal for type 1 3-turns'® Two arginine residues at both ends  (27.0-28.2, 33.8-36.0, and 84.686.2 ns; 500 structures). The
of the peptide were introduced to increase its solubility and average solvation energy, electrostatic energy, and VDW energy
prevent aggregation. NMR spectroscopy at 273 K provides for the 8-sheet regions is 1.1, 4.9, and 2.1 kcal/mol lower than
strong evidence that the 20-residue peptide forms a monomericthat of the coil regions, respectively. The contributions to the
three-stranded, antiparalf@isheet in aqueous solution, with the  potential energy difference from covalent bonding energies are
NG residues forming the twg-turns. smaller in value, totaling about 0.7 kcal/mol. Tifesheet
The simulation of NG was carried out for 100 ns at the conformations in this simulation are much less stable compared
experimental temperature of 273 K. The simulation started with with those of peptide GS. The smaller value in the potential
a standard extended conformation SAairpin formed at the energy difference betweghsheet and coil conformations could
N-terminal part of the peptide at about 0.1 ns. Thibairpin be an indication of the instability of th@-sheet structures for
has a three-residue turn at the N-terminal NGK location and this peptide.
four interstrand hydrogen bonds. Thfishairpin unfolded after During the simulation, three types of the three-strArgheet
about 0.5 ns. Another N-termingthairpin, which has a type  were observed (Figure 6). Of the three typifasheet confor-
II" g-turn at the N-terminal GK location and four interstrand mations, the first one has two three-residue turns at the two
hydrogen bonds, and a C-termirfahairpin, which has a three-  NGK locations with five hydrogen bonds formed between each
residue turn at the C-terminal NGK location and four interstrand edge strand and the central strand. The seg¢gbsbeet has a
hydrogen bonds, folded occasionally during the first 5-ns f-turn at the QN location and a six-residue loop at the NNGKTT
simulation. The C-termingB-hairpin with three-residue turn  location. The N-termingB-hairpin has five interstrand hydrogen
folded again at 5 ns and developed into a three-stfaadeet bonds, and the C-terminal four. Unlike the previous fwvsheet
conformation at around 5.8 ns. The three-strdrgheet hastwo  conformations, the thirg-sheet uses the C-termingistrand
three-residue turns at the two NGK locations, and it unfolded as the central strand. The small side-chains of the C-terminal
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AR

Figure 6. Different types off-sheet ands-hairpin conformations
observed during the folding simulation of peptide NG. From left to
right, a three-strang@-sheet with two three-residue turns at the two prue Wal TARRT R
NGK locations (77 ns), a three-strafiesheet with g3-turn at the QN 0 10 20 30 40 50 60 70 80 90 100
location and a six-residue loop at the NNGKTT location (66 ns), a Time (ns)
three-strangB-sheet with the C-termingl-strand as the central strand ) ) ) o
(37 ns), and #-hairpin with ag-turn at the KY location (45 ns). Side- ~ Figure 7. Location anq time _of occurrence Bfsheet (angB-halr_pln) _
chain atoms are not shown. The N-terminus is located at the lower left Structures during the simulation of peptide PG. The solid vertical lines
of each structure. represent thg-strands and the dotted vertical lines {heurns. The

thick curve shows the accumulatgeratio.
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p-strand fit well between the other tw-strands. With only .

two B-strands formed, the peptide can also fold into different @ways type Il A i-tum located at the C-termin8PG sequence
B-hairpin conformations. Thes-hairpin formed by the N-  developed into a shoft-hairpin with three hydrogen bonds at
terminal 2/3 of the peptide usually has a three-residue turn at@round 0.3 ns. This first shoff-hairpin was not stable and
the N-terminal NGK location, whereas tifehairpin formed unfolded very quickly. A three-stransheet conformation first

