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Abstract

Cisproline(i−1)-aromatic(i) interactions have been detected in several short peptides in aqueous solution by
analysis of anomalous chemical shifts measured by1H-NMR spectroscopy. This formation of local structure
is of importance for protein folding and binding properties. To obtain an atomic-detail characterisation of the
cisproline(i−1)-aromatic(i) interaction in terms of structure, energetics and dynamics, we studied the minimal pep-
tide unit, blocked Ala-cisPro-Tyr, using computational and experimental techniques. Structural database analyses
and a systematic search revealed two groups of conformations displaying acisproline(i−1)-aromatic(i) interaction.
These conformations were taken as seeds for molecular dynamics simulations in explicit solvent at 278 K. During
a total of 33.6 ns of simulation, all the ‘folded’ conformations and some ‘unfolded’ states were sampled.1H- and
13C-chemical shifts and3J-coupling constants were measured for the Ala-Pro-Tyr peptide. Excellent agreement
was found between all the measured and computed NMR properties, showing the good quality of the force field.
We find that under the experimental and simulation conditions, the Ala-cisPro-Tyr peptide is folded 90% of the
time and displays two types of folded conformation which we denote ‘a’ and ‘b’. The typea conformations are
twice as populated as the typeb conformations. The former have the tyrosine ring interacting with the alanineα

proton and are enthalpically stabilised. The latter have the aromatic ring interacting with the proline side chain and
are entropically stabilised. The combined and complementary use of computational and experimental techniques
permitted derivation of a detailed scenario of the ‘folding’ of this peptide.

Abbreviations:1δ, chemical shift deviation from random coil value;δring, ring current effect from an aromatic sys-
tem; BPTI, bovine pancreatic trypsin inhibitor; CSD, Cambridge Crystal Structure Database; DQF-COSY, double
quantum filter correlation spectroscopy; PE-COSY, primitive exclusive correlation spectroscopy; NOESY, nuclear
Overhauser and exchange spectroscopy; MD, molecular dynamics; ppm, parts per million; PDB, Brookhaven
Protein Data Bank; SCAN3D, WHAT IF structural database; 1D, 2D and 3D, one-, two-, and three-dimensional.

Introduction

The study of local structure formation in peptides is
of importance for the understanding of protein–ligand
binding and protein folding mechanisms. Formation
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of native or non-native local structure will influence
the rate of protein folding and, by limiting the con-
formational space accessible to the peptide, the con-
figurational entropy loss of a peptide upon folding or
binding to another molecule.

Usually, small peptide fragments are disordered in
aqueous solution (Kemmink and Creighton, 1993) and
do not have a single energetically favoured conforma-
tion: they are in the ‘random coil’ state (Howart, 1978;
Merutka et al., 1995; Wishart et al., 1995; Fiebig
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et al., 1996; Smith et al., 1996). Local structure can
be detected by deviations from this disordered state,
which are indicated by anomalous chemical shifts in
NMR spectroscopy (Dyson et al., 1988). One type
of local structure interaction that has been detected
by this means in short peptides in aqueous solution
is thecisproline(i − 1)-aromatic(i) interaction. Dyson
and colleagues identified this interaction in the peptide
Ser-Tyr-Pro-Tyr-Asp-Val, which has a strong propen-
sity to form a type VI turn in aqueous solution (Dyson
et al., 1988; Yao et al., 1994; Demchuk et al., 1997;
Mohanty et al., 1997). Kemmink and Creighton (1995)
showed that in peptides derived from BPTI containing
the sequence Xaa-Pro-Aro(i), the aromatic ring can
interact strongly with the proline side chain and the
aliphaticα proton of residuei − 2 when the Xaa-Pro
peptide bond iscis. For the peptide Gly-Ala-Pro-
Tyr(i)-Thr-Gly-Ala (which is similar to the sequence
of residues 7–13 of BPTI), thecisproline(i − 1)-
aromatic(i) interaction is characterised by such large
anomalous chemical shifts (0.4–0.5 ppm) that these
shifts can only be explained by the ring current ef-
fect of the aromatic ring. Moreover, in this peptide,
thecisproline(i − 1)-aromatic(i) interaction competes
with an aromatic(i)-amide(i + 2) local interaction
(Kemmink and Creighton, 1995; Nardi et al., 1997).

The cisproline(i − 1)-aromatic(i) interaction can
be expected to be particularly important for fold-
ing mechanisms because the isomerisation of Xaa-Pro
peptide bonds can be a slow, rate-limiting step in fold-
ing. This isomerisation is catalysed by peptidyl prolyl
cis–trans isomerases, such as cyclophilin A (Fischer
et al., 1989). Crystal structures show that cyclophilin
A binds to thecis forms of Xaa-Pro dipeptides (Zhao
and Ke, 1996a) and the succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide substrate (Zhao and Ke, 1996b).

A full characterisation of thecisproline(i − 1)-
aromatic(i) interaction in short peptides in aqueous
solution is difficult to obtain by experimental meth-
ods alone. NMR experiments provide chemical shifts
and J-coupling constants but no detailed structural pic-
ture of this interaction. Crystallographic structures are
not available for short linear peptides showing the
cisproline(i−1)-aromatic(i) interaction, because of the
low occupation of thecisproline conformer compared
to the transproline conformer. For example, an Asn-
Pro-Tyr sequence is present with acis-peptide bond in
the crystal structure of ribonuclease A, but the short
peptide Ac-Asn-Pro-Tyr-NHMe adopts atrans form
when crystallised (Montelione et al., 1984). Thus, the
goal of the present study is to obtain an atomic-detail

characterisation of the structure, dynamics and ener-
getics of thecisproline(i − 1)-aromatic(i) interaction
by computational analysis of the blocked peptide Ala-
cisPro-Tyr in aqueous solution that is consistent with
experimental NMR data for this peptide. The Ala-
cisPro-Tyr peptide can be considered as a minimal
peptide not only in the sense of being the shortest
sequence to exhibit acisproline(i − 1)-aromatic(i)
interaction, but also in exhibiting features of pro-
tein folding in aqueous solution with formation of a
fold by burial of hydrophobic atoms and formation of
intramolecular hydrogen bonds.

