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Abstract

We investigated the structural determinants of the stability of a designed �-hairpin containing a natural
hydrophobic cluster from the protein GB1 and a D-Pro-Gly turn forming sequence. The results of our
simulations shed light on the factors leading to an ordered secondary structure in a model peptide: in
particular, the importance of the so-called diagonal interactions in forming a stable hydrophobic nucleus in
the �-hairpin, together with the more obvious lateral interactions, is examined. With the use of long
timescale MD simulations in explicit water, we show the role of diagonal interactions in driving the peptide
to the correct folded structure (formation of the hydrophobic core with Trp 2, Tyr 4, and Phe 9 in the first
stages of refolding) and in keeping it in the ensemble of folded conformations. The combination of the
stabilizing effects of the D-Pro-Gly turn sequence and of the hydrophobic nucleus formation thus favors the
attainment of an ordered secondary structure compatible with the one determined experimentally. Moreover,
our data underline the importance of the juxtapositions of the side chains of amino acids not directly facing
each other in the three-dimensional structure. The combination of these interactions forces the peptide to
sample a nonrandom portion of the conformational space, as can be seen in the rapid collapse to an ordered
structure in the refolding simulation, and shows that the unfolded state can be closely correlated to the folded
ensemble of structures, at least in the case of small model peptides.

Keywords: Protein folding; peptides; protein design; molecular dynamics; hairpin; peptide conformations
in water

An essential attribute of biological macromolecules such as
proteins is the control that noncovalent forces that govern
folding and self-assembly processes have on their structure
(Cubberley and Iverson 2001). Understanding not only the
reasons for the stabilization of one particular conformation
over others, but also the partial destabilization of inappro-
priate conformations, represents a major effort in modern
biophysics and biochemistry. In order to garner deeper in-
sights into the molecular mechanisms governing the stabil-
ity and dynamics of tertiary structure formation and the

relationships between amino acid sequences and three-di-
mensional conformations, several researchers have focused
their attention on short peptide chains showing the ability to
fold into well defined structures when studied in isolation in
aqueous and alcoholic solutions (Dyson and Wright 1993;
Blanco et al. 1998). The fundamental aspects of helix fold-
ing have been elucidated in several experimental (Chakrab-
artty and Baldwin 1995; Parthasarathy et al. 1995) and theo-
retical (Brooks III and Boczko 1995; Munoz et al. 1996;
Zhou and Karplus 1997; Lacroix et al. 1998) studies, and
the main thermodynamic and kinetic features of �-helix
folding have been clarified (Daura et al. 1998, 1999b,c). In
contrast, �-sheets are more complex structures than helices
(the connections between the �-strands can be well sepa-
rated along the primary sequence of a protein), and the
interactions that stabilize �-sheet formation are less well
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understood (Smith and Regan 1995). The �-sheet, besides
being very diffused as a secondary structure component of
proteins (Kabsch and Sander 1983), is involved in the amy-
loid fibril formation event, a factor in a wide variety of
pathological disorders (Booth 1997; Kelly 1997). Therefore
the study of a context-free �-hairpin peptide model could be
very important in understanding the nature of �-sheet sta-
bilizing interactions. A �-hairpin, that is, two strands linked
by a short loop, can be considered a good model of �-sheet
secondary structure.

Small designed �-hairpin peptides are proving to be very
useful for the analysis of the thermodynamics and kinetics
of �-sheet formation (Andersen et al. 1999; Searle et al.
1999). However, natural �-hairpin sequences seldom fold in
water when extracted from their native protein context
(Gellman 1998). An exception is a 16-residue segment of
the protein GB1, 1 (sequence: GIWTYDDATK-TFTVTE;
Fig. 1), which displays a partial population of a �-hairpin
conformation (Blanco et al. 1996). Peptide 1 differs from
other autonomously folding �-hairpins in the unusually
large six-residue loop (Asp-Asp-Ala-Thr-Lys-Thr) that con-
nects the two strand segments; other autonomously folding
�-hairpins contain loops of two to four residues (Ramirez-
Alvarado et al. 1996; Gellman 1998). Interstrand interac-
tions within the folded conformation of 1 are limited to
residues near the termini (Blanco et al. 1996). Clustering
among the hydrophobic side chains of Trp 3, Tyr 5, Phe 12,
and Val 14 presumably provides a drive for �-hairpin fold-
ing, which overcomes the entropic cost of ordering the loop
segment. Gellman and coworkers (Espinosa and Gellman

2000) incorporated the residues of the GB1 cluster into a
12-residue sequence, 2 (sequence: RWQYV-DP-G-KFTVQ;
Fig. 1), expected to adopt a more highly defined �-hairpin
conformation than 1. The arrangement of the Trp, Tyr, Phe,
and Val residues in 2 allows side chain juxtapositions (char-
acterizing the natural peptide 1) if the peptide folds to a
�-hairpin conformation with a tight two-residue loop; the
D-Pro-Gly segment strongly promotes this type of �-hairpin
(Espinosa and Gellman 2000; Das et al. 2001). Espinosa and
Gellman (2000) showed by NMR-NOE experiments,
chemical shift analysis, and circular dycroism that peptide 2
tends to adopt pairing of antiparallel �-strands similar to
that of peptide 1 at two different temperatures of 275K and
315K. The �-hairpin population of 2 was calculated by �H�

chemical shift analysis to be 61% at 275K and 45% at 315K.
As a negative control, those authors used the diastereoiso-
mer of peptide 2 in which D-Pro was substituted by L-Pro,
because L-Pro is expected to disfavor formation of tight
�-hairpin conformations.