by the C-terminal 2/3 usually has a type B-turn at the formed at 0.9 ns, with twg-turns at the twdPPG locations
C-terminal GK location or a three-residue turn at the C-terminal @nd less than three hydrogen bonds between the cérsteand
NGK location. C-Terminap-hairpin conformations were more ~ @nd the edgg-strands. The N-termingl-hairpin of this three-
frequently observed than N-terminal ones during the simulation. Strand-sheet unfolded at about 1 ns, while the C-terminal
Figure 6 also shows the structure of a stable Igalgairpin p-hairpin remain folded, and the peptide refolded into a three-
observed during the simulation, which has a KMurn and strands-sheet structure at 1.4 ns. The ngwheet conformation
eight interstrand hydrogen bonds. This Igh$airpin structure has more interstrand hydrogen bonds and is more stable, which
appeared to be a result of the side-chain interactions. During Unfolded at about 2.0 ns. The peptide underwent several folding

the folding process, the side-chain of N7 formed hydrogen bonds @1d unfolding processes in the first 20-ns simulation, during
with C=0 of K9 and NH of T11, and the side-chain of T11 which three-stran@-sheets with different number of interstrand
formed a hydrogen bond with NH of G9. These hydrogen bonds nydrogen bonds and varioys-hairpin conformations with
helped the formation of a turn at the KY location. The side- different loop C(_)nﬂguratlons_have been observed. Shortly after
chains of N7 and T11 formed a hydrogen bond between them 20 ns, the peptide refolded into the three-strarsheet again;

in the B-hairpin conformation, which stabilizes thshairpin this time the3-sheet conformation was very stable, Iastlng about
structure. Allg-sheet ang-hairpin conformations had a right- 3 NS- The most stablg-sheet region observed during the
handed twist characteristic and lower potential energies com- Simulation occurred between 76 and 81 ns, and the peptide
pared with the coil structures. stayed in this conformation for about 5 ns.

Folding Simulation of Ac-VFITSPPGKTYTEV PPGOK- The overallg-ratio in this 100-ns simulation is 28.5%, as
ILQ-NH ». Peptide VFITSPGKTYTEVPPGOKILQ (PG here- calculated by the DSSP program. Figure 7 shows the location
after) was foun@' to adopt a three-strand antiparalfekheet  of the -hairpin and3-sheet conformations every 0.1 ns during
conformation in aqueous solution. Site-specific conformational the simulation, as well as the accumulggetatio. This peptide
data from NMR spectroscopy provide strong evidence that high has the most stable turn regions, especially the N-terminal
populations of the three-straifidsheet are present in aqueous A-turn, and the highegt-ratio among the threg-sheet-forming
solution at 297 K. PG also displays fsheet signature in  peptides. The average potential energy for tifresheet regions
circular dichroism measurements. This peptide incorporated (21.2-23.0, 78.2-80.2, and 83.684.2 ns; 500 structures) is
three unnatural amino acids (tweprolines and one ornithine). ~ 13.5 kcal/mol lower than the average potential energy of three
The constraint of the pyrrolidine ring 8P restricts its backbone  coil regions (14.5-16.3, 27.1+-28.3, and 98.6100.0 ns; 500
¢ torsion angle to a value close to the idegl; value of+60° structures). The average solvation energy, electrostatic energy,
in a type | or type Il S-turn, promoting the formation of two ~ and VDW energy for thes-sheet regions is 1.9, 6.3, and 2.5
B-turns at the tw®PG locations. It is intended that the formation ~kcal/mol lower than that of the coil regions, respectively. The
of these twgs-turns will further promote the formation of two  contribution to the potential energy difference from covalent
B-hairpins with one strand in common. Ornithine has a side- bonding energies is 2.8 kcal/mol.
chain similar to that of lysine, but one GHinit shorter. During the simulation, three typical three-strafiesheet