A computational approach to explore thecispro-
line(i− 1)-aromatic(i) interaction has previously been
taken by Scheraga and colleagues, who studied the
Ac-Asn-Pro-Tyr-NHMe and Ac-Ala-Pro-Tyr-NHMe
peptides by conformational free energy calculations
in vacuo, and found that type VIβ-bend conformations
were adopted (Oka et al., 1984). As will be shown,
our results provide a much more complete description
of the conformational propensities of the Ala-cisPro-
Tyr peptide in aqueous solution, which turn out to be
more complex than found in this early study. More
recently, Demchuk et al. studied peptides containing
Aro-Pro-Aro sequences by molecular dynamics sim-
ulation (Demchuk et al., 1997a, b) and Ripoll et al.
used Monte Carlo simulations to investigate the pH-
conformational dependence of the SYPYD peptide
(Ripoll et al., 1999). The nature of thecisproline(i −
1)-aromatic(i) interaction is sequence dependent, and
thus the latter studies are complementary to the work
described in the present manuscript.

The procedure we adopted to study the blocked
Ala-cisPro-Tyr peptide is as follows. First, we con-
structed realistic conformations of this peptide by
homology to structures in crystallographic databases
and by systematic ab initio modelling. These con-
formations were required to show acisproline(i −
1)-aromatic(i) interaction which was defined by the
presence of a computed chemical shift on the Hα(i−2)
or the Hγ3(i − 1) protons due to the ring current ef-
fect of the aromatic ring. Then, we used molecular
dynamics (MD) simulations in explicit solvent to esti-
mate the relative stability of the conformations found
and to explore the dynamics of the transitions between
them. Finally, we measured the NMR properties of the
Ala-Pro-Tyr peptide in aqueous solution and directly
compared them with the MD simulations. It should
be noted that the MD simulations were performed
independently of the NMR experiments and without
NMR restraints. Two conformational classes, which
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we denote ‘a’ and ‘b’, were identified in the struc-
ture database and systematic searches. Conformations
from both groups were stable over long periods in
the MD simulations and, by considering populations
of both conformational classes, very good agreement
was obtained between the NMR experiments and the
MD simulations. Further, examination of conforma-
tional transitions provides a picture of the folding
landscape of this peptide in aqueous solution. Fi-
nally, determinants of sequence dependence of the
cisproline(i − 1)-aromatic(i) interaction were investi-
gated in short comparative simulations of the blocked
Gly-cisPro-Tyr peptide.

Materials and methods

The peptide model

The Ala-Pro-Tyr peptide was modelled with the N-
and C-termini blocked with acetyl and methylamide
groups, respectively.

IUPAC nomenclature (IUPAC Commission, 1970;
Markley et al., 1998) is used for atom names and side
chain conformations, and main chain conformations
are named following Wilmot and Thornton (1990).

The CHARMm22 all-atom force field was em-
ployed (Brooks et al., 1983; Molecular Simulations
Inc., 1992; Momany and Rone, 1992; MacKerell et al.,
1998). The torsional force constant of the prolineψ

dihedral angle in the CHARMm22 force field was re-
duced from 10.46 to 1.046 kJ mol−1 to correspond to
the value of this parameter for all other residues.

Computation of1H-NMR properties

The proton chemical shifts (1δ) of a given peptide
structure were calculated using the empirically para-
meterised TOTAL program (Williamson and Asakura,
1993). Due to the lack of random coil shift values
for residues preceded or followed by acis peptide
bond, we only consider the ring current contribution
(δring). Indeed, the lack of random coil shift values
for the residues adjacent to acis peptide bond and
inadequate incorporation of the effect of thecis-trans
isomerisation into calculation of the chemical shifts
led to slightly poorer agreement between computed
and experimental values for total compared to ring cur-
rent chemical shifts. The TOTAL program does not
provide the self-δring value of theβ protons of aro-
matic residues because these protons are not usually

stereospecifically assigned. We introduced this self-
contribution by modifying the TOTAL program and
re-normalising the aromaticβ protons with respect to
their random coil chemical shifts. This improved the
agreement between experimental and computedδring
and1δ values. Thus, it was possible to reproduce the
splitting of theβ protons of the tyrosine observed in
the 1H-NMR spectra for thecis form of the Ala-Pro-
Tyr peptide. This splitting was mainly due to the tilt
of the aromatic ring by ca.+10◦ from its standard
orientation.

Data base analysis

In order to establish a set of realistic aqueous solution
conformations for the Ala-Pro-Tyr peptide, Cartesian
coordinates from three databases were used:
(1) The Brookhaven Protein Data Bank (PDB) (Bern-

stein et al., 1977).
(2) The SCAN3D database (Vriend et al., 1994)

which contained a representative set of 315 non-
homologous high-resolution protein crystal struc-
tures selected from the PDB (see Supplementary
material, to be obtained from the authors on re-
quest).

(3) The Cambridge Crystal Structure Database (CSD)
(Allen and Kennard, 1993).

The atomic coordinates of fragments of three amino
acid residues that match the sequence motif Xaa-Pro-
Aro(i) were extracted from these databases. In the
motif, Xaa stands for any amino acid, Aro stands
for Tyr or Phe, andi is the index number of the
last residue. The sequences of the extracted pep-
tide fragments were mutated to Gly-Pro-Phe, and
the dihedral angles,φ, ψ, ω, χ1−3, and all proton
chemical shifts were computed. Finally, the struc-
tures were clustered according to their backbone con-
formations and their computed chemical shifts (see
Supplementary material, http://www-z.embl-heidel-
berg.de:8080/ExternalInfo/wade/pub/data/
JBNMR00_admat).

