Journal of Peptide Science
dJ. Peptide Sci. 10: 546-565 (2004)
Published online 2 April 2004 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/psc.564

JOURNAL OF
PEPTIDE SCIENCE

B-Hairpin Folding and Stability: Molecular Dynamics
Simulations of Designed Peptides in Aqueous Solution

CLARA M. SANTIVERI,C”§ M. ANGELES JIMENEZ,® MANUEL RICO,® WILFRED F. VAN GUNSTEREN®
and XAVIER DAURA®*

9 Instituto de Quimica Fisica Rocasolano, Consejo Superior de Investigaciones Cientificas, E-28006 Madirid,

Spain

® | aboratory of Physical Chemistry, Swiss Federal Institute of Technology Zurich, ETH Honggerberg, CH-8093
Zurich, Switzerland

€ Catalan Institution for Research and Advanced Studies (ICREA) and Institute of Biotechnology and
Biomedicine, Universitat Autonoma de Barcelona, E-08193 Bellaterra, Barcelona, Spain

Received 10 September 2003
Revised 17 November 2003
Accepted 1 December 2003

Abstract: The structural properties of a 10-residue and a 15-residue peptide in aqueous solution
were investigated by molecular dynamics simulation. The two designed peptides, SYINSDGTWT and
SESYINSDGTWTVTE, had been studied previously by NMR at 278 K and the resulting model structures were
classified as 3:5 g-hairpins with a type I + G1 g-bulge turn. In simulations at 278 K, starting from the NMR
model structure, the 3:5 g-hairpin conformers proved to be stable over the time period evaluated (30 ns).
Starting from an extended conformation, simulations of the decapeptide at 278 K, 323 K and 353 K were also
performed to study folding. Over the relatively short time scales explored (30 ns at 278 K and 323 K, 56 ns
at 353 K), folding to the 3:5 g-hairpin could only be observed at 353 K. At this temperature, the collapse
to B-hairpin-like conformations is very fast. The conformational space accessible to the peptide is entirely
dominated by loop structures with different degrees of -hairpin character. The transitions between different
types of ordered loops and g-hairpins occur through two unstructured loop conformations stabilized by a
single side-chain interaction between Tyr2 and Trp9, which facilitates the changes of the hydrogen-bond
register. In agreement with previous experimental results, g-hairpin formation is initially driven by the
bending propensity of the turn segment. Nevertheless, the fine organization of the turn region appears to be
a late event in the folding process. Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Unravelling the factors contributing to the formation
and stability of B-sheet motifs in peptides is
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currently a field of intense activity. The great inte-
rest of this subject arises from the relations that
can be established with more complex phenomena.
Thus, the folding of secondary structures captures
much of the basic physics of protein folding.
The study of the structural properties of B-sheet-
forming peptides, as well as helix-forming ones,
may contribute to a better understanding of the
mechanisms by which a polypeptide chain adopts
its three-dimensional native structure. This know-
ledge is likely to smooth the way towards successful
protein structure prediction from protein sequence,
which is of great importance for structural genomics.



Moreover, B-sheet structures play an important role
in the formation of amyloid fibrils. Accordingly, 8-
sheet-forming peptides may be suitable systems
for studying the molecular basis of amyloid di-
seases such as Alzheimer’s and various spongiform
encephalopathies [1,2].

In contrast to «-helices, for which substantial
progress in understanding the factors involved
in their formation and stability has been made
through the study of the conformational behaviour
of protein fragments and designed peptides [3-8],
little is known about the formation of B-sheet
structures. This is partly a consequence of the
low solubility and high tendency to aggregate of
sequences with high p-sheet-propensities. Despite
the difficulties of designing peptide sequences that
fold in aqueous solution into monomeric S-sheet
motifs, examples of these had already been reported
in the 1990s [9-14]. Most of them adopt the simplest
antiparallel g-sheet structure, the g-hairpin, that
consists of two g-strands linked by a turn segment.
B-Hairpin motifs differ in the topology of the turn
segment, and are classified according to the number
of turn residues and the number of interstrand
hydrogen bonds between residues flanking the
turn [15-17]. The study of the kinetics of B-
hairpin formation has only become possible with
the development of new microsecond experimental
techniques [18].

Computer simulations are playing an expanding
role in biochemistry due to the steady and rapid
increase in computing power and the improvement
of force fields over the past years. Molecular
dynamics (MD) simulation has proven to be a useful
tool to study peptide folding in solution under
reversible conditions at atomic resolution and to

Table 1 Summary of the Simulations Performed
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test models of the folding process. MD simulation
of peptide stability and folding is currently an area
of intense activity, and computational studies on
helix-forming peptides [19-25] and sheet-forming
peptides [21,26-37] have been reported recently.
Here, a series of MD simulations of the 10-residue
peptide SYINSDGTWT and the 15-residue peptide
SESYINSDGTWTVTE, using the GROMOS96 pac-
kage of programs and force field [38], are presented.
An important feature of these systems is that the
decapeptide encompasses the middle region of the
amino acid sequence of the pentadecapeptide [39],
allowing us to investigate by MD simulation the sta-
bilizing effect of strand lengthening on A-hairpin
structure [39,40]. This effect has been reported
recently for other A-hairpin-forming peptides [41].
The structure of the two studied peptides in aqueous
solution was determined by NMR [39,40]. The resul-
ting model structure was classified in both cases as a
3:5 B-hairpin with a type I + G1 g-bulge turn, one of
the most abundant in proteins. The percentage po-
pulation of the B-hairpin was estimated from several
NMR parameters to be around 45% for the decapep-
tide in water at pH 6.3 and 278 K and 54% for the
pentadecapeptide in water at pH 5.5 and 278 K [42].
The NMR model structures of both peptides show,
however, some deviations from the canonical 3:5
B-hairpin structure. To determine whether these
deviations are present at the microscopic level or
are a consequence of the conformational averaging
inherent to the NMR experiment, four MD simula-
tions in aqueous solution under various conditions
have been performed for each of the two peptides
(Table 1). The analysis of the simulations focuses on
the study of g-hairpin stability and folding, and the

Peptide Simulation Starting structure Temperature (K) Number of
atoms
10-residue 104278 3:5 B-Hairpin (NMR?) 278 5621
10278 Extended chain 278 13865
105528 Extended chain 323 13865
105353 Extended chain 353 13865
15-residue 154278 3:5 g-Hairpin (NMRP) 278 7649
1545278 3:5 B-Hairpin (NMRP) 150 mm NaCl 278 7623
154278 Canonical 3:5 g-hairpin 278 7649
15,278 Canonical a-helix 278 7274

2NMR model structure with lowest energy in the structure calculation [40].
b NMR model structure with lowest energy in the structure calculation [39].

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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results are discussed within the context of the NMR
data.

METHODS

MD Simulations

The simulations were carried out using the GRO-
MOS96 package of programs [38,43].

The peptide model is as defined within the
GROMOS96 43A1 force field [38]. In this force
field the aliphatic carbon atoms are represented as
united atoms [44], i.e. every CH, (n =1, 2, 3) group
is represented as a single particle. The ionizable
groups were set to their protonated or deprotonated
state according to standard pK, values of amino
acids and a pH of 5.5. The SPC water model [45]
was used as solvent.

Four simulations were set up for each of the
two peptides. They are defined in Table 1 and
differ in either initial conditions or temperature.
For every system, the initial peptide structure
was placed at the centre of a periodic truncated-
octahedron box. The minimum distance from any
peptide atom to the box wall was 1.4 nm in this
initial configuration. The solvent was introduced
into the box by using as a building block a
cubic configuration of 216 equilibrated SPC water
molecules. All water molecules with the oxygen atom
lying within 0.23 nm of a non-hydrogen peptide
atom were then removed. Truncated-octahedron
periodic boundary conditions were applied from this
point onward.