Here we present the results of a study of the stability
determinants and folding of the designed peptide 2 using
molecular dynamics (MD) simulations in explicit water un-
der periodic boundary conditions at the two different ex-
perimental temperatures (280K, 320K). Two 200-nsec
simulations were performed at 280K and 320K for the D-
Pro-containing peptide, and one control simulation of 100
nsec at 320K was run for the control peptide-containing
L-Pro, 3. Moreover, a second control simulation was run on
a peptide, labeled 4, in which the residues of the hydropho-
bic core are substituted by Thr residues, whereas maintain-
ing the D-Pro-Gly sequence in the turn. One refolding simu-
lation of 2 starting from an extended structure was also run
to qualitatively investigate the initial stages of folding. MD
simulations address the folding problem by only sampling
“relevant” (low-energy) regions of conformational space. In
cases that are characterized by a limited number of low-
energy conformations in rapid equilibrium (on the MD
timescale), MD simulations have been demonstrated to pro-
vide highly detailed information on the nature of alternative
states in solution and the dynamics of spontaneous folding–
unfolding (Brooks III and Boczko 1995; Karplus and Sali
1995; Lazaridis and Karplus 1997; Shakhnovich 1997;
Zhou and Karplus 1997; Duan and Kollman 1998; Ladurner
et al. 1998). In particular, Daura et al. have been able to
demonstrate the reversible folding of a helix forming �-hep-
tapeptide in methanol from an arbitrary starting structure
under a variety of conditions within 50 nsec (1998,
1999b,c). Computational studies of �-turn-forming se-
quences (Tobias et al. 1991; Scully and Hermans 1994;
Demchuck et al. 1997), as well as �-hairpin-forming se-
quences (Bursulaya and Brooks III 1999; Dinner et al. 1999;
Ibragimova and Wade 1999; Pande and Rokhsar 1999; Roc-
catano et al. 1999; Sung 1999; Bonvin and van Gunsteren
2000; Ferrara and Caflisch 2000; Ma and Nussinov 2000;

Figure 1. (A) Scheme depicting the sequences of the �-hairpin from pro-
tein GB1, 1, and the studied peptides 2, 3, and 4. (B) Ribbon representation
of the average NMR-determined structure. Aromatic residues are drawn as
tubes.
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Wang and Sung 2000), have addressed different aspects of
�-hairpin stability, such as the importance of the turn se-
quence, hydrogen-bonding patterns, and hydrophobic inter-
actions. In another paper by our group (Colombo et al.
2002), the MD study of the closely related antiparallel three-
stranded �-sheet peptide Betanova proved the high flexibil-
ity of this kind of peptides in solution and showed that a set
of different structures is needed to satisfy nuclear magnetic
resonance (NMR)-derived distance restraints. Moreover,
MD simulations proved useful in the investigation of the
molecular reasons for the stabilization of secondary struc-
ture-forming peptides in three fluoro ethanol (TFE)/water
mixtures (Roccatano et al. 2002).

Two simulations of 200 nsec for peptide 2 at 280 and
320K (labeled respectively 280D and 320D) and one 100-
nsec simulation at 320K for the control peptide 3 [sequence:
RWQYV-LP-G-KFTVQ, Fig. 1; 320L (500 nsec in total
plus the refolding simulation)] show extensive sampling of
the conformational space around the folded state, and allow
us to address issues related to the stability and folding of 2.
The second control peptide 4 is used to assess the role of the
turn sequence. Based on the analysis of the trajectories, the
respective roles of single amino acids, loops, hydrogen
bonding, and side chain interactions in determining the sta-
bility and the folding mechanism are discussed. In particu-
lar, this kind of peptide allows us to probe the effect of side
chain–side chain interactions. Prior studies have focused on
side chains that are directly across from one another in
terms of the �-sheet hydrogen-bonding registry. We refer to
such juxtapositions as “lateral” pairings. In this report we
consider “diagonal” pairings as well. Diagonal contacts in-
volve side chains which are not directly across from one
another in terms of the �-sheet hydrogen-bonding registry.
Diagonal interstrand contacts have received relatively little
attention in the recent literature (Cootes et al. 1998). Cootes
and coworkers found this type of interactions to be present
in �-sheets through computational analysis, whereas Gell-
man and coworkers (Syud et al. 2001) thoroughly investi-
gated their effect on the stabilization of �-hairpins through
experimental, synthetic, and spectroscopic approaches. In
the case of the peptide under study, the diagonal interactions
are the ones between the side chains of Trp 2 and Phe 9 and
between the side chains of Tyr 4 and Val 11, and the lateral
interactions are the ones between Trp 2 and Val 11 and
between Tyr 4 and Phe 9 (Syud et al. 2001). A contact is
considered to be present if the minimum distance between
the atoms of two side chains is lower than 0.6nm (Bursulaya
and Brooks III 1999).

The results of these simulations are first compared with
the experimentally derived NMR-NOE data (S. Gellman,
pers. comm.), to assess the capability of simulations to
sample the conformational space around the experimental
conformation. If reasonable agreement is found between
simulations and experiment, then simulations can actually

be used to reveal factors and phenomena which are difficult
to study experimentally, and to derive a model for the de-
scription of the factors influencing the folding of �-hairpins.
The timerange spanned by these simulations is still short
compared to the experimental folding times of �-hairpins
(in the order of microseconds, currently out of reach for
MD), but the use of long simulations in different conditions,
with an explicit representation of all the water molecules in
the solvent, should help obtain a clear realistic picture (al-
though partly qualitative) of the role of the different com-
ponents of the peptide in determining its folding and stabil-
ity.

Results

Conformational analysis

Table 1 shows the 36 experimental NOE connectivities de-
fining the �-hairpin conformation of peptide 2, together
with the respective distance values calculated from simula-
tions 280D and 320D. The interproton distances were cal-
culated for each trajectory separately using 〈 r−6〉 −1/6 aver-
aging. The results of Table 1 clearly show that most NOE
constraints are satisfied also at 320K where the amount of
ordered �-sheet type of structure is lower than at 280K (Fig.
2): Three violations are found in simulation 280D (entries
12, 25, and 31), one corresponding to a very weak NOE
signal, and the others corresponding to two medium inten-
sities. These latter are however violated by only 0.02 and
0.03 nm, respectively. In 320D, a higher number of viola-
tions, five, is found, as expected (entries 1, 17, 26, 31, and
33): one of them corresponds to a strong NOE intensity, the
others to weak-medium and medium peaks. The molecule in
the 280D and 320D simulations samples a series of confor-
mations basically characterized by a turn and two short
strands. Once proved that we could get the experimental
NMR structural parameters right, a more thorough investi-
gation of the simulations in terms of the atomistic determi-
nants of folding could be carried out.