The simulation of PG was carried out for 100 ns at the conformations were observed (Figure 8). Of the three typical
experimental temperature of 297 K. The simulation started with -sheet conformations, the first one has two typegiturns at
an extended conformation generated by assigning the backbond¢he two PPG locations, with five hydrogen bonds formed
¢, v dihedral angles to 180for all residues except the two  between each edge strand and the central strand.Stélieet
p-prolines, whose andy dihedral angles were set to 6and is the most frequently observedisheet conformation during
18, respectively. Within 0.2 ns of the simulation, various the 100-ns simulation. In this structure, the hydrophobic side-
B-turns formed at several locations along the peptide sequencechain atoms of 13 of the firgt-strand, K8 and Y10 of the second
including the twd’PG locations, as the peptide system searched S-strand, and K17 and L19 of the thifdstrand packed together
for low-energy conformations. Th&turns formed aPPG were to form a hydrophobic cluster along one side of the backbone
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of bends formed by GS is not always close to that of a type Il
pB-turn in the conformations, indicating more conformational
flexibility for this sequence. As the NG segment also has a high
probability to form agf-turn, bend at the NGS location is
frequently observed, resulting in more flexible turns. As a result,
the 5-sheets formed by this peptide have more turn configura-
tions and are less stable compared with those formed by peptide
PG.

Fiqure 8. Different t t3-sheet conformations observed durin With peptide NG, bending of the backbone usually occurred
igure 8. Different types offi-sheet conformations observed during around the NG segments. The backbone conformation at this
the folding simulation of peptide PG. From left to right, a three-strand

f-sheet with two type I -turns at the twdPPG locations (21 ns), a location is even more fI_exibIe. As Fhe (_3K segment in the peptide
three-strangs-sheet with a type 118-turn at the N-termina?PG location sequence also has a high possibility in forming typgturns,

and a three-residue turn at tR@GO location (37 ns), and a three- and its propensity op-turn formation is as strong as tha_t of
strandp-sheet with a type 115-turn at the N-terminaPPG location the NG segmerit/ the conformation at the two bending positions

and a four-residue turn at the BRG location (5 ns). Side-chain atoms  is very flexible. With the competing effects between NG and
except those of thBP’s are not shown. The N-termin@pP is located GK, the peptide does not form a uniqyeturn, leading to
at the upper right of each structure. unstable side-chain packing. Thus, it is difficult for peptide NG

. L . to fold into 3-sheet, and the structure is much less stable once
plane. On the other side, the hydrophobic side-chain atoms of¢,jeq.

F2 of the firstj-strand and T9 and T11 of the secqofidtrand
packed together, while T11 and V13 of the secghstrand
packed with O16 and 118 of the third strand, to form two
hydrophobic clusters. The side-chain packing pattern in this
p-sheet conformation agrees with all the observed side-chain
NOEs, i.e. between residues Y1019, Y10--K17, and F2-
-T11.

The other two three-strarfiisheets have identical N-terminal
p-hairpins as the firsf3-sheet, but with different C-terminal
conformations. The secon@-sheet has a three-residue C-
terminal loop with a type II5-turn atPPG and a bulge at O16.
D i i ifren: i Conuraion s 3 3000 macason f e
third S-sheet has a four-residue C-terminal loop at th&’ EG flexibility in side-chain interactions. ) . .
location. The C-terminaB-hairpin has the same length as the ~ The Effect of van der Waals Attractions. As mentioned in.
N-terminalg-hairpin, with five interstrand hydrogen bonds. The the Methods section, simulations with a longer truncation
second and thirgg-sheets are much less stable than the first distance ar = 1.25* for the VDW interaction were tested.
those of the NMR findings. In thé-sheet conformations, the ~ @nd were carried out for 100 ns at the same temperatures as in
C-terminalB-hairpin is less stable than the N-termigahairpin, the simulations withr = r*. For peptide GS, the first three-
as shown by the single N-terminghairpin configuration and  Strand/3-sheet conformation formed shortly after 5 ns, which
multiple C-terminaj3-hairpin configurations. The reason for this has a three-residue turn at the N-terminal NGS location and a
difference is not clear. Stabjf¢hairpin conformations are also ~ f-turn at the C-terminal NG location. The three-strghsheet
observed, with most of them havingsaturn at the N-terminal ~ Was not very stable and unfolded 1.5 ns later. Thheet was

A good turn sequence is not sufficient for the folding of a
[-sheet structure, as most coil conformations also féfarns
at these locations; favorable side-chain interaction is needed for
the stability of thes-sheet structure. A good side-chain packing
pattern is required for a stabfesheet, 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 fhasheet conformations

or the C-terminalPPG locations. All3-sheet and3-hairpin observed again at 3810 ns. A new three-strangsheet with
conformations had a right-handed twist characteristic and lower tWo type I 5-turns at the two NG locations folded at 11 ns. It
potential energies compared with the coil structures. remained folded for about 1.5 ns. The peptide adopted mainly

