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ABSTRACT The dynamics of the three-
stranded �-sheet peptide Betanova has been stud-
ied at four different temperatures (280, 300, 350,
and 450 K by molecular dynamics simulation tech-
niques, in explicit water. Two 20-ns simulations at
280 K indicate that the peptide remains very
flexible under “folding” conditions sampling a
range of conformations that together satisfy the
nuclear magnetic resonance (NMR)-derived experi-
mental constraints. Two simulations at 300 K
(above the experimental folding temperature) of
20 ns each show partial formation of “native”-like
structure, which also satisfies most of the NOE
constraints at 280 K. At higher temperature, the
presence of compact states, in which a series of
hydrophobic contacts remain present, are ob-
served. This is consistent with experimental obser-
vations regarding the role of hydrophobic con-
tacts in determining the peptide’s stability and in
initiating the formation of turns and loops. A set of
different structures is shown to satisfy NMR-
derived distance restraints and a possible mecha-
nism for the folding of the peptide into the NMR-
determined structure is proposed. Proteins 2002;
46:380–392. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

To carry out their functions within living cells, proteins
must fold to a well-defined three-dimensional (3-D) struc-
ture. Understanding the mechanism of peptide or protein
folding is thus important from an experimental as well as a
theoretical perspective. Much effort has been devoted to
understanding how proteins attain their native structure,
and a wide variety of experimental techniques have been
applied to this problem. These range from spectroscopic
techniques, such as circular dichroism (CD) and nuclear
magnetic resonance (NMR), to experiments in which laser
temperature jumps are used to synchronize folding.1–3

Despite this sophistication, there is still no experimental
technique that can provide insight at an atomic level into
the folding process itself. To understand folding at an
atomic level, we have little choice but to turn to theoretical
approaches.

Theoretical methods to predict the folded structure of a
peptide or a protein fall into three main classes: (a)
statistical approaches, (b) conformational search tech-
niques, and (c) molecular dynamics (MD) simulations.
Statistical approaches relate an amino acid sequence to
known 3-D structures and are widely used to predict the
conformation of peptides in solution.4,5 They provide,
however, no information regarding the mechanism of
folding nor any insight into possible alternative conforma-
tions. Conformational search methods can, in contrast,
provide information on the relative population of different
conformations in solution. A range of conformations is
generated, and an energy function is used to discriminate
between them.6,7 However, the size of the conformational
space potentially accessible to even a small peptide pre-
cludes any systematic search at atomic detail. Moreover,
these methods cannot be used to characterize the dynam-
ics of the folding process.

To characterize both the range of alternative states that
can be sampled by a peptide under specific conditions and
the dynamics of the process of (un)folding, we must turn to
equilibrium MD simulations. MD simulations address the
folding problem by only sampling “relevant” (low-energy)
regions of conformational space. In cases that are charac-
terized by a limited number of low-energy conformations
in rapid equilibrium (on the MD timescale), MD simula-
tions have been demonstrated to provide highly detailed
information on the nature of alternative states in solution,
and the dynamics of spontaneous folding and unfold-
ing.8–14 In particular, Daura et al.15–17 have been able to
demonstrate the reversible folding of a helix forming
�-peptide in methanol from an arbitrary starting structure
under a variety of conditions within 50 ns. These studies
clearly showed how the study of small peptides could help
better understand the nature of the unfolded state and the
mechanism of protein folding. A variety of other computa-
tional studies on helix-forming peptides have also ap-
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peared, and factors affecting helix formation and stability,
at least in general terms, are well characterized.12,13,18,19

In contrast, �-sheets are complex structures. The connec-
tions between the �-strands can be well separated along
the sequence, and the interactions that stabilize �-sheet
formation are less well understood.20 Although, �-hair-
pins, along with �-turns, have been proposed to act as
initiation sites in early protein folding events,21,22 the
folding properties of �-hairpins have proved difficult to
study experimentally primarily because of their tendency
to aggregate. Nevertheless, in recent years, �-sheet forma-
tion has been the subject of intense research because of its
importance in amyloid fibril formation, a factor in a wide
variety of pathological disorders.23,24 Peptides obtained
from proteins25,26 or from de novo design27–29 which fold
stably in solution have been isolated and characterized by
using NMR, fluorescence, and other spectroscopic tech-
niques. These studies indicate that �-hairpins have folding
times in the range of several microseconds, thus much
longer than the respective helix folding times. Computa-
tional studies of �-turn forming sequences,30–32 as well as
�-hairpin forming sequences,33–40 have addressed differ-
ent aspects of �-hairpin stability, such as the importance
of the turn sequence, hydrogen bonding patterns and
hydrophobic interactions.

To garner further insight into the atomic details of the
folding mechanism of �-sheets, we have studied the folding
and stability of the 20-residue designed peptide Bet-
anova41 by using MD simulation techniques. Betanova,
whose sequence is RGWSVQNGKYTNNGKTTEGR was
designed to form a monomeric, three-stranded, antiparal-
lel �-sheet [Figs. 1 and 2(a)]. NMR spectroscopic data are
consistent with Betanova containing two turns (residues
Asn7-Gly8, and Asn13-Gly14) and three �-strands. Spec-
troscopic and physicochemical characterization has shown
that the �-sheet conformation is stabilized by specific
tertiary interactions and that the molecule shows evidence
of a cooperative two-state folding-unfolding transition,
which is a distinctive feature of natural proteins. Thermo-
dynamically, the stability of Betanova is around 2.5–3.0

kJ/mol at 278 K. Betanova thus constitutes a useful model
to help understand the mechanism of �-sheet folding and
stability. Computationally, Bursulaya and Brooks36 simu-
lated Betanova for 2 ns in explicit water by using the
CHARMM force field. The peptide remained close to the
starting structure, which indicated some degree of stabil-
ity. Using unfolding conditions and umbrella sampling
techniques, these workers generated a free-energy map for
folding and unfolding and highlighted the importance of
intramolecular contacts in defining the folded state of the
peptide.