Table 2 reports the structural properties of the simulated
peptides in 280D, 320D, and 320L, and Figure 2A–D re-
ports the secondary structure evolution as a function of time
for 280D, 320D, and 320L and the simulation of peptide 4
based on the DSSP algorithm (Kabsch and Sander 1983). It
is evident from these analyses that the particular sequence
of peptide 2 favors the formation of an ordered �-sheet
structure. In simulation 280D (Fig. 2A), a �-hairpin confor-
mation is recovered at multiple times in the simulation. In
addition, simulation 320D displays a similar, although less
definite behavior: the �-hairpin structure is present in the
first 10 nsec, between 40 and 60 nsec, and in the last 40 nsec
of the simulation. In contrast, in both simulation 320L and
in the simulation of peptide 4, the absence of either the right
turn sequence or the suitable hydrophobic cluster residues
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determines a fast transition to a disordered structure, even
starting from a �-hairpin geometry.

The hydrogen bond existence table (Table 2) shows the
occurrence of backbone hydrogen bonds between Val 5 and
Lys 8 and between Gin 3 and Thr 10 during the simulation
time. The ideal structure of this designed hairpin should be
formed by a turn (D-Pro and Gly) stabilized by the hydro-
gen bonds formed by the NH and CO groups of Val 5 with
the CO and NH groups of Lys 8, respectively, and by two
strands connected by the hydrogen bonds between the NH
and CO groups of Gin 3 and the CO and NH groups of Thr
10, respectively. A hydrogen bond is considered present
when the angle donor-hydrogen-acceptor is within the cut-

off of 60°, and when the distance hydrogen-acceptor is
within 0.25 nm. The presence of these hydrogen-bonding
interactions is thus a good indication of the tendency of the
peptide to populate an ensemble of �-hairpin-type struc-
tures. Table 2 shows that the first pair (Val 5 and Lys 8) of
hydrogen bonding interactions for peptide 2 is present for
about 60% of the simulation time at 280K and for about
30% of the time at 320K, whereas the second pair (Gin 3
and Thr 10) is present for 30% and 10% of the time at 280
and 320K, respectively (Table 2, columns 1 and 2). If the
presence of these hydrogen-bonding interactions is consid-
ered an index of the presence of a “folded” conformation,
these data (besides the direct calculations of the NOE-de-
rived distance constraints) are also consistent with the �H�-
based calculations of the folded population based on the
variation in the chemical shifts of the �-hydrogens of the
“hydrogen-bonded” residues reported by Espinosa and Gell-
man (2000). As expected, the calculation of the analogous
hydrogen bonding existence percentage on peptide 3, which
should not have a tendency to form such hydrogen bonds,
due to L-Pro, shows that no persistent hydrogen-bond in-
teraction is present during the whole control simulation
time, and that the hydrogen-bonding interactions initially
present since the structure was built as a �-hairpin are im-
mediately disrupted after a few nsec. In the case of 320D,
these interactions are present for the first 10 nsec, and re-
covered multiple times during the simulation (around 60–80
nsec and 140–200 nsec). The Secondary Structure calcula-
tions, based on the DSSP methodology (Kabsch and Sender
1983), also confirm that during simulation 280D the global
�-sheet population for the peptide is around 60%, whereas
in simulation 320D this population drops to 25%, in good
qualitative agreement with the experimental results. The
control peptide simulation 320L does not show the peptide
significantly populating any �-sheet conformational en-
semble, the total percentage of �-sheet structure being only
around 5%. The lack of hydrogen-bonding interactions nec-
essary for a �-hairpin motif, combined with the differences
in the secondary structure content, clearly shows that the
presence of the L-Pro in the control peptide 3 favors an
ensemble of conformations lacking the characteristics of the
NMR-derived conformation. Peptide 4 completely unfolds
because of the absence of the hydrophobic cluster.

In terms of backbone root mean square deviation
(RMSD), peptide 2 at 320K shows a backbone RMSD lower
than 0.15 nm for the first 26 nsec of the simulation, between
60 and 67 nsec, and several other times for shorter time
intervals. Peptide 2 at 280K shows a somewhat lower flex-
ibility due to the lower temperature of the simulation. Nev-
ertheless, it undergoes a transition leading to an RMSD
value of 0.2 nm, to come back to around 0.15 nm at around
80 nsec. Another short-term transition to an RMSD value
lower than 0.15 nm is observed around 125 nsec. In simu-
lation 280D, the peptide tends to populate an ensemble of

Table 1. NOE connectivities of peptide 2 from NMR
experiments in water compared with calculations based on
simulations 300A and 300B

No. Proton i Proton j
Exp.

intens. 280D 320D

1 C�H W2 C�H V11 s 0.2 0.4
2 C�H W2 NH Q12 w 0.39 0.47
3 C�H W2 C�H F9 vw 0.51 0.49
4 C�H W2 C�H F9 vw 0.56 0.59
5 C�H� W2 C�H F9 vw 0.51 0.49
6 C�1H W2 C�H V11 w 0.35 0.4
7 C�1H W2 C�H� V11 w 0.35 0.4
8 C�1H W2 C�H V11 vw 0.32 0.47
9 C�2H W2 C�H V11 vw 0.42 0.39