A steepest-descent energy minimization of the
system was performed in order to relax the solvent
configuration. The peptide atoms were positionally
restrained using a harmonic interaction with a force
constant of 250 kJ mol~! nm~2. Then, a steepest-
descent energy minimization of the system without
restraints was performed to eliminate any residual
strain. The energy minimizations were terminated
when the energy change per step became smaller
than 0.1 kJ mol~!.

A 30 ns molecular dynamics simulation at the
chosen temperature and 1 atm was performed for
each of the systems. The simulation 10£°%® was
extended to 56 ns. In simulations 10g>®, 10,%78,
155278, 15,35278 and 15,%7® the initial velocities of
the atoms were taken from a Maxwell-Boltzmann
distribution at 100 K. The temperature of the
system was kept at 100 K during the first 25 ps,
and then raised to 190K and to 278K in

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

successive 25 ps intervals. During this initial 75 ps
in which the system temperature was increased,
all peptide atoms were positionally restrained using
a harmonic interaction with a force constant of
2500 kJ mol~! nm~2, relaxed to 250 kJ mol~! nm—2
in the last 25 ps. In simulation 15,31278 the same
protocol was followed, but extending to 50 ps the
initial equilibration at 100 K. During the first 100 ps
of 15,;1278 the distances between selected backbone
NH-CO pairs were restrained to an upper-bound
hydrogen-oxygen distance of 0.23 nm with a force
constant of 10% kJ mol~! nm~2, to obtain a starting
structure that satisfied the hydrogen bonding of
a canonical 3:5 B-hairpin. The temperature and
the pressure were brought and maintained at
the desired values by means of temperature and
pressure baths [46]. Simulations 10g°2® and 10g°%®
were started from the coordinates and velocities of
the system at time 100 ps in simulation 10g2"®,
raising the temperature of the bath to 323 K and
353 K, respectively, in one step. In all cases, the
temperature of the solute (peptide and ions) and the
solvent were weakly coupled to independent baths
with a relaxation time of 0.1 ps. The pressure of the
system (calculated through a molecular virial) was
weakly coupled to the pressure bath with isotropic
scaling and a relaxation time of 0.5 ps. An estimated
value of 4.575 10~* kJ~! mol nm® was taken for the
isothermal compressibility of the system [38]. Bond
lengths were constrained to ideal values [38] using
the SHAKE algorithm [47] with a geometric tolerance
of 107*. A time step for the leap-frog integration
scheme of 2 fs was used.

The non-bonded interactions were evaluated by
means of a twin-range method: The short-range
van der Waals and electrostatic interactions were
evaluated at every time step by using a charge-group
pair list that was generated with a short-range cut-
off radius of 0.8 nm. Longer range van der Waals and
electrostatic interactions, i.e. between charge groups
at a distance longer than the short range cut-off and
shorter than a long range cut-off of 1.4 nm, were
evaluated every five time steps, together with the
pair-list updates, and were kept unchanged between
these updates. The cut-off radii were applied to the
centres of geometry of the solute charge groups
and to the oxygen atoms of the water molecules.
Interactions beyond the long range cut-off of 1.4 nm
were taken into account by using a Poisson-
Boltzmann reaction field correction, assuming an
electrostatic continuum with the relative dielectric
permittivity calculated for SPC water (¢2 = 54.0) [48].

J. Peptide Sci. 10: 546-565 (2004)



Analysis

Trajectory coordinates and energies were stored at
0.5 ps intervals and used for analysis. The energy of
the system and the volume reach an equilibrium
within tens of ps (data not shown). Given that
the total length of the trajectories is three orders
of magnitude longer, no initial period of time was
discarded as equilibration for the calculation of
trajectory averages.

Least-squares translational and rotational fitting
of atomic coordinates and calculation of atom-
positional root-mean-square differences (RMSD) was
based on the N, H, C,, Cg, C, O atoms of all but the
N- and C-terminal residues of the peptides.

A conformational-clustering analysis was per-
formed on a set of 6000 peptide structures (11200
for 105%%%) taken at 5 ps intervals from the simula-
tion, using the atom-positional RMSD as similarity
criterion. An RMSD similarity cut-off of 0.12 nm
was used to cluster the structures sampled by the
decapeptide, which corresponds approximately to
the maximum atom-positional RMSD between any
pair of the 20 NMR model structures. On the same
grounds, an RMSD similarity cut-off of 0.15 nm was
used to cluster the structures sampled by the pen-
tadecapeptide. The clustering algorithm has been
described in previous studies of peptide dynamics
[49]. The average lifetimes of particular conformers,
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corresponding to clusters of structures, were cal-
culated from the time sequence of the sampling of
clusters. Every time a particular cluster is aban-
doned the time that the peptide has spent in this
cluster is saved, and used for the calculation of the
average lifetime of the conformer.

Hydrogen bonds were calculated using a geomet-
ric criterion. A hydrogen bond was thus defined
by a minimum donor-hydrogen-acceptor angle of
135° and a maximum hydrogen—-acceptor distance
of 0.27 nm. Hydrogen bond percentages were calcu-
lated on the entire set of structures taken at 0.5 ps
intervals. Assignment of secondary structure was
done with the program PROCHECK [50], according
to the method of Kabsch and Sander [51], on struc-
tures taken at 10 ps intervals.

Interproton distances derived from the experimen-
tal NOE intensities were compared with the corres-
ponding average effective interproton distances in
the simulations. The latter were calculated by means
of an (r~6)~1/¢ averaging the instantaneous distances
r in structures taken at 0.5 ps intervals. For this
comparison, only the distance restraints coming
from the NOE intensities that are relevant for the
determination of secondary (3:5 B-hairpin) struc-
ture were taken into account (see Tables 2 and 3).
As already mentioned, in the GROMOS96 43A1 force
field aliphatic hydrogen atoms were treated within a
united-atom model. Interproton distances involving

Table 2 Medium- and Long-range NOEs Observed for the 10-residue Peptide in Aqueous Solution at 2 mwm
Concentration, pH 4.3, 278 K (H,O/D50 9:1 by volume, ROESY, 200 ms mixing time) and pH 6.3, 274 K
(D20, ROESY, 100 ms mixing time) [40] and NOE effective violations in simulations 105278 and 10g%%

1H resonance in

NOE (r=8)=1/6 — ryoE (nm)
Residue i Residue j intensityd 10g 278 10g 393
2NH Y2 NH T10 m -0.13 -0.01
aNH Y2 Cp HTI10 w -0.03 -0.04
°c, HY2 Cc3H W9 m -0.13 0.02
bC; HY2 Cs HT10 m 0.02 0.05
bC; HY2 C, H3 T10 m -0.04 -0.04
°C. HY2 C, HN4 m -0.17 -0.08
bc, HY2 Cs HT10 w -0.15 —-0.05
bc, HY2 C, H3 T10 m -0.02 0.01
ac, HI3 C, HW9 m -0.13 —-0.04
ac, HI3 Cp H/CpHW9 w -0.14 -0.14
aCs HI3 C, HW9 w -0.06 -0.04
bcy HI3 C.3H W9 w -0.06 -0.03
bCcy HI3 C,2H W9 vw -0.18 0.04
bCg HI3 C:sHW9 vw -0.17 -0.06
bc, HI3 NH S5 vw -0.04 0.02

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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Table 2 (Continued)