The Effect of the Turn Residues and the Side-Chain coil conformations in the following 10 ns and refolded into this

Interactions. The -sheet folding is usually initiated by the three-strang-sheet at 23 ns. The newly formgdsheet was
formation of turns. In the folding process, the peptide backbone Very stable, remaining folded until 36 ns. But the conformation
a|WayS forms bends at the sequences with bﬂgbrn propen- at the two turn regions is Unstable, especially the C-terminal
sity, such as GS, NG, GK, afPG in the threg-sheet-forming pB-turn, often unfolded into a four-residue loop at the QNGS
peptides. The bends at these locations are usually preserved evepgguence. Another three-strafidheet with a type 15-turn at
in the coil structures, where the backbone reverses its direction.the N-terminal GS location and a three-residue turn at the
Among these peptides’ the three_strmheet formed by C-terminal NGS location folded b”eﬂy between 41 and 42 ns.
peptide PG is the most stable one, followed by GS and NG. In At about 63 ns, the peptide refolded into yet another three-
peptide PG, the backbone usually forms two bends at the two strandf-sheet conformation, with two three-residue turns at the
DPG locations, and the conformation of the bends is usually N-terminal NGS and C-terminal QNG locations. The peptide
that of a type n ﬂ_turn, even in the coil conformations. The remains folded in this three-straﬁebheet for about 14 ns. The
dominant preference of forming-turn at thePPG location overallﬁ-ratio in this 100-ns simulation is 33.5%, hlgher than
greatly restricted the conformational freedom of the peptide that withr = r* (26.5%).
backbone. The GK segment in the peptide also has a tendency For the peptide NG, a C-terminAkthairpin formed at 16.8
of forming f-turn, and is observed in some less populated ns, which has a three-residue turn at the C-terminal NGK
p-sheet structures. location. Thisp-hairpin quickly developed into a three-strand
With peptide GS, the peptide backbone usually forms two S-sheet, with the formation of a thiggistrand occurring at about
bends at the two GS locations. UnliR@G, the conformation 17.4 ns. This three-strangsheet has two three-residue turns
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at the two NGK locations, with the N-terminal NG adopting a AL
type I' f-turn. The three-strang@-sheet is very stable. The ﬂ)\,
N-terminalf-strand unfolded at about 31.2 ns and the C-terminal TN ’
f-hairpin stayed folded for about 4 ns more until the peptide
completely unfolded. A short three-strafiesheet 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-styaustieet
conformation between 63.8 and 66.3 ns. Again, the N-terminal .,
B-hairpin unfolded first in the unfolding process. The peptide {”
refolded into a three-stramgisheet at about 72 ns and unfolded
4.5 ns later. The overaff-ratio in this 100-ns simulation is : 1
24.2%, higher than that with= r* (17.8%). N

In the simulation of the peptid®PG, a short3-hairpin e
conformation with aPPG g-turn formed at 6.5 ns at the Yo
N-terminal of the peptide. The length of thfishairpin increased N
gradually during the simulation. With the formation of a third
strand at about 8.7 ns, the peptide folded into a three-strandFigure 9. The initial conformation, a compact conformation at 2.6
B-sheet with two type I13-turns at the tw®PG locations. This ns, and g-sheet confor_matlon at 6.5 ns of the 5|mula_t|on_of peptide
f-sheet is stable for the rest of the 100-ns simulation, except (_38, shown from left to right. The_backbone of the peptide |s.shown as
the occasional unfolding of one of the edgestrands. The rl_bbons. _The compact conformation has three strands and mter_—strand

o . . C . side-chain interactions, but does not haveftsheet hydrogen bonding

overallf-ratio in this 100-ns simulation is 67.5%, much higher yaitern. The lower terminus of the peptide is the N-terminus in each
than that withr = r* (285%) structure.