10 C�2H W2 C�H V11 vw 0.34 0.47
11 C�2H W2 C�H T10 w 0.4 0.60
12 C�2H W2 C�H F9 w 0.7 0.44
13 C�2H W2 C� H F9 w 0.57 0.46
14 C�2H W2 C�H V11 w 0.36 0.44
15 C�3H W2 C�H T10 m 0.4 0.3
16 C�2H W2 C�H V11 vw 0.46 0.52
17 NH Q3 NH Q10 w-m 0.45 0.58
18 C�H Y4 C�H F9 s 0.2 0.3
19 C�H Y4 C�H F9 w 0.31 0.42
20 C�H Y4 NH T10 w 0.33 0.53
21 C�H Y4 C�H T10 vw 0.34 0.51
22 C�H Y4 C�H F9 vw 0.39 0.45
23 C�H Y4 C�H F9 w 0.40 0.44
24 C�H Y4 C�H G7 w 0.43 0.41
25 C�H Y4 C�H K8 m 0.43 0.4
26 C�H Y4 C�H F9 m-s 0.3 0.43
27 C�H Y4 C�H� F9 vw 0.6 0.53
28 C�H Y4 C�H F9 m 0.36 0.37
29 C�H Y4 C�H G7 m 0.30 0.33
30 C�H Y4 C�H K8 w 0.40 0.54
31 NH V5 NH K8 m 0.42 0.44
32 NH V5 C�H T10 vw 0.7 0.53
33 C�H V5 C�H T10 m 0.35 0.63
34 C�H V5 C�H T10 w 0.33 0.4
35 C�H V5 C�H T10 w 0.41 0.62
36 NH G7 NH K8 m-s 0.28 0.30

Experimentally NOE’s 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, very weak (vw) �
0.6 nm.
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structures with an RMSD value centered at 0.10 nm from
the NMR structure, representing about 40% of the total
population. A second ensemble, centered at 0.20 nm, is also
significantly populated, including about 40% of the total
population. The RMSD distribution for 320D displays dif-
ferent features: the most populated ensemble of structures is
the one centered at 0.18 nm (50% of the total population),
but in this case, the ensemble centered at 0.10 nm (thus very
close to the NMR structure) is mostly unpopulated, whereas
the bins centered at 0.25 nm account for almost all of the

remaining 50% of the total population. Peptide 3 shows an
average backbone RMSD of 0.3 nm with respect to a hy-
pothetical �-hairpin reference structure, whereas the RMSD
value for peptide 4 immediately rises to 0.6 nm, thus show-
ing that the presence of the D-Pro-Gly sequence in the turn
is not sufficient to counteract the negative effects of the
deletion of the aromatic cluster.

Interestingly, the single comparison of the RMSD would
not give a definite distinction between the two ensembles of
structures defining peptide 2 at different temperatures, ex-

Figure 2. Secondary structure evolution plots for the simulations 280D (A), 320D (B), 320L (C), and peptide 4.

Table 2. Summary of the structural properties of the simulated peptides

Radius of gyration (nm) Accessible surf. area (nm2) Secondary structure Hydrogen bonds

Sim. Total ASA (tot.) ASA (hydrophob.) % Beta % Turn % Val5-Lys8 % Gln3-Thr10

280D 0.64 ± 0.03 8.10 ± 0.52 4.9 ± 0.32 60 55 60 30
320D 0.63 ± 0.03 8.12 ± 0.54 5.1 ± 0.34 25 18 30 10
320L 0.65 ± 0.05 8.45 ± 0.50 5.9 ± 0.32 5 abs 5 abs
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cept for the fact that peptide 2 in 280D can come back to
RMSD values around 0.1 nm with respect to the NMR
structure several times. Hydrogen-bonding interactions are
also important in defining the �-hairpin structure of the
peptide. The combination of the two properties (the RMSD
behavior and the hydrogen-bonding interactions) is actually
indicative of the global folding and dynamical characteris-
tics of the system. RMSD, in fact, has been shown to be a
good qualitative check of the stability of simulations, yet not
a sufficient criterion for the comparison of dynamic mol-
ecules such as proteins and peptides (Maiorov and Crippen
1995).

These preliminary calculations should highlight the im-
portance of the turn sequence in keeping the peptide in a
close to folded conformation, allowing the formation of
favorable hydrogen-bonding interactions between the resi-
dues directly bonded to the turn sequence. This interaction,
in turn, should drive the formation of other interstrand in-
teractions which could lead to the final folded conforma-
tion. Because �-sheets and �-hairpins have folding times in
the range of several microseconds (Ramirez-Alvarado et al.
1996; de Alba et al. 1997, 1999), our simulations, despite
the wide timerange spanned at two different temperatures,
are still too short to completely demonstrate reversible fold-
ing under realistic conditions. Thus, a conformational clus-
tering algorithm was applied to characterize the conforma-
tional space sampled during the simulations. The superpo-
sition of the central member structure of the most populated
cluster for the two simulations of 2 with the NMR structure
shows an RMSD value with respect to the backbone atoms
of 0.1 nm in the case of 280K and 0.3 in the case of 320K
(Fig. 3A,B). The central member structure of the most popu-
lated cluster at 280K is the structure at time 80.9 nsec,

whereas for 320K it is the one at 130 nsec. It is worth noting
that, despite the structural difference between the central
structure of the most populated cluster at 320K and the
NMR-derived one, several determinants of the folded state
of the peptide are present, such as the hydrogen-bonding
interaction between the backbone atoms of residues Val 5
and Lys 8 and “diagonal” hydrophobic-type interactions be-
tween the side chains of Trp 2 and Phe 9 and between the
side chains of Tyr 4 and Val 11. “Lateral” interactions be-
tween Trp 2 and Val 11 and between Tyr 4 and Phe 9 are
also present in this particular cluster. The most populated
cluster of the simulation at 280K represents an ensemble of
low-RMSD structures with respect to the NMR-determined
geometry, and can be considered representative of the en-
semble of overall folded structures. As expected, the higher
conformational mobility of peptide 2 at 320K is reflected in
the higher number of conformations (414 clusters) sampled
at this temperature than at 280K (214 clusters). The finding
that the number of clusters, even at higher temperature, is
considerably lower than could be expected from an exhaus-
tive conformational search over all the possible conformers
of a peptide of this dimension, and the finding that lateral
and diagonal interactions are defined in the most populated
conformational family at 320K, suggest that the particular
sequence of peptide 2 favors the adoption of a hairpin ge-
ometry. This is achieved through the interplay between the
propensity of the loop residues to form a well defined turn
and the ability to form favorable interactions among hydro-
phobic residues.