1H resonance in NOE (r=6y-1/6 _ yor (nm)
Residue i Residue j intensityd 10,4278 10353
bc, HI3 C, HG7 m —-0.06 0.02
bc, H/C, H I3 C.3H W9 vw -0.11 —0.04
bc, H/C,H I3 Cs1HW9 w -0.16 —0.06
bc, HI3 NH G7 vw —-0.08 0.13
bC,HI3 Cy2H W9 vw -0.18 -0.01
bc, Hs I3 NH S5 w 0.00 0.05
bC, Hs I3 NH G7 w -0.18 0.20
bc, Hs I3 Cy HG7 m-s -0.05 0.19
bC, Hs 13 C, HW9 w -0.16 —-0.11
bc, Hs 13 C.3H W9 w -0.08 -0.03
bc, Hs I3 Cs1H W9 vw -0.22 -0.12
bC, Hs I3 C,2HW9 vw -0.27 —-0.09
bCs Hj 13 NH S5 w 0.05 0.04
bCs H3 13 C, HG7 m-s —-0.07 0.06
bCs H3 13 C, HW9 w -0.11 —0.05
bCs Hj 13 C.3H W9 m 0.09 0.13
bCs H3 13 Cs1H W9 w —-0.19 0.00
bCs H3 13 CroHW9 m —0.07 0.12
bCs Hs I3 C;3H W9 vw —-0.09 —-0.02
aNH N4 NH G7 w —-0.03 0.09
aNH N4 NH T8 w-m —0.08 0.03
PNH N4 C, H3 T8 vw -0.03 -0.01
aNH N4 C, HW9 vw -0.24 -0.21
3CyH N4 NH D6 w-m -0.12 -0.11
bCyH N4 C, Hs T8 w -0.07 -0.15
bN; H N4 Cs HT8 w -0.16 -0.06
bNyH N4 NH T8 w —-0.07 —-0.11
ac, H S5 NH G7 m 0.04 0.09
aNH D6 NH T8 w —0.03 —0.02
aCyH D6 NH T8 m —-0.02 0.06
PCyH D6 C, Hs T8 w -0.05 0.00

2 NOESs between backbone protons and NOEs between backbone and Cg protons.

b NOEs between side-chain protons corresponding to facing residues in the 3:5 g-hairpin and NOEs involving protons in
the turn region not included in?.

¢ Other NOEs of medium or strong intensity.

dThe NOE intensities were evaluated qualitatively and used to obtain upper limit distance constraints: s (strong;
moe < 0.30 nm), m-s (medium-strong; ryog < 0.35 nm), m (medium; ryog < 0.40 nm), w-m (weak-medium; ryog < 0.45 nm),
w (weak; nyog < 0.50 nm), and vw (very weak; ryog < 0.55 nm).

aliphatic hydrogen atoms were thus calculated by interproton distances with those in the simula-
defining virtual (for CH; and pro-chiral CH,) and tions.

pseudo (for non-stereospecific CHy and CHjs) atomic
positions for these hydrogen atoms at the time of
analysis. Pseudo atomic positions were also used
in typically unresolved cases like, for example, the
C,H protons of valine or the C;H and C.,H pro-
tons of tyrosine [38]. For consistency, the aliphatic
hydrogen atoms of the NMR model structures have The 20 structures with lowest energies calculated
been treated likewise when comparing the average from distance and dihedral-angle restraints derived

RESULTS AND DISCUSSION

Ideal 3:5 B-Hairpins and NMR Model Structures
for the 10-residue and 15-residue Peptides

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd. dJ. Peptide Sci. 10: 546-565 (2004)



Table 3 Medium and Long range NOEs Observed
for the 15-residue Peptide in Aqueous Solution at
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Table 3 (Continued)

2 mm Concentration, pH 5.5, 278 K (H,O/D20 9:1 14 NOE (r=6y-1/6
by Volume and D,O, NOESY, 200 ms mixing time) resonance in intensity!  —rmor
[39] and Effective Violations of the NOE Distances Residue i Residue j (nm)
in Simulation 15,>"® 154278
1 NOE (r=6)-1/6 bC; Ha 15 Cr2HWI11 s 0.04
resonance in intensityCl —INOE aCg H/ CgHN6 NHTIO m 0.06
Residue i Residue j (nm) bCy; H N6 C, H3 T10 w -0.14
154278 aCyH N6 NH D8 m 0.13
2NH D8 Cy HT10 w 0.23
b
ac, H S3 c, HV13 s ~0.09 aNH D8 C, H3z T10 m 0.24
b C, HDS8 NH T10 w —-0.09
Cy HS3 C, H3/C,/H3 V13 m —-0.22 b
Cp HDS8 C, H3 T10 w -0.02
°Cg H/CpyHS3 C.3HWI11 m -0.15
°Cp H/CyHWI1 C, H3/C,H3V13  w-m —0.03
aCy; H/CyH S3 C, HV13 m —0.09 o WA O Ha/CoHy V13 o 0.43
bCy H/CyHS3 C, H3/C,Hs V13 m -0.24 o y 8/ yHS '
2NH Y4 NH T12 m —0.10
cC, H Y4 C;sH W11 s _0.05 2NOEs between backbone protons and NOEs between
aCyH Y4 Cp HTI2 — _0.03 Eackbone and Cﬁ.proton§. . .
bC, H Y4 C, HTI12 _ NOESs between side-chain protons corresponding to facing
s 8 w 0.22 . . . L : :
b residues in the 3:5 g-hairpin and NOEs involving protons
CC‘S HY4 Cy Hz T12 m 0.01 in the turn region not included in?.
C; HY4 C, H3 T14 m -0.16 ¢ Other NOEs of medium or strong intensity.
°C. HY4 C., HN6 m —0.08 dThe NOE intensities were evaluated qualitatively and
bC, H Y4 Cp HTI12 w-m -0.27 used to obtain upper limit distance constraints: s (strong;
bc, HY4 C, H3 T12 s -0.10 moE < 0.30 nm), m-s (medium-strong; myog < 0.35 nm), m
°C, HY4 C, H3 T14 s 0.01 (medium; mog < 0.40 nm), w-m (weak-medium; ryog <
ac, HI5 C, HW11 s —0.05 0.45 nm), w (weak; rvog < 0.50 nm), and vw (very weak;
ac, HI5 Cs H/CxHWI1 w —0.13 ™o < 0.55 nm).
aCg HI5 C, HG9 w 0.09
bCcy HI5 CstHW11 w -0.14
bcy HI5 C;3sH W11 w -0.12 from experimental NMR parameters were considered
bCy H 15 C,2oHWI11 w -0.19 as representative of the conformation adopted
bc, Hz 15 NH G9 w 0.09 by the peptide in aqueous solution at 278 K
bc,,HI5 NH G9 w -0.18 i iti
Nyl [39,40]. The maximum atom-positional RMSD (see
bgy H}:; II: g‘* E/ g‘*/g gg m 832 Methods) between the 20 NMR model structures is
itid o H/Co m e 0.12 nm for the decapeptide and 0.15 nm for the
C, H3I5 C, HWI11 w-m 0.04 tad tide. Th NMR st ¢ f
bC, HI5 c, HW11 w-m —0.02 pentadecapeptide. These structures conform
bC, Hs 15 Cs HWI1 vw —0.02 to the basic description of a 3:5 B-hairpin with
bC,, HI5 Cy HW11 — _0.03 a type I+ Gl B-bulge turn that is characterized
bC, H3 I5 Cs1HWI11 m 0.11 by a three-residue turn and a single interstrand
bc,, HI5 Cs1HWI11 m 0.03 hydrogen bond between the residues flanking the
bc, Hs I5 CesHWI11 w -0.03 turn [15-17], but show some deviations from the
ECWH 15 CesH W11 w 0.06 ideal hairpin structure.
bCV Hs I5 CesHWIL w —0.12 For the 10-residue peptide SYINSDGTWT, the
bgVV'HH IIZ 25 SE gﬁ w ggg hydrogen bonds characteristic of an ideal 3:5
y 3 2 w —0. ot _ _ _
bC, HI5 CioH W11 w —0.10 B-hairpin 'flre 2NH 10;), 10NH-20, 4NH-80 and
bC, Hs 15 NH GO w ~0.30 7NH-40 (Figure 1A). O th?m, 2NH-100, 10NH-20
bc, Hy 15 C, H/C,H G9 m _0.18 and 4NH-80 are present in 5%, 80% and 100%,
bcs Hs 15 C, HW11 w _0.19 respectively, of the 20 model structures, while the
bcs Hs I5 Cs1HW11 w-m —0.19 turn hydrogen bond 7NH-40 is replaced by 7NH-
bCs; Hs 15 C.3HWI11 VW -0.06 50 (45% occurrence), which is also compatible with