The qualitative results of these folding simulations are
consistent with those of the previous simulations. Quantitatively, simulation were taken as the initial conformations for the
with the VDW truncation at = 1.25*, theS-ratios are higher, following two S-sheet folding simulations.
particularly for peptide PG. For peptides GS, NG, and PG, the For each peptide, two simulations were carried out at the
longer VDW truncation increased tiferatio by 26%, 36%, and  corresponding experimental temperature with the same energy
137%, respectively. With the VDW truncation at= r*, the function as used in the simulation with the extended initial
average SASA of thg8-sheet is about 70% of that of the conformation and with VDW truncation at = r*. For the
corresponding extended conformation, whereas the averagePeptide GS, the simulations were carried out at 283 K. With
SASA of the coil conformations is close to 80%. Longer VDW the first initial conformation (Figure 9), aturn formed at GS in
truncation increases the compactness of the structures, as thé&he N-terminal part of the peptide at 0.6 ns. This turn developed
average SASA of thg-sheet reduces to about 65% of the SASA  into a shor-hairpin conformation with 1 to 3 hydrogen bonds
of the extended conformation, and the average SASA of the @nd lasted for about 0.3 ns. At 1.0 ns, a shg+hairpin
coil conformations reduces to about 70%. In generalgtsbeet ~ conformation occurred at the C-terminal part of the peptide,
is more compact than the coil conformation. The attractive VDW bBut it was not stable. Frequently, the whole peptide showed a
interaction makes structures compact and stabilizes compacthrée-strand compact structure with side-chain interactions,
structures more than other structures. The attractive VDw Similar to the conformation at 2.6 ns shown in Figure 9. From

interaction shifted the equilibrium toward tfiesheet structures, -0 NS, @B-hairpin at the C-terminal part was observed with
thus increasing thé-ratio. ThePPG residues form tighfi-turns occasional unfolding, but the N-terminal strand had only 1 or 2
which usually result in a very compact antiparal[élshee,t backbone hydrogen bonds with the central strand. A three-strand

structure. Therefore, the longer VDW truncation increases the B-sheet conformation formed at 5.7 ns and was stable for about

f-ratio of the PG peptide much more than that of the GS and 2 ns. Unfolding and refolding were observed in the remaining
NG peptides. The longer VDW truncation also increases the part of the simulation. Partial unfolding sometimes occurred,
heights of energy barriers between energy minima. Comparedwhe.re the structure conta|n$3aha|(p|n 3”0' an unfolded strand,
with the simulations wittr = r*, the three-stran@-sheet folds similar to the last two conformations in Figure 4.

later in these simulations, but tends to be more stable for all Compact conformations similar to _that at 2.6 ns were
three peptides. frequently observed. These conformations have considerable

) o . o side-chain interactions between each pair of strands, but do not
Different Initial Conformations. Random coil initial con- have the backbone hydrogen bonding, except the one or two
formations were tested for all three peptides we studied. To pygrogen bonds very close to the turn. Similar structures were
generate random coil conformations, one method assigns randony|so observed in other simulations, including those of other
numbers to the’, @ dihedral ang|eS HOWGVEI’, this method often peptides’ Suggesting a general f0|d|ng mechanism. The side-
results in close contact among atoms and additional structuralchain interactions are mainly hydrophobic and are dependent
adjustment is needed. Other studies have used high-temperaturgn the nonlocal interaction of the amino acid sequence. It brings
simulation to generate random coil conformati8h3o avoid the strands together reducing the conformational entropy and
unrealistic distortions of the molecular structure, such as the shields the backbone polar groups from solvent. The backbone
transCONH near planer geometry, we used a moderately high hydrogen bonds often form from the turn to the other end of
temperature (500 K). In addition, the nonbonding interactions the strands, locking the structure in thesheet conformation.
(the electrostatic interaction and the solvent effect) were set to From these observations, tflesheet folding mechanism may
zero so that the structural changes were dominated by randombe summarized as follows: coils with turns> compact
thermal motions. The covalent bonding constraints and the structures with side-chain interactiors S-sheets. Note that
repulsive VDW interactions keep the structure from falling apart. each structural conversion is microscopically reversible and the
For each sequence, two conformations at 1 and 2 ns in thestability of one structure affects that of the previous and