Lateral versus diagonal interactions

�-hairpin model systems have been used to show that in-
terstrand interactions between side chains of residues facing
each other in terms of the �-sheet hydrogen-bonding regis-
try (lateral interactions) confer stability on the antiparallel
�-sheet. In the case under examination, the D-Pro-Gly se-
quence has been shown to be compatible, for stereochemical
reasons, with the inset of interactions due to the right-
handed strand twist of L-residues. The stereochemical rela-
tionship between the turn conformation and the right-
handed twist in strands of �-sheets has turned out to be
critical in the design of small �-sheet models: the amino
acids in the strands of the peptides under study are all L-
enantiomers, whereas either D-Pro-Gly or L-Pro-Gly is pres-
ent in the turn. This diastereoisomeric relation in the turn
can cause a change in the “directionality” of the interactions
in the strands influencing the folding or the stability of the
model peptide. Gellman and coworkers have been able to
show that also diagonal side chain–side chain interactions
can give significant stabilizing contributions (Syud et al.
2001). Because the structural and dynamical features of the
peptides were of primary interest in the present work, the
contacts between the side chains are considered in terms of

Figure 3. Backbone superpositions of the central structure of the most
populated cluster for the simulations (A) 280D and (B) 320D to the NMR-
determined backbone. The structures from the simulations are depicted in
black; the NMR structure is in gray.
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their respective contacts and their timeranges of occurrence.
Moreover, Baker (2000) showed that the topology of the
folded state is of primary importance in defining the fold-
ing-unfolding mechanism of small proteins and peptides.
Considering the interactions between hydrophobic side
chains only in terms of their force field energies might
determine the loss of this kind of topological and dynamical
information. Moreover, the approximations introduced in
the force field parameterization procedures also lead to ap-
proximation errors in defining small energy differences, in
particular in the case of hydrophobic side chains, as shown
by Mark and coworkers (Villa and Mark 2002).

In the peptides under study, the diagonal interactions are
between the side chains of Trp 2 and Phe 9 and between the
side chains of Tyr 4 and Val 11. In the simulation of 2 at
280K, the contact between the side chains of Trp 2 and Phe
9 is present 47% of the time, whereas the contact between
Tyr 4 and Val 11 is present only about 10% of the time in
the simulation (Fig. 4A,B). The latter interaction is in fact
not present in the list of NMR-NOE-derived contacts re-
corded at 280K. Interestingly, these values are sensitively
higher at 320K; 62% and 23% of the simulation time, re-
spectively, most probably due to a higher mobility of the
side chains at higher temperature, which favors the possible
encounters between side chains (Fig. 4E,F). The more stable
of the two possible diagonal interactions at 280K is between
Trp 2 and Phe 9 and involves a partial alignment of the two
aromatic planes. Figure 4C,D,G,H, shows the time evolu-

tion of the hydrogen-bonding interactions in simulations
280D and 320D, respectively (the same hydrogen bondings
as those reported in Table 2). The hydrogen bonds between
Val 5 and Lys 8 (Fig. 4C,G) involve the residues directly
flanking the D-Pro-Gly motif in the sequence, whereas the
ones between Gin 3 and Thr 10 (Fig. 4D,H) are between
residues situated in the strands. It is interesting to observe
that the presence of the more stable diagonal interaction
(between 2 and 9) is paralleled by the presence of a stable
hydrogen-bonding interaction between residues 5 and 8.
This factor can be considered an index of the formation of
the right-turn geometry, favoring the favorable alignment of
the hydrogen-bonding donors and acceptors on the 5–8 pair,
and of the side chains of Trp 2 and Phe 9. The generation of
diagonal interactions is thus correlated with the formation of
interstrand hydrogen bonds. The formation of the other in-
terstrand hydrogen-bonding interaction between Gin 3 and
Thr 10 participates in stabilizing the correctly folded geom-
etry. The lateral interactions, favored by the proximity in
space among the residues involved, are present for a longer
time. The contact between Trp 2 and Val 11 is present 75%
of the time at both 280K and 320K for peptide 2, whereas
the contact between Tyr 4 and Phe 9 is present for 89%
and 95% of the time, respectively. The presence of rela-
tively stable diagonal (nonlocal) hydrophobic interactions at
320K can impose conformational restraints on the peptide,
together with the particular D-Pro-Gly sequence in the turn,
forcing 2 to populate a limited number of possible

Figure 4. Minimum distance as a function of time between the groups involved in diagonal interactions: (A) Trp 2-Phe 9 at 280K, (B)
Tyr 4-Val 11 at 280K, (E) Trp 2-Phe 9 at 320K, and (F) Tyr 4-Val 11 at 320K. The four lower panels represent the hydrogen-bond
evolution in time: (C) hydrogen bond Val5-Lys8 at 280K, (D) Gln3-ThrlO at 280K, (G) Val5-Lys8 at 320K, and (H) Gln3-ThrlO at
320K. A black bar is present if an hydrogen bonding interaction is present at that instant.
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conformations and driving it to the correct fold. Moreover,
the ensemble of these contacts is in good agreement with the
experimentally determined contacts reported by Espinosa
and Gellman (2000). Nonlocal interactions are also present
in the simulation of the control peptide 3. The interactions
between Trp 2 and Phe 9 and between Tyr 4 and Val 11 are
present for 55% and 32% of the time. However, the lack of
a good turn-inducing sequence in the loop makes it impos-
sible for the peptide to form any stable interstrand hydrogen
bond, which could lead to the correct folded structure (see
Fig. 2C).