Van der Vaart and coworkers42 have investigated the
role of many body effects in the stabilization of Betanova
and concluded that, although many body effects are in
principle important, the folding of Betanova could be
accurately described by using effectively two body poten-
tials. Very recently (after the completion of this manu-
script) Ferrara and Caflisch37 published extensive simula-
tions on a closely related peptide by using a simplified
solvent model and short interatomic cutoffs. To their
credit, these workers were able to demonstrate folding
from random starting conformations. At the same time,
the work highlighted the problems associated with the use
of implicit solvent models. Although the peptide folded,
significant violations of experimentally derived nuclear
Overhauser effect (NOE) constraints were still found
despite very long simulations (200 ns) and �r � 6� � 1/6

averaging of the interproton distances r. Second, the
simulations severely overestimated the stability of the
peptide. The peptide rapidly folded at 360 K despite
experimentally the peptide was at most 50% folded at 280
K.29 Nevertheless, the authors claimed general agreement
with the studies of Bursulaya and Brooks and used the
simulations to draw general conclusions for the folding of
Betanova-like molecules.

Here, we present the results of a study of the stability
and folding of Betanova using MD simulations in explicit
water under periodic boundary conditions at several tem-
peratures (280, 300, 350, and 450 K). Two 20-ns simula-
tions were performed at 280 K (40 ns total), and two 20 ns
simulations at 300 K (40 ns total). The results of these
simulations are compared with experimentally derived
NMR structural data. At both 350 and 450 K, a single
20-ns trajectory was generated and analyzed. The simula-
tions (120 ns total) show extensive sampling of the confor-
mational space around the folded state and allow us to
address issues related to the stability and folding of
Betanova. Based on the analysis of the trajectories, the
respective roles of single amino acids, loops, hydrogen
bonding, and side-chain interactions in determining the
folding-unfolding mechanism of Betanova are discussed.
Moreover, a detailed analysis of the ability of the simula-
tions to reproduce NMR-derived distance restraints is
presented.

MATERIALS AND METHODS
Molecular Dynamics Simulations and Analysis

The starting structure for the simulations (Fig. 1) was
the averaged NMR structure of Kortemme et al.41 The

Fig. 1. Scheme depicting the backbone structure of the NMR model
and residue types in Betanova. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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peptide was protonated to give a zwitterionic form (with
N-terminal NH3

� and C-terminal COO� groups) in line
with the experimental conditions (pH 5.0) at which the
peptide was studied.41 The peptide was solvated with
water in a periodic truncated octahedron large enough to
contain the peptide and 0.8 nm of solvent on all sides. All
solvent molecules within 0.15 nm of any peptide atom were
removed. The total charge on the peptide was �3. No
counterions were added because water is a high dielectric
and the inclusion of no counterions was considered a better
approximation to the low-salt experimental conditions.
The resulting system was composed of 220 peptide atoms
and 2,940 water molecules. The system was subsequently
energy minimized with a steepest-descent method for 100
steps. To compare the dynamical behavior of the peptide at
different temperatures, simulations at 280, 300, 350, and
450 K were performed. In all simulations, the temperature
was maintained close to the intended values by weak
coupling to an external temperature bath51 with a cou-
pling constant of 0.1 ps. The peptide and the rest of the
system were coupled separately to the temperature bath.
The GROMOS96 force field52,53 was used. The simple
point charge (SPC)54 water model was used. The LINCS
algorithm55 was used to constrain all bond lengths. For the
water molecules, the SETTLE algorithm56 was used. A
dielectric permittivity (� � 1) and a time step of 2 fs were
used. A twin range cutoff was used for the calculation of
the nonbonded interactions. The short-range cutoff radius
was set to 0.8 nm, and the long-range cutoff radius was set
to 1.4 nm for both coulombic and Lennard-Jones interac-
tions. The cutoff values are the same as those used for the
GROMOS96 force field parameterization.52 Interactions
within the short-range cutoff were updated at every time
step, whereas interactions within the long-range cutoff
were updated every five time steps together with the
pairlist. All atoms were given an initial velocity obtained
from a Maxwellian distribution at the desired initial

temperature. The density of the system was adjusted by
performing the first equilibration runs under NPT condi-
tion by weak coupling to a bath of constant pressure (P0 �
1 bar, coupling time �P � 0.5 ps).51 All the simulations,
starting from the average NMR structure, were equili-
brated by 50 ps of MD runs with position restraints on the
peptide to allow relaxation of the solvent molecules. These
first equilibration runs were followed by other 50-ps runs
without position restraints on the peptide. The production
runs using NVT conditions, after equilibration, were 20 ns
long. Cluster analysis was performed by using the Jarvis-
Patrick45 method: a structure is added to a cluster when
this structure and a structure in the cluster have each
other as neighbors and they have at least P neighbors in
common. The neighbors of a structure are the M closest
structures or all the structures within a cutoff. In our case
P is 3, M is 9, and the cutoff value is 0.1 nm. All the MD
runs and the analysis of the trajectories were performed by
using the GROMACS software package.57

The graphical representations of the peptide were real-
ized with the program MOLSCRIPT58 and MOLMOL.59

RESULTS
Betanova at 280 and 300 K

Figure 3 shows the secondary structure content as a
function of time for the two simulations of the peptide at
280 K [Fig. 3(a) and (b)], labeled 280A and 280B, respec-
tively. Figure 4 shows the same quantity for the two
simulations of the peptide at 300 K [Fig. 4(a) and (b)],
labeled 300A and 300B. Secondary structure assignments
were based on the DSSP algorithm.43 The secondary
structure plot for the first of the 280 K trajectories shows
that the protein maintains its starting triple �-sheet
conformation for about 1.8 ns. Note that in the DSSP
notation, the difference between secondary structure ele-
ments is based only on the backbone geometry and the
presence of hydrogen bonds. The loss of �-sheet defining