-
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following structures. The turns form very fast and the coil Table 2. Solvation Energies for Different Conformations of the
conformations almost always have turns at different positions. Peptides

The formation of the turn at the proper position is the initiation peptide é extend coil B-sheet
step of folding. The compact structure with side-chain interac- GS 1.0 38.36 23.70 20.13
tions forms relatively fast, and it includes a large number of 1.25 38.36 22.20 19.53
similar conformations. Its conversion tgsasheet includes the NG 1.0 27.66 18.13 17.07
reorientation of the side-chains of the compact structure and . 11-%5 ié-i% 122-13 1257%)%
the partially folded3-sheet, and is much slower than other steps 198 43.46 56.97 2541

of folding, which could suggest a macroscopic two-state folding
kinetics®” Similar observations have been reported in previous @ VDW interaction is truncated att.

. e RPN !
studies of the-hairpin fOI.dmgi Itis |r.1te'rest|ng 'to note that Table 3. Ratios of Hydrophobic Solvent Accessible Surface Area
the compact structure with side-chain interactions resembles; . i ent Conformations of the Peptides
some features of the molten globule in protein folding.

With the other initial conformation of the peptide GS, three peptide € extend col p-sheet
strandp-sheet conformations were formed at 9.9 ns. For the GS 10 0.58 0.50 0.49
peptide NG, the two simulations were carried out at 273 K. NG 1'35 8'28 3'45& 8'32
The-sheet conformations were formed around 4.0 ns with one 1.5 0.49 0.43 0.40
initial conformation and around 10.0 ns with the other initial PG 1.0 0.68 0.60 0.62
conformation. For the peptidePG, the two simulations were 1.25 0.68 0.62 0.62

carried out at 297 K. Thg-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

?ér;ular to Ithose shown in Figure 4, Figure 6, and Figure 8, lists the solvation energies for different conformations of the
pectively. . . three peptides. The average solvation energies are calculated
Tc_) fgrther test the_ depen_dence of the S'T““'?“P_” results on over the respective structural regions, as mentioned earlier. The
the mmal conformayon, a rlghF-handemi-hehc.al initial con-  selvation energy differences between the extended conforma-
formation was used in a simulation of the peptide GS. The initial i, and the coil conformations are around 10 kcal/mol or more:
confo_rmat|on_ did not have any close contacls or high coval_ent in contrast, the solvation energy differences between the caoill
_bondlng tensions. T_he C-te_rm_lnus of Fhe h?"x started unfolding ¢, htormations and thg-sheet conformations are less than 4
in 0.1 ns and the side-chain interactions increased. At 0.5 ns, o110l for all three peptides. With = 1.25*, the VDW
the C-terminal part formed an extended strand and the N- uua0tion increases the solvation energy differences between
terminal part remained helical. At 0.9 ns, the helix unfolded the extended and coil conformations. In both cases, the energy
completely, and a three-strand compact structure was observedgitterences between thiesheet and coil conformations are much

At 3.0 ns, a complete three-straficsheet formed. With different smaller than those between thsheet and the extended
initial conformations, the exact folding trajectories and folding conformations