Systematic search

The conformation of the Ala-Pro-Tyr peptide with
standard bond lengths and bond angles is defined by
19 backbone and side-chain dihedral angles. There-
fore, to limit the conformational space examined, we
only considered conformations in the known steri-
cally accessible regions, such as theαR, αL and β

regions of the Ramachandran plot (Ramachandran and
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Table 1. Conformations sampled in the systematic search

Dihedral angles (◦) Ala cisPro Tyr

(φ,ψ) (−60,−40) (−80,−150) (−60,−40)

(−65, 145) (−90, 0) (−65, 145)

(−150, 150) (−100, 60) (−150, 150)

(50, 40) (50, 40)

ω 180 0 180

χ1 – 0 −60, 60, 180

χ2 – 0 90

χ3 – 0 –

Sasisekharan, 1968), which are listed in Table 1. This
makes a total of 144 well-separated peptide conforma-
tions that were then energy minimised 10 times with
250 steepest descent steps followed by 250 conjugate
gradient steps with an initial step size of 0.5 Å. The
relative dielectric constantε was set to infinity and
no cut-off was used. Values of 20 and 80 forε were
also tested, but did not change the results. Finally, the
144 structures were clustered according to their back-
bone conformation, their energy, and their computed
chemical shifts.

Molecular dynamics protocol

MD trajectories were computed using the ARGOS
program, version 6.0 (Straatsma and McCammon,
1990). The CHARMm22 force field together with the
TIP3P (Jorgensen et al., 1983) water model was used.
Simulations were carried out with periodic boundary
conditions at constant pressure and temperature us-
ing the Berendsen coupling scheme (Berendsen et al.,
1984). The external temperature bath was set to 278 K
with a coupling time constant of 0.4 ps; the external
pressure bath was set to 1 atm with a compressibil-
ity coefficient of 4.53 10−10 m2 N−1. A non-bonded
group-based cutoff of 10 Å was used, and the pair list
was updated every 10 steps. A timestep of 2 fs was
employed and bond lengths were constrained using the
SHAKE algorithm (Ryckaert et al., 1977).

All the conformations detected in the conforma-
tional searches were taken as starting points for MD
simulations. For each simulation, the peptide was en-
ergy minimised with 20 steps of steepest descent to
remove van der Waals clashes introduced by mutation
of the peptide sequence. The peptide was then solvated
in a 25 Å side cube of pre-equilibrated TIP3P water
molecules at 300 K and 1 atm. The water molecules

for which the oxygen atom was closer than 2.6 Å to
any non-hydrogen peptide atom were removed. The
system was equilibrated during 100 ps of MD simula-
tion at constant pressure and temperature. Coordinates
were recorded every 1 ps.

Experiments

The peptide acetyl-Ala-Pro-Tyr-amide was synthe-
sised using 9-fluorenyl-methoxycarbonyl chemistry to
99% purity.

All NMR measurements were performed at 273
K on a 50 mM peptide sample in 90%1H2O/10%
2H2O (v/v) at pH 4.6. 2,2-Dimethyl-2-silapentane-
5-sulfonic acid sodium salt (DSS) was added as an
internal reference.

The 1H-NMR spectra were assigned using stan-
dard methods (Wüthrich, 1986; Cavanagh et al.,
1996). The scalar coupled spin systems were first
identified in TOCSY and DQF-COSY spectra; the
sequential connectivity was then determined using
NOESY and ROESY experiments. A natural abun-
dance1H-13C HSQC (Bodenhausen and Ruben, 1980)
spectrum was recorded to resolve resonance overlap
of the β-γ proline protons. The coupling constants
were extracted from 1D and PE-COSY (Müller 1987)
experiments. The stereospecific assignments of the
methyl protons in the proline and tyrosine residues
were obtained from the ROESY spectra and the3J-
coupling constants. In all experiments except the PE-
COSY, water suppression was accomplished by WA-
TERGATE (Piotto et al., 1992). In PE-COSY spectra,
water was suppressed by presaturation.

1H chemical shifts were compared to the random
coil values given by Wishart et al. (1995), which take
into account the influence of the conformational re-
striction imposed by the proline residue (MacArthur
and Thornton, 1991). Experimentally basedδring val-
ues for the Ala-cisPro-Tyr(i) were derived by compar-
ison of1δ values with those measured by Kemmink
and Creighton (1995) for the Gly-Ala-cisPro-Ala(i)-
Thr-Gly-Ala peptide and by Wu and Raleigh (1998)
for the Gly-Ala-cisPro-Gly(i). The two estimates of
δring for Hγ3(i − 1) agreed within±0.02 ppm.
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Results and discussion

Conformational searches

A summary of the potential plausible conformations
of the blocked Ala-Pro-Tyr peptide in aqueous solu-
tion that were identified in the database and systematic
searches is presented in Table 2.

Prolinecis-transisomerisation
All the database analyses confirm the experimentally
observed propensity of the aromatic residue to sta-
bilise thecisproline isomer in the Xaa-Pro-Aro peptide
sequence fragment. The population of thecisPro-Aro
motif found in the PDB and in the SCAN3D databases
is higher than the averagecis proline content of 5–
7% present in all protein structures (Stewart et al.,
1990; MacArthur and Thornton, 1991). Similarly, in
the CSD, the population of thecisPro-Aro motif is
58%, whereas the averagecis proline content is 38%
(Miler-White et al., 1992). Experimentally, in aqueous
solution about 20% of the Xaa-Pro-Aro peptides oc-
cupy thecisproline isomer ((Kemmink and Creighton,
1995), and this work). In the absence of the aromatic
residue, the population of thecisproline isomer in sim-
ilar peptides under the same conditions ranges from 0
to 8% (Grathwohl and Wüthrich, 1981; Kemmink and
Creighton, 1995; Wu and Raleigh, 1998).