The relationship between the turn sequence and the right-
handed �-sheet twist can be important in interpreting these
data: the dihedral angle between the two �-strands is on
average 28 degrees, as in natural proteins (Chothia 1984) for
peptide 2, whereas it assumes an average value of −13 de-
grees in the case of peptide 3 (Fig. 5A,B, respectively).
Moreover, the timeranges in which the angle between the
two strands is exactly at 28 degrees coincide with the time-
ranges in which diagonal contacts are defined in simulations
280D and 320D, a correlation not observed in the case of
peptide 3 in simulation 320L. The different orientation of
the two strands containing the same sequence of L-residues
influences the directionality of the interaction between side
chains: whereas in the case of peptide 2, they can interact in
a way favorable to and synergistic with the formation of
hydrogen bonding interactions, in peptide 3 the same side
chains interact simply to remove hydrophobic surface from
the contact with water, defining what can be called a mis-
folded ensemble of conformations. This situation is exem-
plified in Figure 5C,D, where the representative structures

from the simulations are reported for peptides 2 and 3,
respectively. From this pictorial representation, the forma-
tion of the correct hydrophobic interactions together with
the right turn conformation is evident for peptide 2, whereas
the absence of these interactions is highlighted for peptide 3.
Table 3 summarizes all the observations about the percent-
age of lateral and diagonal interactions, and should show the
importance of the turn sequence in avoiding misfolded con-
formations such as the case of peptide 3. The complex of
these observations highlights that a very delicate balance
between the turn propensity of the loop residues and the
hydrophobic cluster should exist in order to obtain the cor-
rect fold to a �-hairpin structure.

Refolding simulation

To investigate the roles of the turn sequence and the non-
local hydrophobic interactions, a refolding simulation of
peptide 2 starting from an extended structure (all backbone
angles set to 180 degrees, except naturally for the ones
involving D-Pro) (Figs. 6, 7) was run at 320K. This kind
of simulation can give only qualitative insights into the
folding mechanism of the peptide, due to its short time
range (50 nsec): It is, in fact, difficult to achieve equilibrium
folding/unfolding behavior through all-atom, explicit sol-
vent simulations of systems like the one studied here. None-
theless, the information obtained from this refolding simu-
lation under realistic conditions (in terms of temperature
and of the presence of explicit water molecules) can be
useful in gaining mechanistic details regarding the roles of
contact formation, turn propensity, and intramolecular in-
teractions.

Figure 5. Schematic representation of the angle between the strands in (A) peptide 2 and (B) 3. The formation of the hydrophobic core
is reported in (C) for peptide 2 and (D) for peptide 3.
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The peptide collapses very rapidly to a compact structure
with a backbone RMSD of about 0.2 nm with respect to the
central structure of the most populated cluster at 280K (the
“folded” ensemble of structures in the force field). At 2.8
nsec, the RMSD value is reduced to 0.l8 nm, and the struc-
ture representative of this rapid collapse is displayed in
Figure 6 (structure at 2.8 nsec). This structure shows that the
loop sequence is assuming a tight turn conformation and,
more importantly, that contacts between the side chains of
Trp 2, Phe 9, and Tyr 4 are formed. This type of arrange-
ment contains not only the lateral contact between Tyr 4 and
Phe 9, but also the diagonal contact between Trp 2 and Phe
9. Moreover, these three aromatic residues form a “hydro-
phobic triad” which is representative of the natural hydro-
phobic cluster found in 41–56 �-hairpin from protein GB1.
The average distances between these groups, calculated
over the 50 nsec of the simulations, proved that the hydro-
phobic clustering is quite persistent in the simulation: the
distance between Trp 2 and Phe 9 is 0.55 nm, the distance

between Tyr 4 and Phe 9 is 0.3 nm, and the distance be-
tween Trp 2 and Phe 9 is 0.26 nm. Other authors have also
proved the importance of such an arrangement of hydro-
phobic residues in other proteins via NMR spectroscopy
(Ragona et al. 2002). The RMSD evolution with respect to
the central structure of the most populated cluster of 280D
(representative of the folded ensemble in the force field) is
reported in Figure 7. Figure 8 reports the secondary struc-
ture content (according to the DSSP definition; Kabsch and
Sander 1983) as a function of time for the refolding simu-
lation: it is evident that after the collapse and the formation
of the hydrophobic interactions, the peptide stabilizes in a
�-hairpin type of structure very rapidly. The stable hydro-
phobic interactions formed at this stage of the refolding
simulation involve two residues, Tyr 4 and Val 9, close in
the sequence to the loop residues. The particular propensity
of the sequence D-Pro-Gly to adopt a tight turn conforma-
tion forces the side chains of the proximal residues to come
into contact and establish a favorable interstrand folding
interaction. This interaction is strengthened by the juxtapo-
sition of the Trp 2 side chain on this preformed hydrophobic
complex. The main result of this simulation is the identifi-
cation of this hydrophobic cluster (present in the NMR-
derived conformation) from a starting structure which is
completely uncorrelated with the experimental one. This
type of nascent structure in water, which can be considered
a real folding nucleus, has been observed by other research-
ers on an independent system using NMR techniques in
water and TFE (Ragona et al. 2002). The formation of the

Figure 6. Sample structures from the refolding simulation in a ribbon representation. Trp 2, Tyr 4, and Phe 9, showing the formation
of the hydrophobic core, are depicted as tubes. (A) Starting structure, (B) structure at 2.8 nsec, (C) structure at 28 nsec, (D) structure
at 48 nsec.

Table 3. Summary of percentage of formation of lateral and
diagonal interactions in peptides 2 and 3

Sim.