Fig. 2. Tertiary structure of the backbone of Betanova as obtained from: (a) the average between 20 NMR
structures, (b) the most populated cluster at 280 K, (c) the most populated cluster for 300A, (d) the most
populated cluster for 300B, (e) the most populated cluster for 350 K. The pictures were obtained by using
MOLMOL.59 The secondary structure definitions were based on Kabsch-Sander DSSP definition.43 Residues
involved in turn formation Asn7, Gly8, Asn13, and Gly14 are represented as ball and stick. The numbers
indicate the initial and terminal residue. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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contacts between strands 2 and 3 is accompanied by the
loss of the typical loop conformation and loop hydrogen
bonds involving residues Asn13 and Gly14. The same is
observed in the case of the contacts between strands 1 and
2. In both cases, a change in the conformation of the loop
residues accompanies the loss of secondary structure. For
brief periods, the loop geometry of residues Asn7 and Gly8
is recovered, but this is not accompanied by the formation
of secondary structure in the strands. Figure 5(a) shows
the root-mean-square positional deviation (RMSD) rela-
tive to the average NMR structure as a function of time for
280A. The RMSD calculated for the backbone atoms of the
whole molecule (average value 0.20 nm) primarily reflects
the behavior of the backbone atom RMSD calculated for
only residues 9–18 (strands 2 and 3) (average value 0.15
nm). In contrast, the RMSD values for residues 3–12
(strands 1 and 2) remain close to their average value (0.14
nm) for the whole simulation.

Figure 3(b) shows the secondary structure content as a
function of time for the second 20-ns simulation at 280 K
(280B). This simulation was started from the structure
obtained after 1.5 ns of simulation 280A by using a
different set of velocities obtained from a Maxwellian
velocity distribution for a temperature of 280 K. The
three-stranded �-sheet geometry is maintained during the
first 1 ns of this simulation. The �-strand geometry of the
first strand is then lost for approximately 3 ns, in associa-
tion with the loss of the ideal turn geometry of residues
Asn7 and Gly8. The original �-strand geometry for strand

1 recovers at around 5 ns and is maintained until 17 ns.
Strands 2 and 3 essentially maintain their secondary
structure during the first 17 ns, although the geometry of
the turn region fluctuates. At 17 ns, a transition leading to
the loss of structure in all strands is observed. The �-turn
geometry of residues Asn13 and Gly14 is present until the
end of the simulation. However, strands 2 and 3 do not
regain their original conformation. Figure 5(b) shows the
RMSD relative to the average NMR structure as a function
of time for 280B. The RMSD plots of the whole peptide
(average value 0.18 nm) and of residues 3–12 (average
value 0.14 nm) and residues 9–18 (average value 0.13 nm)
separately show that the increase in the RMSD values at
17 ns parallels the increase in the RMSD value of residues
3–12 (strands 1 and 2), whereas the RMSD for residues
9–18 (strands 2 and 3) remains largely constant during
this simulation.

Figure 4(a) shows the secondary structure content for
the first simulation at 300 K. In this case, the structure
is mostly folded for about 2 ns, before conformational
changes involving the loop residues Asn7 and Gly8 and
Asn13 and Gly14 are observed and the secondary struc-
ture is lost. The �-sheet conformation for strands 1 and 2
is recovered repetitively during the simulation, along
with the conformation and hydrogen-bonding pattern
for the loop residues Asn7 and Gly8. �-strands 1 and 2
remain centered around the Asn7 and Gly8 pair. The
loss of secondary structure involving strand 3 is associ-
ated with a conformational change in residues Asn13

Fig. 3. Secondary structure plots for the two simulations at 280 K: (a)
280A, (b) 280B.

Fig. 4. Secondary structure plots for the two simulations at 300 K: (a)
300A and (b) 300B.
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and Gly14 resulting in the structure of the loop to first
be identified as a bend and then as a coil at around 5 ns.
Strand 3 moves out of its original plane, losing its
contacts with the rest of the molecule, and fluctuates
between a series of different conformations without
regaining the original hydrogen bonds and conforma-
tion. The RMSD calculations on separate parts of Bet-
anova reflect this behavior: the average RMSD values
for the whole peptide and for residues 9 –18 are 0.43 nm

and 0.41 nm, respectively, whereas the value for resi-
dues 3–12 is just 0.11 nm [Fig. 6(a)].

Simulation 300B [Fig. 4(b)] was started from the last
conformation obtained from 280A, which does not show
defined secondary and tertiary structure elements. During
the first 6.5 ns, there is no formation of well-defined
secondary structure. Nevertheless, residues Asn7 and
Gly8 as well as Asn13 and Gly14 do, for short periods of
time, adopt a �-turn conformation. After 6.5 ns, there is a

Fig. 5. RMSD for the two simulations at 280 K of the conformations
found in the simulations to the NMR model: (a) 280A and (b) 280B. From
top to bottom: RMSD for backbone of residues between 3 and 18, RMSD
for backbone of residues between 3 and 12 (hairpin 1), RMSD for
backbone of residues between 9 and 18 (hairpin 2).