Proton ring shifts
In the PDB, the average values ofδring computed for
all the structures matching the Xaa-cisPro-Aro mo-
tif are almost null for all protons except Hα(i − 2),
Hγ3(i − 1) and Hδ3(i − 1), whose averageδring value
is about−0.17 ppm. Even though the computed ab-
solute averageδring value of these protons (in the PDB
and in the other database searches) is much smaller
in magnitude than the one measured in Ala-cisPro-Tyr
in aqueous solution (see below), they show the same
trends. This confirms the presence of acisproline(i −
1)-aromatic(i) interaction in the Xaa-cisPro-Aro motif.

All the conformations that do not display a large
δring value, either on the Hα(i−2) or on the Hγ3(i−1)
protons, haveδring values centred on 0 ppm with a
±0.2 ppm Gaussian-like distribution. Consequently,
a conformation with aδring value more negative than
−0.25 ppm on either the Hα(i − 2) or the Hγ3(i − 1)
proton is considered to display acisproline(i − 1)-
aromatic(i) interaction. This criterion enabled all the
structures in the different databases that display a
cisproline(i − 1)-aromatic(i) interaction to be found.

It is important to emphasise that, in agreement with
experiment, none of the conformations detected in
any of the databases displayed significant computed
δring values simultaneously on both the Hα(i − 2) and
the Hγ3(i − 1) protons. Thus, the experimentally de-
termined chemical shifts can only be explained by
population of more than one conformation.

Peptide conformations
All the conformations identified are displayed in Fig-
ure 1. The peptides that match the motif Xaa-cisPro-
Aro in the PDB sample a huge configurational space
(Figure 1, bottom left), which is much more restricted
when the peptide adopts acisproline(i−1)-aromatic(i)
interaction (Figure 1, middle and top left). To dif-
ferentiate between the two types ofcisproline(i −
1)-aromatic(i) interaction, we designated the confor-
mations in whichδring < −0.25 ppm on the Hα(i − 2)
proton as typea, and the conformations in whichδring
< −0.25 ppm on the Hγ3(i − 1) proton as typeb.

A g+ tyrosineχ1 rotamer is a common feature of
all conformations in the databases with acisproline(i−
1)-aromatic(i) interaction. This tyrosine rotamer is
also the most populated in all protein structures (Pon-
der and Richards, 1987).

The conformations with a typea cisproline(i −
1)-aromatic(i) interaction detected in the database
searches can be clustered into three groups:a1, a2
anda3 (see Figure 2 and Table 3). The most populated
group, a1, forms aβ→βcisPro type VI turn (Wilmot
and Thornton, 1990). In the systematic search, all
these typea conformations and a further conformer
type, a4 (see Table 3), were identified at an en-
ergy less than 10 kJ mol−1 above the lowest energy
conformation.

The cisproline(i − 1)-aromatic(i) type b con-
formations identified in the databases and system-
atic searches cluster into two groups:b1 and b2,
that belong, respectively, to theβP→αR

cisPro and
βE→αR

cisPro type VI turns (Wilmot and Thornton,
1990) which are often called, respectively, type VIa
and VIb turns (Lewis et al., 1973).

All the conformers found in the PDB were also
found in the SCAN3D database. In contrast, the CSD
contains only thea1 andb1–2 conformations. This
is probably due to the conformational restrictions in
the large number of cyclic peptides present in the
CSD. All the typea1 conformers observed in the
CSD were in metal-bound antamanide (a cyclic de-
capeptide). One antamanide structure, which was not
metal-bound, displayed a typeb1 conformer.
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Table 2. Summary of the results of the conformational searches

PDB SCAN3D CSD Systematic search

Number of structures in database

4733 315 175 093

Number of occurrences of

Xaa-Pro-Aro 4156 230 31 288b

Xaa-cisPro-Aro 426 10%a 29 13% 18 58% 144b

Averageδring (ppm) ofc

Hα(i − 2) −0.17 −0.14 – −0.26

Hγ3(i − 1) −0.17 −0.30 – −0.24

Number of occurrences of Xaa-cisPro-Aro for which

δring Hα(i − 2)< −0.25 ppm 83 5 3 9d

δring Hγ3(i − 1) <−0.25 ppm 92 10 15 6d

a% are of the total population of Xaa-Pro-Aro possible.
bThe number of conformations generated by the systematic search.
cThe ring shift is computed with the TOTAL program. The standard deviation of all theδring distributions
is about 0.35 ppm.
dThese are from 21 out of the 144 generated conformations, for which the total potential energy is less
than 10 kJ mol−1 above the lowest energy conformation.

Figure 1. Parallel-coordinate (McClain and Erickson, 1995; Becker, 1997) plot of dihedral angle values (◦) versus the dihedral angle sequence
of Xaa-Pro-Aro(i) configurations found in the PDB, SCAN 3D and CSD databases and the systematic searches. The top plots show all the
configurations withδring < −0.25 ppm on the Hγ3( i − 1) protons. The middle plots display all the configurations withδring < −0.25 ppm on
the Hα1(i − 2) protons. The bottom plots display all the configurations matching the sequence motif Xaa-Pro-Aro(i). For the systematic search
(right-hand plots), only the conformations with energy lower than the lowest energy plus 10 kJ mol−1 are shown.
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Figure 2. The main conformations of Ala-cisPro-Tyr found in the conformational searches, and in the MD simulations. Thea1 conformation
is dominant; theb1 andb2 conformations are populated much less but significantly, the other conformations are rare, see Table 2. In thea1–4
conformations, the tyrosine ring packs over the main chain of alanine, and displays aδring < −0.25 ppm on the Hα(i − 2) proton. In theb1–4
conformations, the tyrosine ring packs over the pyrrolidine ring of the proline, and displays aδring <−0.25 ppm on the Hγ3(i−1) proton. The
a1–3 andb1 conformations correspond to the residue fragments 54–56 of 1fus, 26–28 of 1gmp, 8–10 of 1tgx and 70–72 of 1lct, respectively,
that have been mutated to Ala-Pro-Tyr. Thea4 conformation corresponds to a possible conformation detected by the systematic search. The
b2–4 conformations correspond to additional conformations found during the MD simulations. Hydrogen bonding is shown by||||||||||||.
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Table 3. Summary of the Ala-cisPro-Tyr conformations