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

a I+ Gl g-bulge turn conformation. For the 15-
residue peptide SESYINSDGTWTVTE, the canonical

J. Peptide Sci. 10: 546-565 (2004)
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Figure 1 Backbone representation of g-hairpin conformations of the 10-residue peptide. A: 3:5 B-hairpin with a type
I+ G1 g-bulge turn; B: a variant of the 3:5 g-hairpin in A; C: 3:3 g-hairpin; D: 2:2 g-hairpin with a type I g-turn; E: 2:2
B-hairpin with a type I' B-turn. The double arrows indicate expected long-range NOEs between backbone protons. g-Sheet

hydrogen bonds are indicated by dotted lines.

3:5 B-hairpin is defined by hydrogen bonds 2NH-
140, 14NH-20, 4NH-120, 12NH-40, 6NH-100 and
9NH-60 (Figure 2A). Of those, only 14NH-20 and
6NH-100 are found in 5% and 55%, respectively,
of the 20 model structures. In this case, the turn
hydrogen bond, 9NH-60, is also absent. The fact
that the hydrogen bonds located at the peptide
ends are absent or have a low occurrence may be
consequence of a fraying effect, equivalent to that
observed at the end of a-helices [6].

In line with the hydrogen bonding analysis, the
program PROCHECK [50] recognizes only some
of the structural features of ideal 3:5 B-hairpins

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

in both sets of NMR model structures, that is,
a pB-bridge centred at residues 3 and 9 for 18
of the decapeptide structures, and a hydrogen-
bonded turn involving residues 6 to 9 for 5 of the
pentadecapeptide structures. PROCHECK assigns a
B-bridge if there are two consecutive hydrogen bonds
characteristic of a 8-structure [51], e.g. 4NH-80 and
10NH-20 in the decapeptide.

Overall, the analysis of the NMR model struc-
tures indicates that both the decapeptide and the
pentadecapeptide, and especially the latter, devi-
ate from canonical 3:5 B-hairpin structures. At a
microscopic level, this may have two, non-exclusive,

J. Peptide Sci. 10: 546-565 (2004)



B E15 T14 V13 T12 W11 T10

Figure 2 Backbone representation of S-hairpin confor-
mations of the 15-residue peptide. A: 3:5 B-hairpin with
a type I+ G1 B-bulge turn; B: 3:3 B-hairpin. The double
arrows indicate expected long-range NOEs between back-
bone protons. B-Sheet hydrogen bonds are indicated by
dotted lines.

explanations: (i) the most stable structure is indeed
a non-canonical B-hairpin; and (ii) the NMR data
used in the structure calculation originate not only
from an ideal 3:5 g-hairpin type of structure but
also from other stable conformers such as non-
canonical 3:3 or 3:5 g-hairpins (Figures 1 and 2).
The simulations that will be presented below should
provide the resolution that is necessary to answer
this question.

B-Hairpin Stability in a Simulation of the
10-residue Peptide (1 0,3278)

A 30 ns MD simulation of the decapeptide, aimed
at examining the stability of the 3:5 g-hairpin at
278 K, was performed starting from the lowest-
energy NMR model structure (NMR structure 1). The
time evolution of secondary structure assignment
per residue, intramolecular hydrogen bonds and
atom-positional RMSD from the initial structure is
shown in Figure 3. The structure of the decapeptide
fluctuates around the 3:5 g-hairpin conformation
during the entire 30 ns trajectory: the p-bridge
centred at residues 3 and 9 is almost continuously
present along the simulation (Figure 3, upper
panel) and the hydrogen bonds 2NH-100 (95%
occurrence), 10NH-20 (87%) and 4NH-80 (74%)
are present in a high percentage of the structures
(Figure 3, middle panel). The turn region, with
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residues 5, 6 and 7, appears more structured than
in the NMR model structures. The hydrogen bond
8NH-50 (11% occurrence) is predominant at this
position in the first 11 ns of the simulation, while
7NH-40 (13%) is predominant in the next 19 ns.
They are both compatible with a 3:5 g-hairpin
(Figures 1B and 1A, respectively). In the interval
from 4 to 11 ns the 3:5 B-hairpin alternates at
times with a 3:3 g-hairpin (Figure 1C), in which the
region of interstrand contact extends one position
towards the turn with the hydrogen bond 8NH-40
(9% occurrence). This extension of the B-sheet is
also apparent in the secondary structure analysis
(Figure 3, upper panel). The hydrogen bond S8NH-40
has brief overlaps with 7NH-40 and with 8NH-50 at
the turn.

The atom-positional RMSD from the initial struc-
ture of the decapeptide (NMR structure 1) is shown
in the lower panel of Figure 3 as a function of time.
Although the 3:5 B-hairpin conformation is well
represented in the simulation, the atom-positional
RMSD for the backbone atoms of residues 2 to
9 is never below 0.1 nm after the initial 0.2 ns
and mostly over 0.12 nm, which is the maximum
RMSD between any two NMR model structures. The
rapid drift from the NMR structure without loss of
the basic conformation is indicative of a relaxation
process. This type of relaxation processes typically
occurs when the experimental structure is strained,
which is normally due to the presence of conflic-
ting restraints. It could also be due to the protocol
followed in the NMR structure calculation, which is
based on distance-geometry calculations with the
program DIANA [52] without subsequent restricted
molecular dynamics.

A clustering analysis of structures extracted at
5 ps intervals from the trajectory shows that the
canonical 3:5 g-hairpin is indeed the most popu-
lated conformer in the simulation. The central mem-
ber structure of cluster number 1, corresponding to
time 21.545 ns, is characterized by the hydrogen
bonds 2NH-100, 10NH-20, 4NH-80 and 7NH-40
(Figure 4A). The percentage weight of this cluster
in the ensemble is 55%, and the average lifetime
of the conformer is 155 ps (with 105 visits). The
central member structure of cluster number 2,
corresponding to time 10.260 ns, contains the same
interstrand hydrogen bonds but replaces the 7NH-
40 hydrogen bond at the turn region by 8NH-50.
The percentage weight of this cluster in the ensem-
ble is 26% and the average lifetime of the conformer
65 ps (with 120 visits). The total number of clusters
is 22.
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Figure 3 Structure as a function of time in simulatio;

T
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n 10,3278. Upper panel: PROCHECK [50] secondary structure

calculation. Red: hydrogen-bonded turn; yellow: 3jp-helix; brown: «-helix; green: B-bridge; blue: extended strand
participating in g-ladder. Middle panel: Backbone hydrogen bonds with an occurrence in the simulation of 5% or more.
1: 2NH-100 (95% occurrence); 2: 4NH-80 (74% occurrence); 3: 7NH-40 (13% occurrence); 4: SNH-40 (9% occurrence); 5:
8NH-50 (11% occurrence); 6: 10NH-20 (87% occurrence). Lower panel: Atom-positional root-mean-square deviation (RMSD)
from the NMR structure 1 for the backbone atoms of residues 2-9. The red-dashed line indicates the maximum RMSD
between any pair of the 20 NMR model structures (0.12 nm).