Fig. 6. RMSD for the two simulations at 300 K, of the conformations
found in the simulations to the NMR model: (a) 300A and (b) 300B. From
top to bottom: RMSD for backbone of residues between 3 and 18, RMSD
for backbone of residues between 3 and 12 (hairpin 1), RMSD for
backbone of residues between 9 and 18 (hairpin 2).
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formation of secondary structure involving strands 2 and
3, which assume a well-defined �-sheet conformation
centered around residues Asn13 and Gly14. This can also
be seen in the low value of the RMSD for residues 9–18
(average value 0.14 nm), with respect to the NMR model of
Betanova. The RMSD value for the whole peptide (average
value 0.30 nm) reflects the behavior of residues 3–12
(average value 0.25 nm) [Fig. 6(b)]. As in the previous 300
K simulation, the system tends to populate an ensemble of
conformational states in which a part of the conformation
deduced from NMR studies is attained, whereas the rest of
the molecule (strands 1 or 3) shows a higher flexibility and
mobility. The average radius of gyration (Rgyr) is 0.76 nm
for 280A, 0.74 nm for 280B, 0.77 nm for 300A and 0.76 nm
for 300B, indicating the sampling of primarily compact
conformations.

NMR-Derived Structural Properties

Tables I and II show the 31 experimental NOE connec-
tivities defining the �-sheet conformation of Betanova,
together with the distance values calculated from the

simulations at 280 and 300 K, respectively. The interpro-
ton distances were calculated from the simulations as
�r � 3� � 1/3 and �r � 6� � 1/6 averages.44 The averages were
calculated for each trajectory separately. From the results
in Table I for simulation 280A, it can be seen that most of
the NOE constraints are satisfied when averaged over the
trajectory. The experimental data are satisfied even if the
DSSP analysis indicates that the peptide does not assume
a defined three-stranded �-sheet conformation. The mole-
cule in this simulation does, nevertheless, sample a series
of conformations basically characterized by the presence of
three-strands and two-loop (turn) regions corresponding to
residues Asn7 and Gly8, and Asn13 and Gly14, respec-
tively. Violations using �r � 3� � 1/3 distance weighting (cal-
culated values 	0.05 nm higher than the experimental
bound) are observed for entries 2, 8, 17, and 22. These
NOEs correspond to interactions within hairpin 1 between
strands 1 and 2. There are no violations in hairpin 2. The
NMR constraints are also largely satisfied in simulation
280B. Nevertheless, in this case, despite the long persis-
tence of a well-defined three-stranded �-sheet structure,

TABLE I. NOE Connectivities of Betanova From NMR Experiments in Water Compared
with Calculations Based on Simulations 280A and 280B†

No. NOE i–j atom

Calc. Dist. 280A Calc. Dist. 280B

Exp NOE r3 r6 r3 r6

1 C�H Y10-NH Q6 w 0.3 0.3 0.6 0.6
2 NH Q6-NH K9 m 0.6* 0.5* 0.4 0.4
3 NH N7-NH K9 w-m 0.5 0.5 0.5 0.5
4 C�H Y10-C
H N7 w-m 0.4 0.4 0.9* 0.8*
5 C�H Y10-C
H S4 w 0.6 0.5 0.5 0.5
6 C�H Y10-C
H G8 w 0.5 0.4 0.7* 0.6
7 C�H Y10-C�H W3 w-m 0.5 0.4 0.4 0.4
8 C�H Y10-C���H N12 w 0.8* 0.7* 0.7* 0.5
9 C�H Y10-C�H V5 m 0.2 0.2 0.2 0.2

10 C
H Y10-C
H V5 w-m 0.5 0.5 0.4 0.4
11 C
H Y10-C�H V5 s 0.3 0.2 0.2 0.2
12 C�2H W3-C
H V5 m 0.4 0.4 0.9* 0.9*
13 C�2H W3-C�H V5 Hairpin 1 w 0.2 0.2 0.6 0.5
14 C�2H W3-C
H V5 Res 3–12 w 0.5 0.5 0.8* 0.8*
15 C�2H W3-C�H V5 w 0.3 0.3 0.2 0.2
16 N
H N7-C�H V5 w 0.5 0.2 0.6 0.6
17 NH T11-C
H V5 m 0.6* 0.5* 0.4 0.4
18 NH K9-C
H N7 m 0.4 0.2 0.4 0.4
19 NH G8-C�H V5 s 0.2 0.2 0.2 0.2
20 NH Q6-C
H Y10 w 0.5 0.4 0.3 0.3
21 C
H Y10-C�H V5 w 0.5 0.3 0.2 0.3
22 C
H Y10-C
H V5 w-m 0.6* 0.6* 0.4 0.4
23 NH K9-C�H V5 m 0.4 0.4 0.2 0.2
24 NH T17-C���H K15 w-m 0.4 0.4 0.3 0.3
25 NH K15-C
H N13 Hairpin 2 w-m 0.5 0.5 0.3 0.4
26 NH T17-C�H K15 Res 9–18 w 0.5 0.5 0.4 0.4
27 NH T16-C�H T11 w 0.5 0.4 0.5 0.5
28 NH R20-C
H N7 m 0.4 0.4 0.4 0.3
29 NH N12-C
H T16 Interstrand w 0.5 0.5 0.5 0.4
30 NH N13-C�H T11 w 0.3 0.3 0.2 0.2
31 NH T16-C�H T11 w 0.5 0.5 0.5 0.5
†Experimentally, NOEs are classified according to the following upper distance restraints: strong (s) � 0.25 nm, medium (m) � 0.35 nm,
weak-medium (w-m) � 0.5 nm, weak (w) � 0.55 nm. Column r3 refers to �r � 3� � 1/3 averaging, and r6 refers to �r � 6� � 1/6 averaging.
*Asterisk: violations 	0.05 nm.
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violations of the NMR restraints are observed for entries 4,
6, 8, 12, and 14 (�r � 3� � 1/3) averaging. All violations again
occur within hairpin 1. The NOEs within hairpin 2 are
satisfied although we note that the calculated distances for
hairpin 2 are significantly shorter in 280B compared to
280A. Hairpin 1 shows a well-defined �-sheet conforma-
tion of the backbone throughout most of the trajectory, and
the largest violations are observed for NOEs involving the
side chains of Val5 and Trp3. Averaging as �r � 6� � 1/6, only
NOEs 4, 12, and 14 would be violated by more than 0.05
nm. Taking simulations 280A and B together, only one
weak NOE constraint, from the side chain of Tyr 10 to the
side chain of Asn 12 (entry 8) is still violated and only
when using �r � 3� � 1/3 as opposed to �r � 6� � 1/6 averaging.