Conf Ala cisPro Tyr χ1 PDB SCAN3D CSD Systematic search MD Population (%)

φ ψ φ ψ φ ψ MD NMR

(i − 2) (i − 1) (i) 
a1 β β αR or β g+ X X X X X 69 63

a2 ε β αR or β g+ X X X X 1

a3 β αR αL g+ X X X X 1

a4 β αR αR or β g− X X 1 
b1 βP αR αR or β g+ X X X X X 9 27

b2 βE αR αR or β g+ X X X X X 7

b3 β β αL g+ X 4

b4 β β αR or β g− X 4

u ‘unfolded’ t X X X X X 4 10

Stability and sequence specificity of the conformer
cisproline(i − 1)-aromatic(i) interaction

Whichcisproline(i−1)-aromatic(i) interaction is more
stable, typea or type b? On one hand, the type
b cisproline(i − 1)-aromatic(i) conformations were
found more often in all the database searches than the
typea conformations. On the other hand, MacArthur
and Thornton (1991) found that, for the Xaa-cisPro se-
quence motif, theβ→β conformation (39 hits in their
set of non-homologous proteins), which mostly results
in a typea interaction, occurred more often in proteins
than theβ→αR conformation (13 hits), which mostly
results in a typeb interaction (see Table 3). Conse-
quently, a simple structural database analysis does not
result in a clear prediction of the structural propensity
of the Ala-cisPro-Tyr fragment in aqueous solution.
Moreover, the statistics in the databases were not suf-
ficient to detect any sequence specificity for typea or
typeb interactions.

The NMR studies of Yao et al. (1994) on the
Ser-Xaa-Pro-Tyr(i)-Asp-Val peptide series, however,
indicate that a Gly(i − 2) stabilises the typea interac-
tion, an Aro(i−2) stabilises the typeb interaction, and
an Ala(i − 2) allows both conformational types to be
significantly populated. This indicates that both typea
and typeb conformations may be present in the Ala-
cisPro-Tyr peptide and this makes it particularly chal-
lenging to reproduce the competition between these
interactions computationally.

In summary, an ensemble of possible conforma-
tions that are likely to be present in Ala-cisPro-
Tyr in aqueous solution and which are compatible

with thecisproline(i− 1)-aromatic(i) interaction were
identified from the conformational searches. No se-
quence specificity could be extracted from the data-
base searches for stabilisation of the typea versus the
typeb conformers. The stability of each conformation
of Ala-cisPro-Tyr, which can display both typea and
typeb conformers, was therefore examined with MD
simulations.

Molecular dynamics simulations

Stability of conformer types
The a1–4 andb1 conformations were taken as start-
ing points for MD simulations. Only thea1 andb1
conformations remained stable after 100 ps of equi-
libration. During the equilibration phase, thea2 con-
formation transformed into thea1 conformation after
20 ps, and thea3–4 conformations unfolded to con-
formations without anycisproline(i − 1)-aromatic(i)
interaction after approximately 50 ps. Consequently,
two trajectories, A and B, started after the equilibra-
tion of thea1 andb1 conformations, respectively, were
recorded. After 1.5 ns of the MD simulation A, the
a1 conformation transformed, over 200 ps, into the
b2 conformation crossing an energy barrier of about
20 kJ mol−1 caused by the Lennard-Jones interac-
tion between the aromatic ring and the alanine side
chain. Observation of such a rare event after so short
a simulation period was a chance event. Thus, to ob-
serve several such transitions, the trajectories A and
B were each extended to 16.8 ns. Clearly, long trajec-
tories could also have been started from extended or
random coil conformations without the need for con-
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formational searches beforehand, as all subconformers
observed in conformational searches were sampled in
the simulations. However, the protocol we adopted
permitted us to examine the stability of the individ-
ual conformers in short simulations without biasing
sampling in the longer simulations.

Figure 3 displays the time evolution of the princi-
pal parameters along the trajectories A and B, which
have been concatenated. Theδring plots show that the
Hα(i − 2) and Hγ3(i − 1) protons are alternately up-
field shifted. Thus, the simulation confirms the finding
in the conformational searches that the Hα(i − 2) and
Hγ3(i − 1) protons cannot be up-field shifted simul-
taneously. During the total of 33.6 ns of simulation,
the peptide underwent several transitions, but most
of the time either the Hα(i − 2) or Hγ3(i − 1) pro-
ton was up-field shifted. Indeed, considering only the
δring criterion (δring < −0.25 ppm), the typea andb
cisproline(i − 1)-aromatic(i) interactions and the un-
folded state were present 71%, 25% and 4% of the
time, respectively.

Proton ring shifts
In the folded states, the instantaneous value ofδring
on Hα(i − 2) or Hγ3(i − 1) fluctuates from 0 to
−1.5 ppm, whereas the 100 ps time average values re-
main constant at around−0.9 ppm on either Hα(i−2)
or Hγ3(i − 1). The average values ofδring over the
33.6 ns MD simulation are−0.55 ppm on Hα(i − 2)
and−0.14 ppm on Hγ3(i−1). These values are in very
good agreement with the chemical shifts measured by
Kemmink and Creighton (1995) on the Gly-Ala-Pro-
Tyr(i)-Thr-Gly-Ala peptide, for which we estimated,
by comparison of shifts measured in the corresponding
peptide in which the aromatic residue has been mu-
tated to alanine,δring as−0.65 ppm for Hα(i − 2) and
−0.20 ppm for Hγ3(i − 1) when the Ala-Pro peptide
bond iscis. Theseδring values arise mainly because
of contributions from thea1 andb1–2 conformations
(see Figure 3).