B-Hairpin Stability in Simulations of the 15-residue
Peptide (155778, 154578, 154%’® and 15,%%)

The stability of the 3:5 A-hairpin conformation
of the pentadecapeptide was also examined from
a 30 ns MD simulation, started from the lowest-
energy NMR model structure (NMR structure 1)
[155278). The secondary structure and hydrogen
bonding analyses (Figure 5, upper and middle
panels, respectively) show that the peptide remains
folded in a 3:5 B-hairpin conformation during the
entire 30 ns trajectory. The gB-bridged extended
strands have a stable core involving residues 3-5
and 11-13, with temporary extensions on both sides
of the ladder. The hydrogen bonds 14NH-20 (60%
occurrence), 4NH-120 (95%), 12NH-40 (75%) and
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6NH-100 (63%) are present in a high percentage of
the structures. The comparatively low population
of the terminal hydrogen bond, 2NH-140 (13%
occurrence), may be caused by fraying of the peptide
ends. The turn is characterized by the absence of the
hydrogen bond 9NH-60. Instead, 10NH-70 (35%
occurrence) and 10NH-80 (15%), compatible with a
3:5 B-hairpin (Figure 2A), alternate in this region. At
different times in the simulation the 3:5 g-hairpin
inter-converts with a 3:3 g-hairpin (Figure 2B), in
which the region of interstrand contact extends
one position towards the turn with the hydrogen
bond 10NH-60 (10% occurrence). This extension
of the p-bridged strands, which occurred in a
similar percentage in the decapeptide simulation,
is also apparent in the secondary structure analysis

dJ. Peptide Sci. 10: 546-565 (2004)



Figure 4 3:5 B-hairpin structures of the 10- and
15-residue peptides at 278 K. A: central member struc-
ture from cluster 1 in simulation 105278 (21.545 ns);
B: central member structure from cluster 1 in simu-
lation 15;;278 (25.820 ns); C: lowest-energy NMR model
structure (NMR structure 1) for the decapeptide; D: low-
est-energy NMR model structure (NMR structure 1) for the
pentadecapeptide.

(Figure 5, upper panel). The hydrogen bond 10NH-
60 has brief overlaps with 10NH-70 at the turn.

The atom-positional RMSD from the initial struc-
ture of the pentadecapeptide (NMR structure 1) is
shown as a function of time in the lower panel
of Figure 5. As observed for the decapeptide, even
though the 3: 5 g-hairpin conformation is well repre-
sented in the simulation, the atom-positional RMSD
for the backbone atoms of residues 2-14 drifts
rapidly to relatively high values. Thus, it is rarely
below 0.15 nm (maximum RMSD between any two
NMR model structures) after the initial 0.1 ns.

A clustering analysis of structures extracted at
5 ps intervals from the trajectory shows that the 3:5
B-hairpin is indeed the most populated conformer
in the simulation. The central member structure of
cluster number 1, corresponding to time 25.820 ns,
is characterized by the hydrogen bonds 14NH-
20, 4NH-120, 12NH-40, 6NH-100 and 10NH-70

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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(Figure 4B). The hairpin has a pronounced twist in
the direction of its long axis, which in this case is
partly responsible for the relatively large RMSD from
the NMR structure 1. This twist is also partially
present in the central member structure of the
most populated conformation of the decapeptide.
The twist is apparently induced by the interactions
between the side chains of Tyr, Ile and Trp at
one face of the hairpin, which are in identical
arrangement in the structures shown in Figures 4A
and 4B. At the opposite face of the hairpin, the side
chain of Asn interacts with Thr10 in the decapeptide
and with Thr12 and Thr14 in the pentadecapeptide.
This is in contrast to the situation in the NMR model
structures, where the Trp side chain interacts with
the Ile side chain at one face of the hairpin while the
Tyr side chain interacts with Thr10 in the 10-residue
peptide (Figure 4C), and Thrl2 in the 15-residue
peptide (Figure 4D). Nevertheless, the interaction
of Tyr with Ile and Trp is also compatible with
the upper-bound distances derived from the NOE
intensities (see Tables 2 and 3).

The percentage weight of cluster 1 in the ensemble
of conformers sampled for the pentadecapeptide is
96%. The average lifetime of the most populated
conformer is 300 ps (with 75 visits). Cluster number
2 contains the conformation that corresponds to the
NMR model structures. It alternates with cluster 1
during the first 6 ns of simulation. The total number
of clusters is 6. The presence of such a small number
of conformers in the clustering analysis indicates
that the relative heterogeneity in the pattern of
hydrogen bonds (Figure 5, middle panel) does not
have a counterpart in RMSD space, that is, the
structural fluctuations associated with the creation
and destruction of some of the hydrogen bonds are
small. The strand register characteristic of the 3:5
B-hairpin is also maintained in most cases.

The effect of the ionic species present in the
experimental solution on the stability of the peptide
was examined by means of a second 30 ns molecular
dynamics simulation of the pentadecapeptide at
278 K with 150 mm NaCl (1545>"®). In addition, a
third 30 ns simulation at 278 K starting from a
canonical 3:5 g-hairpin structure was performed
to investigate the influence of the starting structure
on the results (15ﬁ1278). In the latter case, the model
was constructed by applying backbone hydrogen-
bond distance restraints in a 100 ps MD simulation
starting from the NMR structure 1 (see Methods).
There is no significant difference between the
trajectories sampled for the peptide in simulations
15,>"%, 15%2%% and 154°"°. This fact is illustrated
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Figure 5 Structure as a function of time in simulation 15ﬁ278. Upper panel: PROCHECK [50] secondary structure
calculation. Red: hydrogen-bonded turn; yellow: 3i1p-helix; brown: «-helix; green: B-bridge; blue: extended strand
participating in g-ladder. Middle panel: Backbone hydrogen bonds with an occurrence in the simulation of 5% or more. 1:
2NH-140 (13% occurrence); 2: 2NH-150 (52% occurrence); 3: 4NH-120 (95% occurrence); 4: 6NH-40 (5% occurrence); 5:
B6NH-100 (63% occurrence); 6: 10NH-60 (10% occurrence); 7: 10NH-70 (35% occurrence); 8: 10NH-80 (15% occurrence); 9:
12NH-40 (75% occurrence); 10: 14NH-20 (60% occurrence); 11: 15NH-20 (10% occurrence). Lower panel: Atom-positional
root-mean-square deviation (RMSD) from the NMR structure 1 for the backbone atoms of residues 2-14. The red-dashed
line indicates the maximum RMSD between any pair of the 20 NMR model structures (0.15 nm).

with Table 4, which shows the result of a clustering
analysis on an ensemble of structures generated by
concatenating the three trajectories. Thus, cluster
number 1, which accounts for 89% of the total
ensemble of 18000 structures, contains a 36% of
structures from 154°"®, a 30% of structures from
1522% and a 34% of structures from 154"°. This
overlap exists also in less populated clusters. The
analysis data from simulations 1522¢ and 154" are
available upon request as supplementary material.
In order to investigate whether the stability of the
B-hairpin at 278 K was not merely a consequence
of the relatively short time scale explored, the
same peptide sequence was built into an «-helix
and a molecular dynamics simulation at the same

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

temperature was performed (15278). Within 30 ns of
simulation more than half of the helix was lost. The
unfolding starts at the C-terminus and progresses
during 17 ns, until only the N-terminal hydrogen-
bonded turn is left (between residues 2 and 6). This
turn is then stable for the rest of the simulation. The
analysis data from simulation 1527% are available
upon request as supplementary material.