]Egr deirs; wg;endc;:fz;ené.nlgog;et\;]eer,i:]r;t?a?lézlgg:\ﬁargos#ltﬁmheet Table 3 lists the ratio of hydrophobic SASA against the total
9 b . ’ SASA for each group of conformations of the three peptides.
The Effect of Different Solvation Parameters.To further Among these three peptides, PG is the most hydrophobic
addressf trr']e mgc:)rtancg of Th? solvent effec'gﬁ:jnmeetffoldmg,. d peptide, as it has the largest hydrophobic SASA ratio in all three
g;etN((); t redePG-n§ hs'mllj ations was carried out for pefpt| e”s different conformations, and NG is the most hydrophilic peptide.
’ ; an with solvation parameters set to zero for all 7o hydrophobicity of a peptide could be another factor, other
atoms. During thesg simulations, the peptide conformgthn WaSthan the turn sequences, contributing to the stability of the
mainly random coil, and no stablg-sheet or f-hairpin -sheet conformation, as the more hydrophobic peptide has a
conformations formed. These tests showed that the solvent effec igher -ratio. This agrees with the finding that hydrophobic
Is crucial for tr_'e f_olding and stability qff—;heet a_an-hairpin residues generally have highgrsheet propensities. The data
structures, a flnd;ng that agrees qualltatly ely W't.h the study of also show that the hydrophobic SASA ratios are very close for
Yang and Homgf. Compared with oth.erllnteracUons, such as the coil conformations anfl-sheet conformations, both about
the electrostatic interaction, the specificity of the solvent effect 8% lower compared with the ratios for extended conformations
IS lprlmarl:%/ n gs atom-type ﬁ‘ege”‘ﬂflf‘ce- For Qxamplt?,_the Using a longer VDW truncation distance does not significantly
solvent efiect between two hydrophilic atoms is repulsive, change the ratios, in agreement with the fact that little change
regardless of their charges. As shown in our previous studles,was observed for the solvation energy difference between the
the exact distance dependence of the specificity of the solvationﬂ_Sheet and coil conformations
effectis se_conda_ry compared WiFh the atom-type de_pen(fénce. The Sequence Dependence of Foldinglhe simulation
_In our simulations, the magnltudg of the s_olvat|on ENeIYY yesults obtained using thegesheet-forming peptides were
difference betweefi-sheet conformation and coil conformation compared with those from an alanine-based synthetic peptide
is not as large as that in some theoretical studies that ignoredAC_AAQQ AAAQAAAAQAAY-NH 5 ((AAQAA) 5Y hereafter) '
the nonlor_:al interactic_)ns (in _one-dimensional sequence SpaCe)ExperimentaIIy, (AAQAAY}Y folds into a stable helical con-
for. the coil conformatlon. Usmg. the_ two-state assumption, the formation in aqueous solution, and its helical content is about
coil conformation in our calculation is the ensemble of the non- 50% at 274 K, as measured by GBThe details of the folding

ﬁ-structure_s generated by _the S|mula_t|0n. Because of _thesimulations of (AAQAAYY have been reported previoust.
hydrophobic effect, many coil conformations are compact with
side-chain interactions. The nonlocal interactions in these (63) Scholtz, J. M.; York, E. J.; Stewart, J. M.; Baldwin, R.1L.Am.
Chem. Soc1991, 113 5102-5104.

(62) Yang, A. S.; Honig, BJ. Mol. Biol. 1995 252, 366—376. (64) Okamoto, Y Proteins1994 19, 14—23.

aVDW interaction is truncated att.

structures significantly decreased the solvation energy of the
coil conformations. This is clearly shown in Table 2, which
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The simulations were carried out for 50 ns at 274 K using the interactions among the side-chains of the strands played a crucial
same energy function as that used for the GS, NG, and PGrole. Hydrophobic clusters formed through the packing of
peptides. With an extended initial conformation, stable helical hydrophobic side-chain atoms contribute significantly to the
conformations formed during the simulations. The overall helical stability of all 5-sheet structures. A good side-chain packing
ratio is 48.9% with the VDW truncation at= r*, and 63.6% pattern is required for a stabje-sheet, while lacking good
with the VDW truncation ar = 1.25*. These results show packing often results in briefly observed structures. Because
that the folding simulations are sequence-dependent and are nothe side-chains readily adjust their conformations, the side-chain
a consequence of the bias of the method or the energy function.packing is not as rigid as the turn location. This interaction may
. explain why the more hydrophobic peptides often show a higher