Table 2 lists the average distances and violations of the
experimentally measured NOEs at 280K for the simula-
tions 300A and 300B. Clearly, there are more violations in
the simulations at 300 K than at 280 K. Nevertheless,
most of the NOE-derived distance constraints are satisfied
in both simulations. In the simulation 300A, violations
higher than 0.05 nm assuming �r � 3� � 1/3 averaging occur
for entries 4, 8, 11, 12, 14, 27, and 31. Entries 4, 8, 11, 12,

and 14 occur in hairpin 1. In Figure 4(a) it is evident that
throughout simulation 300A residues 2–12 primarily adopt
a well-defined �-hairpin. The observed violations involve
mostly NOEs in the side-chain atoms of residues Trp3 and
Tyr10. Using �r � 6� � 1/6 averaging only entries 8, 12, and
14 show violations. The simulation 300B was started from
a conformation that lacked well-defined secondary struc-
ture. After 6.5 ns, there was spontaneous formation of a
�-hairpin between strands 2 and 3 but not between
strands 1 and 2. Violations of the NOE-derived distances
are observed for entries 2–4, 10, 11, 16–19, 21–23, and 28.
Applying �r � 6� � 1/6 averaging entries 2, 11, 16–19, and
21–23 would still show violations. The violations are
concentrated in hairpin 1 primarily involving backbone as
opposite to side-chain atoms. There are no violations in
hairpin 2. Importantly, only entries 4 and 11 show signifi-
cant violations in both simulations and only when using
�r � 3� � 1/3 as opposed to �r � 6� � 1/6. Taken together, the
comparison between the experimental NOEs and the
distance averaged from the simulations indicate that
overall the simulations satisfy the experimental con-
straints. It is important to note that different structures

TABLE II. NOE Connectivities of Betanova From NMR Experiments in Water Compared
with Calculations Based on Simulations 300A and 300B†

No. NOE i–j atom

Calc. Dist. 280A Calc. Dist. 280B

Exp NOE r3 r6 r3 r6

1 C�H Y10-NH Q6 w 0.6 0.4 0.6 0.5
2 NH Q6-NH K9 m 0.4 0.4 0.7* 0.7*
3 NH N7-NH K9 w-m 0.5 0.5 0.6* 0.5
4 C�H Y10-C
H N7 w-m 0.7* 0.6* 0.6* 0.4
5 C�H Y10-C
H S4 w 0.6 0.5 0.6 0.5
6 C�H Y10-C
H G8 w 0.6 0.5 0.6 0.5
7 C�H Y10-C�H W3 w-m 0.4 0.3 0.5 0.4
8 C�H Y10-C���H N12 w 1.1* 0.9* 0.6 0.4
9 C�H Y10-C�H V5 m 0.2 0.2 0.4 0.2

10 C
H Y10-C
H V5 w-m 0.4 0.4 0.7* 0.6*
11 C
H Y10-C�H V5 s 0.4* 0.2 0.7* 0.7*
12 C�2H W3-C
H V5 m 0.8* 0.7* 0.4 0.3
13 C�2H W3-C�H V5 Hairpin 1 w 0.4 0.2 0.2 0.2
14 C�2H W3-C
H V5 Res 3–12 w 0.9* 0.7* 0.5 0.5
15 C�2H W3-C�H V5 w 0.3 0.2 0.3 0.2
16 N
H N7-C�H V5 w 0.6 0.6 0.7* 0.7*
17 NH T11-C
H V5 m 0.4 0.4 0.8* 0.7*
18 NH K9-C
H N7 m 0.4 0.3 0.5* 0.5*
19 NH G8-C�H V5 s 0.2 0.2 0.7* 0.8*
20 NH Q6-C
H Y10 w 0.4 0.4 0.5 0.5
21 C
H Y10-C�H V5 w 0.3 0.2 0.7* 0.7*
22 C
H Y10-C
H V5 w-m 0.4 0.4 0.7* 0.7*
23 NH K9-C�H V5 m 0.2 0.2 0.9* 0.8*
24 NH T17-C���H K15 w-m 0.3 0.3 0.4 0.4
25 NH K15-C
H N13 Hairpin 2 w-m 0.5 0.4 0.4 0.4
26 NH T17-C�H K15 Res 9–18 w 0.4 0.3 0.5 0.4
27 NH T16-C�H T11 w 0.8* 0.6 0.4 0.4
28 NH R20-C
H N7 m 0.4 0.4 0.5* 0.4
29 NH N12-C
H T16 Interstrand w 0.6 0.5 0.4 0.4
30 NH N13-C�H T11 w 0.2 0.2 0.3 0.2
31 NH T16-C�H T11 w 0.8* 0.3 0.4 0.3

†Experimentally, NOEs are classified according to the following upper distance restraints: strong (s) � 0.25 nm, medium (m) � 0.35 nm,
weak-medium (w-m) � 0.5 nm, weak (w) � 0.55 nm. Column r3 refers to �r � 3� � 1/3 averaging, and r6 refers to �r � 6� � 1/6 averaging.
*Asterisk: violations above 0.05 nm.
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from the simulation satisfy different sets of NOEs. In these
simulations, the system can be considered to sample an
ensemble of compact states characterized by the presence
of fully or partially formed secondary structure elements
that together satisfy the experimental data.