Comparison Between the Trajectories 10,3278 and
154,%’® and the Corresponding NMR Data

The upper-bound distances derived from the experi-
mental NOE intensities (ryog) and the corresponding

dJ. Peptide Sci. 10: 546-565 (2004)
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Table 4 Clusters of Structures from a Trajectory Obtained by Concatenating the Trajectories 15,3278, 15,578
and 15ﬁ1278. A RMSD Similarity cut-off of 0.15 nm is used

Cluster no. Total no. Elements Elements Elements Weight in the

of elements from 15,;278 (%) from 1555278 (%) from 15,;1278 (%) ensemble (%)
1 16031 35.9 30.5 33.6 89.06
2 837 14.8 52.3 32.9 4.65
3 570 7.7 46.7 45.6 3.17
4 327 0.0 96.3 3.7 1.82
5 106 54.7 41.5 3.8 0.59
6 36 13.9 86.1 0.0 0.20
7 35 0.0 25.7 74.3 0.19
8 32 0.0 12.5 87.5 0.18
9 12 8.3 8.3 83.3 0.07
10 8 100.0 0.0 0.0 0.04
11 3 33.3 33.3 33.3 0.02
12 2 0.0 100.0 0.0 0.01
13 1 0.0 0.0 100.0 0.01

differences with the average effective distances cal-
culated from the molecular dynamics trajectories
((r=%)~1/%) are given in Table 2 for the decapeptide
and Table 3 for the pentadecapeptide. For this anal-
ysis only the distance restraints derived from NOE
intensities that are relevant for the determination
of secondary (3:5 g-hairpin) structure were consid-
ered. Negative values of (r6)71/6 — ryog may not be
considered violations of the NOE-derived restraints.
The trajectory from simulation 104,%"® is compati-
ble with the upper-bound distances obtained for
the decapeptide (Table 2). Only the average distance
between the C;Hs group of Ile3 and the C.sH atom
of Trp9 is in the simulation significantly (>0.05 nm)
larger than the experimentally derived upper-bound.
This distance is violated despite the close interaction
between the two side chains in the conformer that is
most populated in the simulation. Indeed, all other
measured distances between the two side chains are
within the experimental bounds.

The trajectory from simulation 154
more discrepancies with the experimentally derived
upper-bound distances (Table 3). Of 52 distances,
there are five violations in the range 0.05 to 0.1 nm,
two violations in the range 0.1 to 0.2 nm, three
violations in the range 0.2 to 0.3 nm, and one
violation larger than 0.4 nm. The violations in the
range 0.2 to 0.3 nm involve residues at the g-turn.
This might be an indication that the structural
properties of the turn region are not sufficiently
well represented in the 30 ns simulation. It should
be noted that five of the violations larger than

278 shows

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

0.05 nm correspond to distances derived from NOEs
involving C,,H or/and C,Hs Ile protons whose
assignment is ambiguous due to their chemical shift
degeneracy [39]. In most cases, distance violations
corresponding to simulations 15,*’%, 152%° and
154> involved the same NOEs and their values
are also very similar.

B-Hairpin Folding in Simulations of the 10-residue
Peptide (10:278, 1032 and 10¢%%%)

To study the folding of the 10-residue peptide
into the B-hairpin conformation, three molecular
dynamics simulations starting from a fully extended
conformation of the peptide (all backbone dihedral
angles in trans) were performed at different tem-
peratures. The simulations were carried out for
30 ns at 278 K (simulation 10>"®), 30 ns at 323 K
(simulation 10g3??) and 56 ns at 353 K (simulation
10>%%). 353 K is the highest temperature at which
traces of a B-hairpin conformation could still be
observed experimentally. Note, that the conforma-
tional space accessible to the peptide depends on
the temperature of the system among other envi-
ronment parameters. Moreover, the relative popula-
tions of particular conformations may change with
increasing temperature. Therefore, the most stable
or populated conformer at 278 K does not need to
be the most populated at 353 K.

At 278 K the system has a low Kkinetic energy,
and conformational transitions involving the cros-
sing of relatively high energy barriers occur with
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an accordingly low probability. Under these condi-
tions, a 30 ns simulation proves to be far too short
to observe the folding of the decapeptide from an
extended chain into the 3:5 B-hairpin conforma-
tion. The peptide abandons rapidly the extended
conformation to form, after 4 ns, a 8-bridge invol-
ving residues 6 and 9. This conformer is dominant
for the rest of the 30 ns, with a 17% occurrence
of the 6NH-90 hydrogen bond and a 68% occur-
rence of 9NH-60 (supplementary material is avail-
able upon request). With the aim to shorten the
time interval between conformational transitions,
simulations at 323 K and 353 K were performed.
The time evolution of secondary structure assign-
ment per residue, intramolecular hydrogen bonds

and atom-positional RMSD from the NMR structure
1 is shown in Figure 6 for simulation 10g*2® and
Figure 7 for simulation 10g%%.

At 323 K, the peptide adopts spontaneously a
2:2 B-hairpin with a type I B-turn (Figure 1D).
The initiation of the hairpin conformation occurs
early in the simulation (at around 2 ns) and the
complete 2 : 2 f-hairpin is stable after 9 ns (Figure 6,
upper panel). The structure of the peptide fluctuates
around this conformation during the rest of the
simulation. The central hydrogen bonds of the 2:2
B-hairpin, 9NH-20 (74% occurrence) and 4NH-70
(70%), are present in a high percentage of the
structures (Figure 6, middle panel). The hydrogen
bonds at the tail of the hairpin, 2NH-90 (21%
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Figure 6 Structure as a function of time in simulation 10g3?%. Upper panel: PROCHECK [50] secondary structure
calculation. Red: hydrogen-bonded turn; yellow: 3jp-helix; brown: «-helix; green: B-bridge; blue: extended strand
participating in 8-ladder. Middle panel: Backbone hydrogen bonds with an occurrence in the simulation of 5% or more. 1:
2NH-90 (21% occurrence); 2: 2NH-100 (12% occurrence); 3: 4NH-70 (70% occurrence); 4: 7NH-40 (10% occurrence); 5:
9NH-20 (74% occurrence). Lower panel: Atom-positional root-mean-square deviation (RMSD) from the NMR structure 1 for
the backbone atoms of residues 2-9. The red-dashed line indicates the maximum RMSD between any pair of the 20 NMR

model structures (0.12 nm).
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Figure 7 Structure as a function of time in simulation 10g3%3. Upper panel: PROCHECK [50] secondary structure
calculation. Red: hydrogen-bonded turn; yellow: 3i1p-helix; brown: «-helix; green: B-bridge; blue: extended strand
participating in g-ladder. Middle panel: Backbone hydrogen bonds with an occurrence in the simulation of 5% or more.
1: 2NH-100 (41% occurrence); 2: 3NH-60 (8% occurrence); 3: 3NH-100 (28% occurrence); 4: 4NH-80 (12% occurrence);
5: 4NH-100 (30% occurrence); 6: 6NH-30 (5% occurrence); 7: 7NH-40 (7% occurrence); 8: 8NH-10 (5% occurrence); 9:
8NH-50 (5% occurrence); 10: SNH-60 (13% occurrence); 11: 10NH-20 (5% occurrence); 12: 10NH-40 (24% occurrence).
Lower panel: Atom-positional root-mean-square deviation (RMSD) from the NMR structure 1 for the backbone atoms of
residues 2-9. The red-dashed line indicates the maximum RMSD between any pair of the 20 NMR model structures