Conclusions B-ratio. For all three sequences in this study, no stgkdbeet

Without including solvent effect, the multiple minima prob- has been observed in the simulations with solvation parameters
len?® is a major obstacle for protein folding simulations with ~ Set to zero. Therefore, for a proper sequence the solvent effect
the traditional empirical force fields. Either thermal perturba- in the energy functions is a major factor that drivésheet
tions or high temperatures, such as those used in the simulatedfolding.343%68
annealing methotf, are needed for peptide-folding simulations. Kinetically, it is observed during the simulation that the side-
A modification of the force field to include an average solvent chain interactions occur prior to forming backbone hydrogen
effect has made the constant-temperature helix folding simula- bonds. Because the side-chains are more flexible than the
tion possible’2 With the atom-based solvent effe@;sheet backbone, they often reach each other before the backbone polar
folding can now be simulated. This model is applicable to groups do. The favorable side-chain interactions bring the
qualitative study of the secondary structure folding. Quantita- backbones of the strands together and shield the backbone polar
tively, more realistic models are needed. For example, the groups from the competing hydrogen bonding with solvent. For
implicit solvent models often accelerate conformational changes, global folding, some simulation suggested that the initial
which is useful for conformational search, but cannot quanti- collapse and the secondary structure formation occurred simul-
tatively estimate the folding tim&. taneously?® but the question is currently under debate. For local

From the simulations, it is clear that the first factor determin- folding of a5-sheet, our simulations showed that the side-chain
ing 5-sheet folding is the amino acid sequence. The selection interactions occur prior to the backbone hydrogen bonding. The
of the turn residues has a profound effect on the folding and attractive interactions among the side-chains are mainly from
stability of thef-sheet structure. Thé-sheet folding is usually ~ the solvent effect, especially the hydrophobic interactions. In
initiated by the formation of turns. In the folding process, the this sense, the hydrophobic interaction drives the backbone
peptide backbone always forms bends at the sequences withhydrogen bonding. Once the backbone hydrogen bonds formed,
high g-turn propensity. The bends at these locations are usually they stabilize the backbone conformation as well as the side-
preserved even in the coil structures readily to fg8rturns chain interactions. In general, the side-chains, not the backbone,
once favorable side-chain interaction is achieved. Peptide PGcarry the sequence information. The side-chain interaction shows
has the highesfi-ratio and most stablg-sheet structure as a  how the amino acid sequence determines folding. The side-
result of the strong preference of formigturns at the two chain effect of the turn residues on the turn-forming tendency
PPG segments. The rigid side-chain®¥ greatly restricted its  is well recognized. In our previous helix folding stuthsome
backbone conformation, leading to dominant typestturn at kinetic effects of the interaction between the side-chain and the
thePPG location. In peptide GS, type fi-turns at the two GS ~ backbone have been observed. The curpgsheet folding
locations were frequently observed in the three-strgistheet simulations suggest that the mechanism of gkgheet folding
structures. But a three-residue turn at NGS and a tygeurn includes the initiation step of forming-turns, the intermediate
at NG locations were also found in mafiystructures. Thisis  step of the side-chain interactions, and the final step of the
because of the high statistical probability of forming a type | 3-sheet hydrogen bonding. Microscopically, each structural
p-turn at the NG location as well as the backbone flexibility of conversion is reversible and the stability of one structure affects
glycine residue. Although a type B-turn suits thes-hairpin that of the previous and following structures. The formation of
conformation better than a type H-turn geometrically, the type  the turns is usually fast. The conversion from the compact
[I" B-turn allows better backbone interstrand hydrogen bonding, structure with side-chain interactions to ffxsheet is the slowest
which is essential for smafi-sheet structures. Isolat@dsheet  step. This conversion contains mainly a search for optimal side-
andp-hairpins with type 'l f-turns are less stable compared with  chain packing, including the reorientation of the side-chains of
those with type I13-turns, as peptide NG has the lowgstatio the compact and the partially folded structures. For an amino
among the three peptides we investigated. These simulationacid sequence that can form a stabisheet, the optimal side-

results also agree with the experimental findings by Stanger chain packing will result in the favorable backbone hydrogen
and Gellmaff that replacing the?PG segment with an NG bonding pattern of th@-sheet.

segment leads to a less stafginairpin structure.

Besides the amino acids in the turn, the hydrophobic JA992350X
(65) Wilson, S. R.; Cui, W. LBiopolymers199Q 29, 225-235. (67) Eaton, W. A.; Munoz, V.; Thompson, P. A.; Henry, E. R,
(66) Stanger, H. E.; Gellman, S. Bl. Am. Chem. S04998 120, 4236~ Hofrichter, J.Acc. Chem. Red998 31, 745-753.

4237. (68) Wang, H.; Sung, S. 8iopolymers1999 50, 763-776.