Betanova at 350 and 450 K

The unfolding of Betanova at 350 K is illustrated in
Figure 7. At 350 K, the initial triple stranded �-sheet
structure is maintained for only a few hundred picosec-
onds and not recovered for any extended period during the
remainder of the simulation. It is of interest that the loop
conformation is recovered several times during the first 10
ns at 350 K and is present continously between 13 and 18
ns. The second �-turn is observed for shorter periods. The
RMSD values for the turn residues are low during the
simulation: the average backbone RMSD value for resi-
dues 6–9 (the first �-turn) is 0.08 nm, whereas for residues
12–15 (the second �-turn) this value is 0.1 nm. This
calculation shows that these residues tend to maintain or
to recover their conformation giving rise to the turn
formation. The average backbone RMSD value for the
whole peptide is 0.40 nm, for strands 1 and 2 is 0.28 nm,
and for strands 2 and 3 is 0.25 nm. Even at this high
temperature, some secondary structure can, in fact, be
observed for short periods, indicating that the conforma-
tional space sampled under these conditions includes the
conformational space accessible to the molecule at lower
temperatures. In the simulation at 450 K, the peptide
rapidly loses its initial structure: the strands become
highly flexible and the well-defined turn regions are lost.
There is no evidence for the formation of a triple stranded
�-sheet. The presence of stable �-turn sequences in the
simulation at 350 K is reflected in the value and in the
variation of the Rgyr with respect to time. The average
value is 0.76 nm, very similar to that calculated for the
simulations at 280 and 300 K. Even though the oscillations
at 350 K are more pronounced and values of 1.0 nm for the
Rgyr are obtained, the molecule primarily maintains a
compact structure.

Hydrogen Bonding

Experimentally, the hydrogen bonds between Ser4 and
Thr11, and Tyr10 and Thr17 have been considered impor-

tant in defining a three-stranded structure for the Bet-
anova peptide.41 Figure 8(a) shows the hydrogen bonds
between strands 1 and 2 in simulation 280A. A hydrogen
bond was considered to exist if the distance between the
hydrogen atom and the acceptor is �0.25 nm and if the
angle donor-hydrogen-acceptor is �60°. Hydrogen bond 3
(NOH of Ser4 to CAO of Thr11), 4 (NOH of Gln6 to CAO
of Lys9), 5 (NOH of Lys9 to CAO of Gln6), and 6 (NOH of
Thr11 to CAO of Ser4) are present only in the first 2 ns of
the simulation. Figure 8(b) shows the backbone-backbone
hydrogen bonds between strands 2 and 3. In this case, two
hydrogen bonds are present for most of the simulation,
namely, hydrogen bond 9 (NOH of Tyr10 to CAO of
Thr17) and 16 (NOH of Thr17 to CAO of Tyr10). Hydro-
gen bond 13 (NOH of Asn12 to CAO of Lys15) is present
for about 2 ns. The presence of a stable hydrogen bond
between Tyr10 and Thr17 is indicative of a structure
consistent with the NOE experimental data. This would
not be inferred by examination of the DSSP graph in
Figure 3(a) alone.

Figures 9(a) and (b) shows the hydrogen bonds for
strands 1 and 2 and 2 and 3, respectively, for simulation
280B. Figure 9(a) shows the presence of three long-lived
hydrogen bonds between strands 1 and 2: hydrogen bonds
3, 4, and 6. Hydrogen bond 5 appears intermittently.

Fig. 7. Secondary structure plot for the simulation at 350 K.

Fig. 8. Interstrand hydrogen bond persistence maps for simulation
280A. (a) Strands 1 and 2. Entry 1: NOH of Trp3 to CAO of Thr11; Entry
2: NOH of Ser4 to CAO of Tyr10; Entry 3: NOH of Ser4 to CAO of
Thr11; Entry 4: NOH of Gln6 to CAO of Lys9; Entry 5: NOH of Lys9 to
CAO of Gln6; Entry 6: NOH of Thr11 to CAO of Ser4. (b) Strands 2 and
3. Entry 7: NOH of Lys9 to CAO of Thr16; Entry 8: NOH of Tyr10 to CAO
of Thr16; Entry 9: NOH of Tyr10 to CAO of Thr17; Entry 10: NOH of
Tyr10 to CAO of Glu18; Entry 11: NOH of Thr11 to CAO of Thr16; Entry
12: NOH of Thr11 to CAO of Thr17; Entry 13: NOH of Asn12 to CAO of
Lys15; Entry 14: NOH of Lys15 to CAO of Thr11; Entry 15: NOH of
Lys15 to CAO of Asn12; Entry 16: NOH of Thr17 to CAO of Tyr10; Entry
17: NOH of Thr17 to CAO of Thr11; Entry 18: NOH of Thr17 to CAO of
Asn12. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 9(b) shows the hydrogen bond interactions between
residues Tyr10 and Thr17, namely, hydrogen bonds 9 and
16 are again observed. Hydrogen bonds 13 and 15 (NOH of
Lys15 to CAO of Asn12) also persist for most of the
simulation. The presence of a higher number of inter-
strand hydrogen bonds in simulation 280B is consistent
with a more defined three-stranded �-sheet structure, as
seen in the DSSP-based analysis [Fig. 3(b)].

Side-Chain Contacts

Kortemme and coworkers41 reported that the packing of
aromatic side chains in �-sheets contributes significantly
to their stability, as well as establishing important confor-
mational constraints. The distances between the centers of
mass of the side chains of hydrophobic-aromatic residue
pairs, involving residues Trp3, Val5, and Tyr10 were thus
monitored to determine the presence of hydrophobic inter-
actions in Betanova. Two side chains were considered to be
in contact if the distance between their respective centers
of mass was �0.65 nm.