(0.12 nm).

occurrence), and at the turn region, 7NH-40 (10%),
are less populated. The time sequence of the
atom-positional RMSD from the NMR structure
1 (Figure 6, lower panel) shows that the 3:5 g-
hairpin conformation has not been sampled even
transiently. A clustering analysis of structures
extracted at 5 ps intervals from the trajectory shows
that the 2:2 B-hairpin is indeed the most populated
conformer in the simulation. The central member
structure of cluster number 1, corresponding to time
20.180 ns, is characterized by the hydrogen bonds
2NH-90, 9NH-20, 4NH-70 and 7NH-40 (Figure 8A).
The percentage weight of this cluster in the ensemble

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

is 48%, and the average lifetime of the conformer
is 448 ps (with 30 visits). The central member
structure of cluster number 2, corresponding to
time 9.420 ns, contains only the core interstrand
hydrogen bonds of the hairpin, 4NH-70 and 9NH-
20, which then is classified as a 2:4 g-hairpin. The
percentage weight of this cluster in the ensemble is
30% and the average lifetime of the conformer 67 ps
(with 134 visits). The total number of clusters is 70.

At 353 K, the peptide folds quickly (within 1 ns)
from the extended structure to a 2: 2 B-hairpin with
a type I' B-turn (Figure 1E; upper panel of Figure 7).
The presence of this conformation is determined
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by the hydrogen bonds 8NH-10 (5% occurrence),
3NH-60 (8%) and 6NH-30 (5%) (Figure 7, middle
panel). The 2:2 p-hairpin disappears 5 ns later,
at about the same time that hydrogen bonds
corresponding to a 3:5 B-hairpin start appearing.
A completely structured 3:5 g-hairpin with a type
I+ G1 B-bulge turn is sampled for the first time
at around 13 ns. Although this conformer shows
reduced stability at 353 K, it is sampled at different
times in the simulation, i.e. between 13 and 17 ns, at
around 23 ns and at around 54 ns. The interstrand
hydrogen bonds 2NH-100, 10NH-20 and 4NH-80
are present in 41%, 5% and 12% of the structures,
respectively. At the turn region, the hydrogen bond
7NH-40 (7% occurrence) is predominant, while
8NH-50 (5%) and 8NH-60 (13%) are scarce in the
context of the 3:5 g-hairpin. The less stable 3:3 8-
hairpin (Figure 1C, see the discussion on simulation
104°’®), which contains the additional hydrogen
bond 8NH-40, is not sampled in simulation 103,
Other conformations adopted by the peptide in this
simulation, including the stable conformer visited in
the interval from 24 to 42 ns, do not show particular
secondary structure features. The atom-positional
RMSD from the NMR structure 1 is plotted as a
function of time in the lower panel of Figure 7.
The three times that the 3:5 B-hairpin has been
visited in the simulation can be roughly identified
in this plot, although the 3:5 g-hairpin structures
produced by the force field show some structural
differences relative to the NMR model structure.
The conformation adopted by the peptide in the
time interval from 24 to 42 ns constitutes the most
populated cluster in a clustering analysis performed
on 11200 structures (1 per 5 ps). The central
member structure of this cluster, corresponding to
time 33.590 ns, is characterized by the hydrogen
bonds 2NH-100, 3NH-100, 4NH-100, 10NH-40
and 8NH-60 (Figure 8B). The B-bridge formed by
the two hydrogen bonds between residues 4 and
10, and the two additional hydrogen bonds between
residue 10 and residues 2 and 3, confer significant
stability on this structure. The percentage weight
of this cluster in the ensemble is 29%, and the
average lifetime of the conformer is 98 ps (with 168
visits). The central member structure of cluster 2,
corresponding to time 4.725 ns (Figure 8C), is a
2:2 B-hairpin with a type I' 8-turn (Figure 1E). The
percentage weight of this cluster in the ensemble
is 8% and the average lifetime of the conformer
132 ps (with 34 visits). The 3:5 g-hairpin appears
in clusters 6 and 17, with a total weight of 3%. The
central member structure of cluster 6 (14.910 ns,

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

Figure 8 A: central member structure of cluster 1
from simulation 10g322 (20.180 ns); B: central member
structure of cluster 1 from simulation 103%% (33.590 ns);
C: central member structure of cluster 2 from simulation
10393 (4.725 ns); D: central member structure of cluster
6 from simulation 105353 (14.910 ns).

Figure 8D) contains the hydrogen bonds 2NH-100,
10NH-20 and 4NH-80, while that of cluster 17
(23.075 ns) contains the hydrogen bonds 2NH-100,
10NH-20 and the turn hydrogen bond 8NH-50. The
average lifetimes of the conformations represented
by clusters 6 and 17 are 25 ps (with 51 visits) and
44 (with 11 visits), respectively. The total number of
clusters from the 105%° trajectory is 357.

The average effective interproton distances in
simulations 10g®?°® and 10g°%® are expected to
violate a substantial number of the upper-bound
distance restraints derived from the NOE intensities
at 278 K (Table 2). This is clearly the case for
simulation 10%?°, where a type of g-hairpin
different to that determined at 278 K dominates the
trajectory. Surprisingly, the average distances from
simulation 105®*® are still in moderate agreement
with the upper-bound distances. Thus, of the 46
experimentally derived distances shown in Table 2,
there are only nine violations larger than 0.05 nm.
This suggests that, despite the clearly insufficient
time scale of the simulation, basic features of the
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conformational behaviour of the peptide at 353 K
are captured in the simulation.

B-Hairpin Folding Mechanism for the 10-residue
Peptide at 353 K

In simulation 10g%®® the decapeptide samples a
distribution of conformations including the 3:5
B-hairpin. By mapping the conformational space
sampled onto a graph of transitions between clusters
of structures (Figure 9), the most probable pathways
of folding to a given conformer (cluster) can be
delineated (Figure 10).

The graph shown in Figure 9 has been generated
by connecting pairs of clusters (starting from cluster
1 and its neighbours) for which at least two transi-
tions in each direction occur in simulation 10g33.
Four families of conformers can be distinguished in
this graph, dominated by clusters 1, 2, 3/6 and 4/5,
respectively, with clusters 9 and 13 acting as unique
connection points between them. The four families
correspond to loop structures, with different degrees
of B-hairpin character.

