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ABSTRACT: The contryphan family of cyclic peptides, isolated recently from various species of cone shell,
has the conserved sequence motif NH3

+-X1COD-WX5PWC-NH2, where X1 is either Gly or absent, O is
4-trans-hydroxyproline, and X5 is Glu, Asp, or Gln. The solution structures described herein of two new
naturally occurring contryphan sequences, contryphan-Sm and des[Gly1]-contryphan-R, are similar to
those of contryphan-R, the structure of which has been determined recently [Pallaghy et al. (1999)
Biochemistry 38, 11553-11559]. The1H NMR chemical shifts of another naturally occurring peptide,
contryphan-P, indicate that it also adopts a similar structure. All of these contryphans exist in solution as
a mixture of two conformers due to cis-trans isomerization about the Cys2-Hyp3 peptide bond. The
lower cis-trans ratio for contryphan-Sm enabled elucidation of the 3D structure of both its major and its
minor forms, for which the patterns of3JHRHN coupling constants are very different. As with contryphan-
R, the structure of the major form of contryphan-Sm (cis Cys2-Hyp3 peptide bond) contains an N-terminal
chain reversal and a C-terminal type Iâ-turn. The minor conformer (trans peptide bond) forms a hairpin
structure with sheetlike hydrogen bonds and a type IIâ-turn, with theD-Trp4 at the ‘Gly position’ of the
turn. The ratio of conformers arising from cis-trans isomerism around the peptide bond preceding Hyp3
is sensitive to both the amino acid sequence and the solution conditions, varying from 2.7:1 to 17:1
across the five sequences. The sequence and structural determinants of the cis-trans isomerism have
been elucidated by comparison of the cis-trans ratios for these peptides with those for contryphan-R and
anN-acetylated derivative thereof. The cis-trans ratio is reduced for peptides in which either the charged
N-terminal ammonium or the X5 side-chain carboxylate is neutralized, implying that an electrostatic
interaction between these groups stabilizes the cis conformer relative to the trans. These results on the
structures and cis-trans equilibrium of different conformers suggest a paradigm of ‘locally determined
but globally selected’ folding for cyclic peptides and constrained protein loops, where the series of
stereochemical centers in the loop dictates the favorable conformations and the equilibrium is determined
by a small number of side-chain interactions.

Short disulfide-bridged peptides frequently exhibit well-
structured conformations in solution. It is becoming apparent
that the conformations of these peptides are primarily dictated
by the number of residues in the loop, the series of chiral
centers in the backbone, and the positions of constrained
residues such as prolines, rather than the noncovalent side-
chain interactions responsible for the folding of globular
proteins (1-3). The associated ‘cyclic-peptide folding prob-
lem’ is instructive for the larger protein folding problem,
especially for constrained protein loops (2), and has conse-
quences for the design of conformationally constrained

peptides for applications such as therapeutics, vaccines, tissue
targeting agents, and diagnostics (3-6).

Peptides displaying sequence-dependent cis-trans equi-
libria are also good models for the study of intramolecular
protein interactions since the side-chain to side-chain interac-
tion strength can be estimated from the effect of specific
sequence changes on the equilibrium (7). The determination
of multiple meta-stable 3D1 structures accessible to individual
cyclic peptide sequences is only rarely achievable (e.g.,8)
and can also contribute to our understanding of the role of
local interactions in protein folding through identification
of the structural determinants of such equilibria. Establishing
the sequence determinants of cyclic peptide structure and
conformational equilibria is also important in facilitating the
design of cyclic peptides for a range of applications.

We have recently described the structure of a novel, cyclic
octapeptide sequence, contryphan-R (Figure 1). This peptide
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causes ‘stiff-tail’ syndrome when injected in mice (9)
although its receptor is not yet identified. It has a well-
ordered structure in solution, with an N-terminal chain
reversal centered on Hyp3-D-Trp4 (with the peptide bond
preceding Hyp3 in the cis conformation) and a C-terminal
type Iâ-turn (2). It is evident from RP-HPLC (10) and NMR
(2) that a minor conformation (with a trans peptide bond
preceding Hyp3) is present in a ratio of 8:1. The effective
concentration of this conformer was too low to allow
structure determination, but it was clear from examination
of its chemical shifts that the structure must be quite different
from that of the major form.