Lateral interactions % Diagonal interactions %

Trp 2-Val 11 Tyr 4-Phe 9 Trp 2-Phe 9 Tyr 4-Val 11

280D 75 89 47 10
320D 75 95 62 23
320L 60 20 55 32
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hydrophobic core and the parallel formation of a �-hairpin
type of backbone is depicted in Figure 6.

Discussion

The results of our simulations once again underline the im-
portance of the delicate balance between hydrogen-bonding
and hydrophobic interactions in the formation of complex
structures such as �-hairpins.

The use of the self-guided molecular dynamics (SGMD;
Wu and Wang 1998) simulation method allowed Wu and
coworkers (Wu et al. 2002) to simulate and directly observe
the folding and unfolding behavior of a related �-hairpin
peptide in explicit water, their simulations showing a strong
cooperativity in �-hairpin folding. The application of the
additional forces used in the SGMD method favors the
crossing of energy barriers, reducing the time needed to
observe folding events. Previously, �-hairpin folding was
studied at high temperature or using implicit solvation mod-
els (Sung 1999; Bonvin and van Gunsteren 2000). In our

simulations, no additional forces are applied and the system
is simulated under realistic conditions with the use of ex-
plicit water solvent. Although still short compared to the
experimental folding times for related systems, the use of
all-atom realistic simulations of the peptide and the water
solvent molecules, combined with the use of different tem-
peratures, starting conformations, and long timeranges on
the MD timescale (450 nsec in total for peptide 2), shows a
good correlation with the experimentally derived NMR pa-
rameters (vide infra). These findings, together with the use
of control peptides with either a different turn sequence or
a deleted hydrophobic core, can yield clear insights into the
major factors determining peptide folding and stability.

It is evident from our results that the presence of a tight
turn-forming sequence (D-Pro-Gly) is fundamental in driv-
ing the formation of the correct set of interstrand hydrogen
bonds (simulations 280D and 320D). Substituting D-Pro-
Gly with a sequence disfavoring the formation of a tight
turn, such as L-Pro-Gly (peptide 3), completely suppresses
the formation of the necessary interstrand hydrogen bonds
for a correct secondary structure, as reported in the case of
the simulation of the L-Pro-Gly-containing diastereoisomer
(see Fig. 2). Our model indicates that the presence of the
correct tight turn favors the correlated formation of the right
hydrogen-bonding pattern and of the hydrophobic interac-
tions characterizing the NMR-determined structure: lateral
interactions involving residues facing each other are found
to be stable throughout the dynamics, even in the absence of
the correct interstrand hydrogen-bonding pattern. Diagonal
interactions, on the other hand, are found to be present for
a shorter timerange, but the fact that they can form and be
quite stable for large intervals of time, after being broken
and reformed in multiple instances, is an indication of their
importance as a factor in stabilizing the correct folded con-
formation.

Diagonal interactions were found to be present also in the
simulation of peptide 3. This raises the question of the im-
portance of this kind of interactions in �-hairpin formation
and structuring. From our simulations we can infer that
diagonal interactions are not sufficient per se to drive the
peptide into the �-hairpin conformation. These interactions
are present in peptide 3 but not with the right directionality,

Figure 7. Backbone RMSD of the conformations found in the refolding
simulation to the representative structure of the most populated cluster at
280K (folded structure in the force-field).

Figure 8. Secondary structure plot for the refolding simulation.
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due to the wrong stereochemistry in the turn sequence. In
contrast, the presence of the D-Pro-Gly sequence in peptide
2 results in a different orientation of the planes defined by
the two strands, favoring the simultaneous presence of in-
terstrand hydrogen-bonding interactions and the hydropho-
bic interactions defining the core. Moreover, in peptide 3,
lateral interactions are much less stable than in 2 (see Table
3). Hydrophobic interactions are necessary to determine a
compact state, but not sufficient to define an ordered struc-
ture. The role of diagonal interactions is fundamental in
imparting a further stabilization to the structure of the pep-
tide in which the necessary spatial orientation (their relative
twist) of the strands, and of the side chains of enantiomeri-
cally pure L-residues can be achieved thanks to the presence
of the D-Pro-Gly sequence in the turn. It is not by chance
that one of the most prevalent turn sequences in natural
proteins is Asn-Gly, which determines the formation of the
same turn type as D-Pro-Gly (Hutchinson and Thornton
1994). Gellman and coworkers (Syud et al. 2001) examined
a very closely correlated system and found for the first time
that diagonal side chain–side chain juxtapositions are ener-
getically significant. They estimated that this interaction
contributes on the order of 2.0 kJ/mole to the stability of a
12-residue model �-hairpin. Our refolding simulations
show that, immediately after the achievement of a correct
conformation in the turn, hydrophobic side chain–side chain
interactions form between Tyr 4 and Phe 9. Moreover, the
juxtaposition of the aromatic side chain of Trp 2 on top of
this hydrophobic nucleus (diagonal interaction between Trp
2 and Val 11) stabilizes the partially ordered structure which
is formed en route to the folded conformation. The impor-
tance of the hydrophobic contacts in preserving the ordered
structure of the 41–46 �-hairpin from the domain of protein
G had already been observed by Roccatano et al. (1999),
who simulated the peptide for shorter times at a range of
different temperatures. The juxtaposition of three aromatic
(hydrophobic) side chains has been observed on �-hairpin
peptides, used by Ragona et al. (2002) to study the folding
initiation sites of bovine �-lactoglobulin through NMR
spectroscopy in water and TFE. The importance of conserv-
ing the hydrophobic packing in determining the secondary
structure of peptides even in organic solvents such as TFE
was also demonstrated by us via MD simulations of pep-
tides in explicit TFE/water mixtures (Roccatano et al.
2002). The first hydrophobic cluster to be formed, and the
more stable in the 200-nsec-long simulations, is the one
closest to turn sequence. The stabilization due to the for-
mation of the hydrophobic core provides a major driving
force for �-hairpin formation. The hydrophobic cluster is
formed almost parallel to the attainment of a good turn
conformation, as we already observed in the study of a
different system (Colombo et al. 2002). The effect of the
hydrophobic stabilization can actually be dependent on the
distance in the sequence between the cluster and the turn