(53] (78] [178] [17¢ [zoo]
\ TR
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A simplified graph, giving structural information
on key clusters along pathways between families, is
shown in Figure 10. The initial collapse to a loop
shape is very fast, and regions of conformational
space corresponding to other types of ordered
structures (e.g. helices) are never sampled. As
already mentioned, the most stable structure of the
decapeptide at this temperature (cluster 1) is a loop
structure with a big number of backbone hydrogen
bonds (Figures 8B and 10). Transitions from this
cluster to the other three families of clusters require
the loss of all these hydrogen bonds. Thus, cluster
9 corresponds to a sort of pluripotent loop structure
characterized (and probably stabilized) by a single
interstrand interaction between the side chains of
Tyr2 and Trp9. This conformation may evolve to a
different, yet unstructured, loop structure (cluster
13) or to a loop structure characterized by the
hydrogen bonds 3NH-80 and 4NH-80 (cluster 31).
In both cases the Tyr2-Trp9 side-chain interaction
is conserved. From cluster 31 the peptide can
access clusters 4 and 5, which preserve the 3NH-
80 and 4NH-80 hydrogen bonds. The turn region
of the conformer represented by cluster 4 belongs

Figure 9 Graph of transitions between clusters of structures in simulation 10g3%3. Clusters are represented by boxes
containing the cluster number. Only those transitions (connector between two clusters) that have been sampled at least
twice in each direction in the simulation are shown. The average (from the two directions) number of transitions is indicated
by a line code. Dotted line: 2-5 transitions; dot-dashed line: 6-10 transitions; dashed line: 11-15 transitions; thin-solid
line: 16-20 transitions; thick-solid line: more than 20 transitions. The most populated clusters in each of the four families
or branches of the graph (clusters 1, 2, 3/6, and 4/5) are coloured grey.

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 10 Simplified representation of main pathways
between the most populated clusters in simulation 10g3%3
(see Figure 9). Clusters are represented by grey boxes
containing the cluster number. The box at the left of the
cluster number enumerates side chain interactions which
are conserved in the corresponding cluster. For example,
2-9 indicates that the side chains of Tyr2 and Trp9 are
within direct-interaction distance in at least 50% of the
structures in the cluster (side chains were not included
in the clustering RMSD criterion). The box at the right of
the cluster number enumerates the backbone hydrogen
bonds. Hydrogen bonds involving residues Serl and Thr10
have been considered if they are present in at least 50%
of the structures in the cluster (these residues were not
included in the clustering RMSD criterion).

to a 3:5 B-hairpin with a I+ G1 B-bulge turn,
while that of cluster 5 belongs to a 3:3 g-hairpin.
From cluster 13 the peptide can progress to two
other families of conformers. In one of them, the
side-chain interaction between Tyr2 and Trp9 is
maintained and the structure evolves towards a 2:2
B-hairpin (cluster 2). In the other, the Tyr2-Trp9
side-chain interaction is broken to establish an
Ne3-Trp9 interaction, and the structure evolves
towards a 3:5 B-hairpin (cluster 6).

CONCLUSIONS

The dynamics of the 10-residue peptide SYINS-
DGTWT and the 15-residue peptide SESYINS-
DGTWTVTE under different conditions have been
investigated by molecular dynamics simulation. The

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

3:5 B-hairpin conformations derived from NMR
data at 278 K are stable over 30 ns simulations at
this temperature, although some differences exist
between the NMR model structures and the g-
hairpin structures sampled in the simulations. For
the 15-residue peptide, the stability of the g-hairpin
proved to be independent of the particular structure
used to start the simulation (NMR model or cano-
nical 3:5 g-hairpin) and the absence or presence of
salt in the solution (these tests were not performed
for the decapeptide). The supposed stabilization of
the g-hairpin conformation upon strand lengthening
(i.e. from the 10-residue to the 15-residue peptide)
is not evident in the simulations. Nevertheless, a
comparison of stability from independent simula-
tions is only feasible for large stability differences
or very long simulation times. The average inter-
proton distances calculated from the trajectories at
278 K satisfy the upper bounds derived from the
NOE intensities, with the exception of some dis-
tances corresponding to the turn region of the 3:5
B-hairpin conformation of the 15-residue peptide.

To study the folding of the decapeptide, simu-
lations at 278 K, 323 K and 353 K starting from
an extended structure have been also performed.
30 ns were insufficient to observe folding to the 3:5
B-hairpin conformation at 278 K and 323 K. Inte-
restingly, at 323 K the peptide adopted a stable 2:2
B-hairpin with a type I g-turn. This type of g-hairpin
is not compatible with the NMR data at 278 K. At
353 K the conformational transitions occur at a suf-
ficiently high rate that several events of folding to
a 3:5 B-hairpin could be observed along a 56 ns
simulation. This temperature was chosen for being
the highest at which the NMR spectra were still
indicative of a small population of 3:5 g-hairpin.

In the simulation of the 10-residue peptide at
353 K (and possibly more generally) the problem of
B-hairpin folding is not that of evolving from an
extended or random conformation to a specific type
of B-hairpin, but that of moving towards a specific
type of -hairpin in a region of conformational space
that is dominated by loop (or even S-hairpin) struc-
tures. The initial collapse to a loop shape is very fast,
and regions of conformational space corresponding
to other types of ordered structures (e.g. helices) are
never sampled. This mechanism is compatible with
previous experimental results on S-hairpin-forming
peptides [53], indicating that the bending propensity
of the turn segment drives the first steps of folding
to a B-hairpin structure. Transitions between diffe-
rent types of loop and B-hairpin conformations occur
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through two unstructured loop conformations, rep-
resented by clusters 9 and 13 (see Results and
Discussion), that can easily evolve from and to dif-
ferent types of 8-hairpin registers. The residues Tyr2
and Trp9 might play an important role in reducing
the accessible conformational space to that of loop
structures and in controlling the folding towards dif-
ferent types of g-hairpin structures (e.g. Tyr2-Trp9
in the path to the 2:2 B-hairpin, [1e3-Trp9 in the
last steps of the path to the 3:5 g-hairpin). In this
scenario, the fine organization of the turn region
(with hydrogen bonds) occurs only towards the last
steps of -hairpin folding (see Figure 10).

The folding mechanism sketched above shares
some key features with mechanisms of g-hairpin
folding derived from previous simulation studies.
Thus, initiation of B-hairpin folding by turn or
loop formation has been observed for other B-
hairpin forming peptides [30,35,54] as well as
for small three-stranded g-sheet forming peptides
[31,33,36]. Switching between different types of
B-hairpin registers has also been observed in
previous simulations of A-hairpin folding [35].
Finally, interactions among hydrophobic side chains
have been found to be important for g-hairpin
folding, and in some cases even proposed to be the
initial driving force [26-29,32].

Experimental kinetic models suggest that g-
hairpin folding occurs, in general, on the microsec-
ond timescale [18,55]. The results reported here
indicate, on the other hand, that the SYINSDGTWT
peptide may fold on the nanosecond timescale (more
precisely 1078 s) at 353 K. There are a number of
possible reasons for this apparent kinetic mismatch,
none of them being a priori discardable:

1. Folding of the SYINSDGTWT peptide has been
only observed in a simulation at 353 K. Com-
pared with room temperature (or 278 K in the
NMR experiment) the stability of the 3:5 g-
hairpin conformation at 353 K decreases greatly,
with an average lifetime in the subnanosecond
timescale [56], i.e. below experimental resolu-
tion. At the same time, the frequency of sampling
of the B-hairpin increases as a consequence
of the faster transitions between conformers at
high temperature. The kinetics of folding from
simulation and experiment may not be directly
comparable under these conditions.

2. A general timescale may not apply: -hairpin fold-
ing kinetics might not only be strongly dependent
on temperature and molecular environment, but
also on sequence and chain length.

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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3. The computational model (force field and simula-
tion methodology) may not be sufficiently good to
reproduce the folding kinetics accurately.

4. The experimental resolution may not be sufficient
to produce an accurate model for the kinetics of
folding of small peptides. In order to describe
the dynamics of a system in the 1079-10"% s
timescale, a technique with 10711-1071° s reso-
lution is required. Current techniques, e.g. laser
temperature jump, have a resolution ~107%s
and are adequate for processes on the ~107% s
timescale. In addition, the interpretation (mod-
elling) of the experimental data may be inade-
quate.
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