At 280 K the average distance between the centers of
mass of the side chains of Trp3 and Tyr10 is 0.59 nm for
simulation 280A and 0.50 nm for simulation 280B. In 280B
the distance stabilizes after 5 ns together with the forma-
tion of secondary structure involving strands 1 and 2. A
large oscillation is observed at 17 ns, coincident with the
loss of tertiary structure previously noted. In 300A, this
distance oscillates during the whole simulation. On aver-
age, it is around 0.65 nm, indicating the presence of a
hydrophobic contact. Larger distances corresponded to
when strands 1 and 2 lose secondary structure. In 300B,
the average distance between the side chains is 0.86 nm.
Higher values were observed in the latter part of the
simulation, in which strand 1 fluctuates, whereas strands

2 and 3 form a well-defined �-hairpin structure. At 350 K
(average distance 1.03 nm) the Trp3-Tyr10 contact is
present for only short periods that do not coincide either
with the formation of secondary structure involving strands
1 and 2 or with the formation of a stable turn involving
Asn7 and Gly8.

The contact between Val5 and Tyr10 was present in all
the simulations at lower temperature. In particular, in
280B, in which the peptide is mostly folded, the value of
this distance was around 0.4 nm. In 300A, low inter-
residue distances characterize parts of simulation in which
secondary structure in strands 1 and 2 is present. In 300B,
there was no contact between Val5 and Tyr10 (average
value 0.87 nm).

Other important interstrand packing interactions are
between Asn12 and Thr17, and between Asn12 and Trp3.
During simulation 280B, the average distance between the
centers of mass of the side chains of Asn12 and Thr17 was
0.52 nm. Fluctuations occur at the beginning of the
simulation (in which there is partial loss of secondary
structure) and around 17 ns. Nonetheless, after this
transition, the contact was reestablished and the peptide
maintains a compact state. The two side chains of Asn12
and Trp3 remained in contact (distance around 0.55 nm)
until 17 ns. In 280A, the contact between Asn12 and Thr17
was partially lost, whereas the contact between Asn12 and
Trp3 was maintained for most of the simulation. The
contact Asn12-Thr17 was intermittent in 300A, in which
there was partial loss of structure for residues 9–18. The
Asn12-Trp3 contact was stable. In 300B, in which the
�-hairpin between strands 2 and 3 was present, the
situation is reversed. In the 350 K simulation, the side
chain-side chain contacts involving Asn12-Tyr10 and
Asn12-Val5 appeared to be stable for long intervals, as
were the hydrophobic contacts between Val5 and Tyr10.
The structure of the hydrophobic core of the peptide in the
350 K simulation is illustrated in Figure 10.

DISCUSSION

The NOE distance-bound violations, summarized in Tables
I and II, show that the simulations sample regions of
conformational space in which the peptide fulfills the avail-
able NMR-derived constraints. It is of interest that even
when the DSSP algorithm is unable to identify a well-defined
three-stranded �-sheet conformation (280A), the constraints
are mostly satisfied. A combination of configurations from
both trajectories 280A and B was required to satisfy experi-
mental NOE data. The overall agreement is very good in
comparison to other studies.37 The peptide does not remain
fixed in a triple-stranded �-sheet configuration. After approxi-
mately 2 ns at 280 K, the peptide begins to deviate from the
idealized starting structure. In this regard, we note the
danger of inferring the stability of the peptide from of only a
few nanosecond simulations. Bursulaya and Brooks,36 for
example, concluded that the peptide was stable within the
CHARMM force field because no significant structural
changes were observed within 2 ns. Experimentally, how-
ever, Betanova is estimated to be just 30% �-sheet on
average41 [even as low as 10% based on recent experimental

Fig. 9. Interstrand hydrogen bond persistence maps for simulation
280B. See Figure 8 for legend. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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measurements on Betanova and some of its mutants (Ser-
rano, personal communication)].

Figure 11 shows the RMSD matrix calculated from the

simulations at 280, 300, and 350 K. The presence of
light-colored off-diagonal regions indicates the sampling of
similar regions of conformational space. The starting
conformations and the initial velocities are different for
the simulations at 280 K and at 300 K. Different initial
conditions were used to test the influence of the starting
conformation on the final results and to increase the
amount of sampled conformational space. The slow folding
times of �-sheet peptides means that some dependence of
the simulation on the starting conditions is expected.
However, despite using different velocities and geometries
for all of the four simulations at low temperature (280 and
300 K), regions of strong overlap can be seen between
simulations 280A, 280B, and 300B. There is also signifi-
cant overlap with the simulation at 350 K. Simulation
300A shows the least overlap with the other simulations.
It is clear, nevertheless, that in each simulation the
peptide samples a range of conformations with RMSD
values differing by 	0.5 nm and yet still returns close to
the initial model. The rate of folding of �-sheet peptides,
however, precludes the possibility to simulate the folding
of native Betanova from, for example, an 
-helix or a
completely extended structure on the timescale investi-
gated, 20–40 ns.

At 280 K (folding conditions), the system can be consid-
ered to populate an ensemble of different states fluctuat-
ing around the experimentally determined structure. Based
on the union of the two 280K trajectories, a cluster
analysis using the Jarvis-Patrick algorithm was per-
formed.45 The structure representative of the most popu-
lated cluster, that is, the most probable structure in the
simulations, shows a more regular three-stranded �-sheet
conformation than the original NMR-based model [Fig.
2(b)]. The population of the most populated cluster, which
comprise three-stranded �-sheet structures, is about 15%
of the total population for the peptide. This is in rough
accord with experimentally based estimations of the per-
centage of folded structures in water solution.41 Experimen-
tally, Kortemme and coworkers41 determined that the
stability of Betanova to be around �2.4 kJ/mol at 278 K.
Classifying all conformations with a backbone RMSD from
the most probable structure lower than 0.15 nm to be
folded, and all the conformations with an RMSD higher
than 0.2 nm as unfolded, we obtained an estimate for the
free-energy difference between the unfolded and the folded
states of �G(280 K) � �0.8 kJ/mol. Clearly, such free-
energy estimates must be treated with caution because
reversibility has not been demonstrated. Nevertheless, it
underlines the fact that experimental studies indicate that
at 280 K Betanova populates a range of conformations in
solution and that the proportion of folded states observed
in the simulation is in agreement with that inferred from
the experimental data.