(Espinosa et al. 2001): this can be a consequence of the
compensation between the cost in conformational entropy
of forming the �-hairpin and the stabilization produced by
interstrand interactions. Bringing together, for instance, Trp
2 and Val 11 would be much more entropically expensive
without the constraints imposed on the structure by the par-
tially formed ordered secondary structure. Interstrand clus-
tering reinforced by the diagonal interactions partially com-
pensates for the entropic cost of forming an ordered struc-
ture. In peptide 3, the constraints on the structure and the
juxtaposition of side chains with the right directionality is
absent due to the different diastereoisomeric relationship in
that peptide: hydrophobic side chains cluster only to mini-
mize their contact with water, leading to a misfolded struc-
ture. The fundamental role of the combination of the turn
sequence and the hydrophobic packing is clear from this
point of view; in the L-Pro-containing diastereoisomer, as
well as in peptide 4, this favorable combination of factors is
not present.

Conclusions

We investigated the structural determinants of the stability
of a designed �-hairpin containing a natural hydrophobic
cluster from the protein GB1. The results of our simulations
shed light on the factors leading to an ordered secondary
structure in a model peptide, and can give us an atomic
resolution picture of the factors determining the folding of
such a peptide. We have shown the importance of the so-
called diagonal interactions in forming a stable hydrophobic
nucleus in the �-hairpin, together with the more obvious
lateral interactions. The importance of the diagonal interac-
tions has been underlined a only few times in the previous
literature regarding the folding of �-sheet peptides (Cootes
et al. 1998; Syud et al. 2001). In particular, Gellman and
coworkers (Syud et al. 2001) showed a stabilization due to
this factor of about 2.0 kJ/mole. With the use of long time-
range MD simulations in explicit water, we have shown the
role of diagonal interactions in driving the peptide to the
correct folded structure (formation of the hydrophobic core
with Trp 2, Tyr 4, and Phe 9 in the first stages of refolding)
and in keeping it in the ensemble of folded conformations
(Figs. 3,5). The combination of the stabilizing effects of the
D-Pro-Gly turn sequence and of the hydrophobic nucleus
formation thus favor the attainment of an ordered secondary
structure compatible with the one determined experimen-
tally. Moreover, our data underline the importance of the
juxtapositions of the side chains of amino acids not directly
facing each other in the three-dimensional structure. The
combination of these interactions forces the peptide to
sample a nonrandom portion of the conformational space, as
can be seen in the rapid collapse to an ordered structure in
the refolding simulation, and shows that the unfolded state
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can be closely correlated to the folded ensemble of struc-
tures, at least in the case of small model peptides.

Materials and methods

Molecular dynamics simulations and analysis

The starting structure for the simulations (Fig. 1B) was the aver-
aged NMR structure described by Espinosa and Gellman (2000).
The peptide was protonated to give a zwitterionic form (with N-
terminal NH3

+ and C-terminal COO− groups). The peptide was
solvated with water in a periodic truncated octahedron large
enough to contain the peptide and 0.9 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 +2. No counter-ions
were added, as water is a high dielectric and the inclusion of no
counter-ions was considered a better approximation to the low-salt
experimental conditions. The resulting system was composed of
150 peptide atoms and 3097 water molecules. The control peptide
3 was obtained from peptide 2 by substituting the D-Pro residue in
the turn with L-Pro. The system was subsequently energy-mini-
mized with a steepest descent method for 1000 steps. To compare
the dynamical behavior of the peptide at different temperatures,
simulations at 280K and 320K for 2 (labeled 280D and 320D), and
a control simulation at 320K (320L) for 3 were performed. In all
simulations, the temperature was maintained close to the intended
values by weak coupling to an external temperature bath (Ber-
endsen et al. 1984) with a coupling constant of 0.1 psec. The
peptide and the rest of the system were coupled separately to the
temperature bath. The GROMOS96 force field (van Gunsteren et
al. 1996, 1998) was used. The simple point charge (SPC; Ber-
endsen et al. 1987) water model was used. The LINGS algorithm
(Hess et al. 1997) was used to constrain all bond lengths. For the
water molecules, the SETTLE algorithm (Miyamoto and Kollman
1992) was used. A dielectric permittivity, � � 1, and a timestep of
2 fsec were used. A twin range cut-off was used for the calculation
of the nonbonded interactions. The short-range cut-off radius was
set to 0.8 nm and the long-range cutoff radius to 1.4 nm for both
Coulombic and Lennard-Jones interactions. The cut-off values are
the same as those used for the GROMOS96 force field parameter-
ization (van Gunsteren et al. 1998). Interactions within the short-
range cut-off were updated every timestep, whereas interactions
within the long-range cut-off were updated every five timesteps
together with the pairlist. All atoms were given an initial velocity
obtained from a Maxwellian distribution at the desired initial tem-
perature. The density of the system was adjusted performing the
first equilibration runs at NPT condition (constant number of par-
ticles, pressure and temperature) by weak coupling to a bath of
constant pressure (P0 � 1 bar, coupling time 	P � 0.5 psec; Be-
rendsen et al. 1984). All of the simulations, starting from the
average NMR structure, were equilibrated by 50 psec 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-psec runs without position restraints on the peptide. The
production runs using NVT conditions, after equilibration, were
200-nsec long for the D-Pro-containing peptide 2 and 100-nsec
long for the control peptide 3. The refolding simulation of 2 was
started from an extended structure and was run at 320K for 50
nsec.

All of the MD runs and the analysis of the trajectories were
performed using the GROMACS software package (van der Spoel
et al. 1994). Cluster analysis was performed according to Daura
et al. (1999a). The graphical representations of the peptide were

realized with the program MOLSCRIPT (Kraulis 1991) and
MOLMOL (Koradi et al. 1996).
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