Peptide conformations
During the 33.6 ns of MD simulation, the peptide
sampled all thea1–4 andb1–2 conformations found
in the database analyses and in the systematic search.
In addition, two new conformations,b3 andb4, were
sampled during the MD simulations (see Table 3).
These two new conformations were not detected in the
systematic search because they are of high energy in
vacuum. They are stabilised in the MD simulations by
the presence of the explicit solvent. Consequently, the

MD simulation is consistent with and complementary
to the database and systematic searches. Note that all
the other MD simulations starting from thea2–4 and
b2 conformations were not extended because they are
implicitly included in the A and B MD simulations.

Thea1 conformation is the most stable conforma-
tion overall. In this conformation, the tyrosine ring
packs snugly above the alanine backbone aliphatic
proton, and the main-chain is partially extended so
that all the peptide polar groups are solvated (see Fig-
ure 2). This conformer is present 69% of the time and
is on average stable over 5 ns time periods. All the
other typea cisproline(i − 1)-aromatic(i) interactions
represent only 3% of the total population. The next
most populated conformations after thea1 conforma-
tion are theb1–2 conformations in which the aromatic
ring packs snugly against the pyrrolidine ring. In the
conformationb1, which is present 9% of the time and
on average stable over a 1 ns time period, the backbone
forms a type VIa turn (see Figure 2), and the N-
terminal carbonyl oxygen, O(i − 3), forms a transient
bifurcated hydrogen bond with the two C-terminal
amide hydrogens, H(i) and H(i + 1). This bifurcated
hydrogen bond was also observed by Demchuk et al.
(1997) in a simulation of a type VI turn peptide. The
b2 conformer, which is present 7% of the time, differs
from theb1 conformer in that it lacks intra-residue hy-
drogen bonds and forms a type VIb turn. The absence
of intra-residue hydrogen bonds results in a jump in
the intra-peptide Coulombic energy, relative to theb1
conformation, of about+10 kJ mol−1 (see Figure 3).
The reduced compactness and the absence of cross-
turn hydrogen bonds make theb2 conformer slightly
less stable than theb1 conformer. Theb3 and b4
conformations are each present for only 4% of the
simulation time. They have the aromatic ring packed
above theβ3 proton of the pyrrolidine ring instead
of theγ3 proton as for theb1 andb2 conformations,
and this results in a lower contribution toδring on the
Hγ3(i − 1) (see Figure 3).

The proline residue adopted a DOWN pucker 85%
of the time. This pucker percentage was also observed
for cisproline in protein crystal structures (Miler-
White et al., 1992). When the aromatic side chain
interacts strongly with the pyrrolidine ring in theb1–3
conformations, occupation of the DOWN pucker in-
creases to 95%. During the MD simulations, the UP
pucker conformation was, however, stable on a 1 ns
time scale.

Analysis of the tyrosineχ1 torsion angle gives
populations of theg+, t and g− rotamers of 91%,
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Figure 3. From bottom to top, time evolution plots along the MD simulations A (from 0 ns to 16.8 ns) and B (from 16.9 ns to 33.7 ns) of the
instantaneousδring values (black) and the 100 ps time averageδring values (grey) of theα alanine andγ3 proline protons; the prolineψ and the
tyrosineφ andχ1 torsional angles; and the 100 ps time average intra-solute-Coulombic (Qss), intra-solute-Lennard-Jones (LJss), and total (Us)
peptide potential energies. The conformational changes of the peptide are indicated by ‘|xx’, where ‘|’ marks the time at which the conformation
changes and ‘xx’ indicates the conformation which is adopted.

4% and 5%, respectively. The tyrosinet rotamer is
the least populated because of the unfavourable side
chain solvation energy of a C-terminal tyrosine, and
is characteristic of the unfolded state. The folded
state was mainly found with ag+ rotamer. Thus,
the cisproline(i − 1)-aromatic(i) interaction and the
position of the C-terminus dramatically perturb the av-
erage distribution of tyrosineχ1 g+, t andg− rotamers

of 52.3%, 32.7% and 15%, respectively, observed in
protein crystal structures (Ponder and Richards, 1987).

Sequence specificity: Simulations of the
Gly-cisPro-Tyr(i) peptide
We performed MD simulations of the Gly-cisPro-
Tyr(i) peptide to examine the sequence specificity of
the cisproline(i − 1)-aromatic(i) interaction. In two



73

3 ns long independent MD simulations of the Gly-
cisPro-Tyr(i) peptide started from the conformation
b1, the peptide converted spontaneously to thea1 con-
formation after approximately 1 ns and remained in
this conformation for the rest of the MD simulations.
In another 3 ns MD simulation started from thea1
conformation, the peptide remained in this confor-
mation for the whole simulation. Consequently, the
presence of a small residue, such as glycine at the
(i − 2) position, enhances the stability of the type
a cisproline(i − 1)-aromatic(i) interaction, whereas a
bigger residue such as tyrosine enhances the typeb
interactions. This is consistent with the experimental
observation of a large ring shift (δring = −1.52 ppm)
on the Hα(i − 2) proton in the Ala-Gly-cisPro-Tyr(i)-
Thr-Gly-Ala peptide (Kemmink and Creighton, 1995).
The introduction of the glycine residue allows more
space for the tyrosine ring to interact with the aliphatic
hydrogens of thei − 2 residue. Thus, the glycine
residue at positioni − 2 entropically favours the type
a cisproline(i − 1)-aromatic(i) interaction, whereas a
bulky residue such as tyrosine at positioni − 2 re-
duces the conformational space available for the type
a cisproline(i−1)-aromatic(i) interaction, thus favour-
ing the typeb interaction. Theb1–2 conformations
were shown to be stable for long times in simulations
of the Ala-Tyr-cisPro-Tyr(i)-Asp sequence (Demchuk
et al., 1997).