Folding Mechanism

What can these simulations teach us about stability and
folding mechanism of �-sheet peptides? They demonstrate
that long MD simulations can reproduce much of the
available experimental data. The fact that NMR restraints

Fig. 10. Hydrophobic core formation in the 350 K simulation. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Fig. 11. RMSD matrix for each structure from the simulations at 280,
300, and 350 K.
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are satisfied even in the absence of optimal hydrogen bond
interactions underlines the probable importance of hydro-
phobic contacts in the folded peptide. The role of hydropho-
bic interactions in defining a compact state for Betanova is
particularly evident in the 350 K simulation. Cluster
analysis of the 350 K trajectory indicates that the predomi-
nate structure [Figs. 2(e) and Fig. 10] has a well-defined
hydrophobic cluster comprising Trp3, Val5, and Tyr10.
The turn conformation for residues Asn7 and Gly8, and
Asn13 and Gly14 is obtained when these stabilizing hydro-
phobic interactions are present. Once this nucleus is
formed, the loop residues are forced to adopt the turn
conformation and the �-strands are able to form.46

At 300 K only two stable �-strands form. Betanova was
designed on the basis of stable �-hairpin templates. These
structural motifs are reproduced by the simulations. The
presence of the different �-hairpin structures in the differ-
ent simulations suggests that the actual formation of a
complete triple-stranded �-sheet may not be required to
satisfy the experimental NOE data [Figs. 2(c) and (d)].

It has been proposed that secondary structure formation
involves formation of interstrand stabilizing interactions
provided by the hydrophobic contacts, followed by forma-
tion of hydrogen bonds and development of stable �-turn
conformations.47,48 In each of the 300 K simulations, one
strand of the peptide remains unstructured without assum-
ing a definite �-strand conformation. Experimentally, the
peptide was built on the basis of a stable hairpin involving
strands 2 and 3. The formation of this hairpin was also
observed in a previous simulation study of this system
conducted on a shorter time range.36 However, our simula-
tions show that the formation of an intermediate hairpin
structure can also involve strands 1 and 2. It is worth
noting that residues Trp3, Val5, and Tyr10 are located on
these two strands, and they are in contact for most of 300A
simulations. This hydrophobic cluster may be an impor-
tant factor in driving the formation and stabilization of a
stable �-hairpin motive between strands 1 and 2. More-
over, the mutation of the residue in position 5 in both
experiments (Serrano, personal communication) and simu-
lations (Soto, manuscript in preparation) to a hydrophilic
one has revealed a destabilizing effect on the peptide that
can be traced back to the disruption of the hydrophobic
core.

This observation, together with the analysis of the NMR
violations, shows that both the intermediate structures at
300 K are plausible. Both fulfill most of the NOE-derived
restraints. This implies that to fold, the peptide first forms
a partially ordered structure (hairpin) and then the experi-
mentally determined three-stranded antiparallel pattern.
Bursulaya and Brooks,36 using Betanova and Ferrara and
Caflisch37 (in studies of a closely related system), proposed
that the formation of the contacts between strands 2 and 3
was the critical folding event.

Our simulations show that, in addition to this mecha-
nism, a pathway involving the formation of a stable
hairpin between strands 1 and 2 is not only possible but
highly likely. In both cases, a free-energy barrier must still
be overcome to form a triple-stranded �-sheet.49,50 The

orientation of two peptide bonds must be fixed to form one
interstrand hydrogen bond. This process is expected to be
energetically unfavorable in the absence of stabilizing
side-chain interactions. In the simulations, two �-strands
are readily formed, but not the third. This is also in line
with the data of deAlba et al.29 for the related peptide
simulated by Ferrara and Caflisch.37 Chemical shift data
indicate only very marginal cooperativity in the folding of
the two hairpins to form the triple strand. The population
of �-sheet in between strands 1 and 2 doubles with the
addition of strand 3, whereas the population of �-sheet
between strands 2 and 3 is unaffected by the presence or
absence of strand 1. Both hairpins form in solution with
almost identical propensities. The observation of the forma-
tion of the two different hairpins also implies that these
two structures can coexist in equilibrium in solution,
contributing to the determination of the experimentally
observed spectrum. At lower temperature (280 K), confor-
mations that are basically three stranded become favored,
even though the observation of high conformational flexibil-
ity makes it more appropriate to consider an ensemble of
NMR-satisfying structures than to define a single model to
account for all experimental constraints.

CONCLUSIONS

We have examined in atomic detail the folding and
dynamics of the three-stranded �-sheet peptide Betanova
in explicit water at several temperatures. Experimentally,
Betanova is marginally stable at 280 K. The simulations
suggest that at 280 K the peptide populates a series of
different conformational states that overall satisfy the
NOE constraints. Although a three-stranded �-sheet was
the predominate structure in the simulations at this
temperature, at 300 K the predominate conformations
contained either one or the other of the two potential
hairpin structure. The peptide was in an equilibrium
between closely related states in which distinct secondary
structure elements formed. At a higher temperature, the
simulations suggest that side-chain hydrophobic contacts
are important in determining a compact state and driving
the peptide to its final structure.

MD simulations in explicit water remain computation-
ally expensive. Given the slow rate of �-sheet folding (4–14
�s), it is not yet possible to demonstrate reversible folding
in this system under realistic conditions. Nevertheless, the
simulations have given a detailed atomic picture of the
conformational dynamics of Betanova and an improved
understanding of the factors that play a role in folding
stability. The combination of simulation techniques, to-
gether with experimentally derived structural and kinetic
data on progressively more complex systems, has the
potential to provide an ever-deeper understanding into the
mechanism into the mechanism of peptide and protein
folding.
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