Summary of MD simulations
The MD simulations of the Ala-cisPro-Tyr peptide in
aqueous solution revealed an ensemble of conforma-
tions that were structurally and thermodynamically in
good agreement with the experimental observations
made by Kemmink and Creighton (1995) on a hep-
tapeptide incorporating this sequence. To validate our
computational model, we went on to perform NMR
measurements on the Ala-cisPro-Tyr peptide itself and
compare them to our computational data.

NMR experiments

1D and 2D spectra were recorded for acetyl-Ala-Pro-
Tyr-amide. This peptide, which differs from our model
peptide in lacking the methyl group at the C-terminus,
was studied due to ease of synthesis and purifica-
tion. The 1H and 13C chemical shifts are given in
Table S1 and1H-1H 3J-coupling constants and inter-
residue ROESY peaks are given in Table S2 of the
Supplementary material. The conformational informa-

tion derived and the NMR measurement from which
this was obtained is given in Table 4.

Prolinecis-transisomerisation
The peptide adoptscis and trans forms in aqueous
solution. The two forms were clearly identified by
the presence of the Hα(Ala)-Hδ(transPro) and the
Hα(Ala)-Hα(cisPro) peaks in the ROESY spectra. The
cis to transpopulation ratio is 20%:80% and was es-
timated from the ratio of the integrated peaks of the
alanine methyl protons.

Peptide conformations
δring was estimated as−0.84±0.01 ppm and
−0.32±0.02 ppm for Hα(i−2) and Hγ3(i−1), respec-
tively, where the errors reflect the difference between
the two references taken for theδring evaluation (see
Methods section). As observed in our computations,
no single peptide conformation can be adopted that
is compatible with such ring current shifts on both
protons. Consequently, the measured chemical shift
deviations are the result of an average of the chemical
shifts of several conformations. Furthermore, the ab-
sence of a cross peak between the tyrosine ring protons
and either the Hα(i−2) or the Hγ3(i−1) proton in the
ROESY spectra is consistent with exchange between
several conformations.

An empirical correlation has been observed be-
tween the protein backbone conformation and13Cα

and13Cβ secondary chemical shifts (Spera and Bax,
1991; Wishart and Sykes, 1994). Analysis of the13Cα

chemical shifts shows that in Ala-cisPro-Tyr, Ala and
Pro are mainly in extended conformations and Tyr is
in equilibrium between helicalαR and extended con-
formations. The value of theψ dihedral angle of a
proline residue is strongly correlated with the differ-
ence between theβ andγ 13C chemical shifts (1δβγ)
(Siemion et al., 1975; Siemion, 1976; Giessner-Prettre
et al., 1987). From this, it can be deduced that in the
cis form ψ(i− 1) could be 148◦ or−28◦ with an error
of ±10◦.

MacArthur and Thornton (1991) analysed a non-
homologous set of protein structures and showed that
cisproline has a stronger preference to be in the
β region, centred onBcis = (−76◦,159◦), than to
be in theαR region, centred onAcis = (−86◦,1◦),
(αR:β = 24%:76%). Consequently, with the following
two-state model,

1δβγ = [αR]1δβγ(A)+ [β]1δβγ(B), (1)

where the measured1δβγ is the weighted average of
the1δβγ values of the conformations at the centresA
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Table 4. Summary of the peptide Ala-Pro-Tyr(i) conformations at 273 K derived from NMR

Residue Dihedral angle SequenceTrans Cis Technique

Ala φ (i − 2) −165◦ or−70◦ −170◦ or−70◦ 3JHN−Hβ

ψ Moreβ Moreβ 1δ13Cα

Pro φ (i − 1) Coil Moreβ 1δ13Cα

ψ −35◦ or/and 150◦ αR 1◦(26%)

β 159◦(74%) 1δβγ

χ1 UP and DOWN 20◦ DOWN 3JHα−Hβ

χ2 UP and DOWN −35◦ DOWN 3JHβ−Hγ

χ3 UP and DOWN 25◦ DOWN 3JHγ−Hδ

Tyr φ (i) −160◦ or−80◦ −155◦ or−85◦ 3JHα−Hβ

ψ Coil Coil 1δ13Cα
g+ (48%) g+ (84%) 3JHα−Hβ

χ1 t (7%) t (13%) ROESY

g− (45%) g− (3%)

andB of the αR andβ regions, respectively, defined
by MacArthur and Thornton (1991), one can estimate
theαR:β population ratio of Ala-Pro-Tyr. Surprisingly,
the αR:β population ratio of the proline residue of
the Ala-cisPro-Tyr peptide is almost identical to the
ratio extracted by MacArthur and Thornton (1991)
from all thecisproline residues in their protein dataset.
At the centres of thecisproline αR and β regions,
1δβγ equals 7.3 ppm and 10.5 ppm, respectively.
The measured1δβγ in Ala-cisPro-Tyr is 9.7 ppm.
Thus, theαR:β ratio of the Ala-cisPro-Tyr peptide is
estimated as 26%:74%. This finding confirms theβ

propensity of thecisproline previously derived from
the 13Cα chemical shift analysis. Unfortunately, the
αR:β population ratio of Ala-transPro-Tyr cannot be
extracted in the same manner because the1δβγ values
of the transprolineαR andβ region centres are almost
identical.

Comparison between experiment and computation

The agreement between the computational and experi-
mental results is very good, as can be seen in Figure 4.
Agreement is at both the structural level (chemical
shifts and the3J-coupling constants) and at the ther-
modynamic level (population of the conformations).

The respective computed and measuredδring val-
ues are−0.55 ppm and−0.83 ppm for Hα(i − 2)
and−0.14 ppm and−0.30 ppm for Hγ3(i − 1). This
particular property is usually difficult to compute be-
cause it is very sensitive to the sampling of the phase

space (Worth et al., 1998) and to the force field pa-
rameters (van der Spoel et al., 1996), and because it
displays large fluctuations along the MD simulation
(see Figure 3, two bottom graphs).

The experimental and computed3J-coupling con-
stants are well correlated. The standard deviation be-
tween the computed and experimental values is 1.1 Hz,
which corresponds to 10◦ standard deviation between
the computed and experimental dihedral angles. The
computed and measured populations of the tyrosineχ1
(Figure 4c) and prolineψ (Figure 4d) rotamers are in
good agreement. The MD simulation gives 18% and
82% (Table 3) for the prolineαR andβ conformation
populations, respectively, and the NMR gives 26% and
74% (Table 4), respectively. Theψ dihedral angle of
the proline residue and the side-chain rotamer of the
tyrosine residue are the main parameters that define
formation of thecisproline(i − 1)-aromatic(i) interac-
tion. If theχ1 dihedral of the tyrosine ist, the peptide
is unfolded. When the proline is in the extended con-
formation, the typea cisproline(i − 1)-aromatic(i)
interaction is present 90% of the time. When the pro-
line is in theαR conformation, the typeb interaction is
found 90% of the time.

The population of the typea andb cisproline(i −
1)-aromatic(i) interaction conformations and the ‘un-
folded’ state is estimated, from the NMR data, to be
63%±5%, 27%±5%, and 10%±5%, respectively and,
from the MD simulations, to be 72%, 24% and 4%,
respectively.



75

Figure 4. Comparison of the computational and experimental results for Ala-cisPro-Tyr. (a) Hα(i − 2) and Hγ3(i − 1) δring. (b) Experimental

versus computed3J-coupling constant. (c) Population of tyrosineχ1 rotamers, (d) population of the prolineαR andβ conformations. (e)
Population of the typesa andb cisproline(i − 1)-aromatic(i) interaction conformers and the ‘unfolded’ state.

Conclusions

The ‘folding landscape’ of the Ala-cisPro-Tyr peptide
in aqueous solution is derived from this study. Two
metastable, folded states, typea and typeb, in which
the tyrosine ring interacts with the alanine residue and
the proline side-chain, respectively, coexist in aqueous
solution. Each consists of a distribution of conformers.
The two states are present 63% and 27% of the time,
respectively, under the conditions of study, and hys-
teresis is observed upon transition between these two
states.

The ratio between the populations of the typea
andb conformations is dependent on sequence. Our
simulations of the Gly-cisPro-Tyr(i) peptide show that
the typea conformation is much more stable relative to
the typeb conformation than for the Ala-cisPro-Tyr(i)
peptide. The introduction of a glycine at the (i − 2)
position allows more space for the tyrosine ring to in-
teract with the aliphatic hydrogens of thei−2 residue,
and thereby appears to entropically favour the typea
cisproline(i− 1)-aromatic(i) interaction. In contrast, a

bulky residue, such as tyrosine, at the positioni−2 re-
duces the conformational space available for the type
a cisproline(i−1)-aromatic(i) interaction, and thus the
typeb interaction is favoured.

In this study, the Ala-cisPro-Tyr peptide was cho-
sen as a model peptide for the study of local inter-
actions. It can be considered as a minimal model
system exhibiting basic features of protein folding
such as formation of hydrophobic contacts and hy-
drogen bonds. However, its existence in two folded
states with hysteretic transitions between them would
make Ala-cisPro-Tyr well suited to function in signal
transduction or memory mechanisms. Its local interac-
tions could be stabilised by other interactions such as
protein binding, long-range inter-residue interactions
in a longer peptide chain, or by thermodynamic con-
ditions. In this context, it is interesting to note that
related short linear peptides that are potentially in-
volved in tyrosine kinase activation (Li et al., 1997)
and in acting as analgesic compounds (Zadina et al.,
1997) have been discovered recently.
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With regard to protein folding, the non-native
property of thecisproline(i − 1)-aromatic(i) interac-
tion found in unfolded BPTI may be thought to hinder
protein folding. However, the presence of a local
interaction, even if it is not native, can still consid-
erably reduce the huge accessible conformation space
and thus accelerate folding (Creighton et al., 1996).
Furthermore, the BPTI folding intermediate, [30–51,
5–14]Ser, with two disulphide bridges, one of which is
non-native, may be stabilised by acisproline(i − 1)-
aromatic(i) interaction in which the conformationa1
dominates according to the chemical shifts measured
by van Mierlo et al. (1994). Moreover, the confor-
mational preferences of peptides containing Xaa-Pro
sequences should influence their catalysis by peptidyl-
prolyl isomerases and thus the rate of prolyl isomerisa-
tion upon folding. The crystal structure of the complex
of cyclophilin A and the succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide substrate (Zhao and Ke, 1996) shows that
the peptide binds in a typea cisconformation. Our cal-
culations indicate that this would be the energetically
preferred conformation of thecis form of this peptide.
This supports a mechanism for the enzyme in which it
would catalyse prolyl isomerisation by binding to and
stabilising the dominantcis form of the substrate.

The present study demonstrates that to tackle the
difficult problem of peptide folding in aqueous solu-
tion, it is useful to employ a wide range of strategies
such as database searches, configurational sampling,
molecular dynamics simulations and1H- and 13C-
NMR spectroscopy. In this case, the combined use
of the complementary database search and simulation
methods led to an atomic-detail model that is in re-
markably good agreement with experimental measure-
ments. The structural database analysis considerably
reduced the size of the conformational space to ex-
plore in the peptide in solution, but was not sufficient
to estimate the stability of each individual conforma-
tion. The MD simulation of the Ala-Pro-Tyr peptide
led to a detailed scenario for the folding of the peptide,
showing two main folded states.
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