Here we present an NMR study of the structures of three
new naturally occurring contryphans, contryphan-Sm, contry-
phan-P, and des[Gly1]-contryphan-R (Figure 1) (9, 10, 12),
and the factors that govern the ratio of cis and trans
conformers in these peptides. Because of the lower cis-trans
isomer ratio for contryphan-Sm, we have been able to
determine the backbone fold of the minor form as well as
the complete structure of the major form. We also present
the structure of des[Gly1]-contryphan-R as well as sequential
assignments and a reconciliation of HPLC and NMR
determinations of the cis-trans isomer ratio for contryphan-
P. An N-terminally acetylated analogue of contryphan-R was
synthesized to enable the effect of the N-terminal charge on
the cis-trans ratio to be determined. The structures and cis-
trans ratios of the five sequences, including those of
contryphan-R, are compared and discussed in terms of the
consequences for peptide and protein folding and design.

EXPERIMENTAL PROCEDURES
Most samples consisted of 1-5 mM synthetic peptide in

90% H2O/10%2H2O and pH 2.9-3.2 (9, 10, 12) (Table 1).
A small sample of acetylated contryphan-R was provided
by Dr. Jonathan Baell for the purpose of measuring the cis-
trans ratio in the absence of the N-terminal charge. With
contryphan-R, we had confirmed previously that the same
NOE set was present at pH 5.2, where Glu5, the only
titratable carboxyl group in the molecule, would be depro-
tonated and able to participate in ionic interactions (2).

The ratios of cis to trans forms of the contryphans were
estimated from the integrated intensities of nonoverlapped
amide resonances. The effects of pH, amino acid sequence,
and solvent were examined. In particular, the solvent
conditions of contryphan-P were adjusted to match the HPLC
conditions [35% buffer B60 (10), i.e., 21% acetonitrile by

volume and pH 2.0] in an attempt to reconcile the cis-trans
ratios measured by HPLC and NMR.

Structures were determined from 2D1H NMR spectra
recorded on a Bruker DRX-600 spectrometer at 5°C. The
methods of spectral acquisition and analysis, extraction of
constraints, and structure calculation were as described
previously (2, 3). The TOCSY and NOESY spin-lock and
mixing times were 70 and 300 ms, respectively. A series of
1D experiments was recorded for each peptide over the
temperature range 5-25 °C to determine the amide proton
temperature coefficients. Amide exchange half-lives were
calculated from exponential decay fits to plots of nonover-
lapped peak volumes measured from a series of short
TOCSY experiments versus time. Structures were based on
NOE andφ andø1 dihedral angle constraints. After simulated
annealing of a random template structure in the X-PLOR
(13) distance geometry force-field, the structures were placed
in a cube of water (side length 35 Å) and energy-minimized
with periodic boundary conditions in the CHARMM-19
force-field (14) in X-PLOR. The 20 best structures and
NMR-derived constraints for the major forms of des[Gly1]-
contryphan-R and contryphan-Sm and the minor form of
contryphan-Sm have been deposited in the Protein Databank
(15) (accession numbers 1DGO, 1DFY, and 1DFZ, respec-
tively) and the chemical shift values in the BioMagResBank
(16) (accession numbers BMRB-4469, BMRB-4464, and
BMRB-4468, respectively). Chemical shift calculations were
made using Shiftcalc (17), a program embedded in Molmol
(18).

RESULTS

NMR Spectroscopy.Published RP-HPLC data for contry-
phan-Sm, contryphan-P, and des[Gly1]-contryphan-R show
that separate peaks, eluting several minutes apart and having
a population ratio in the range 3:1 to 17:1, were due to
interconverting forms of the pure peptides (10). At least two
separate sets of resonances were visible in the1H NMR
spectra of all of these peptides, with contryphan-Sm dem-
onstrating the largest proportion of the minor form (3.3:1)
in 90% H2O/10%2H2O (Table 1). For contryphan-P, the cis-
trans ratio in aqueous solution measured by NMR differed
markedly from that measured by HPLC (10) (8.1:1 and 4.5:
1, respectively). After adjusting the pH and adding aceto-
nitrile in an effort to better match the HPLC solution
conditions, the cis-trans ratios measured by NMR and HPLC
became closer (3.0:1 and 4.5:1, respectively). For contry-
phan-R, the same modification in solution conditions did not
lead to a significant change in ratio as measured by NMR
(7.9:1 in aqueous solution compared to 8.0:1 with acetonitrile
at pH 2.0), which is as expected since both results were
consistent with the HPLC estimate (approximately 10:1) (10).
The ratio for contryphan-R in aqueous solution could be
raised from 7.9:1 to 12.1:1 by increasing the pH from 2.9 to
5.2. The cis-trans ratio for the acetylated form of contry-
phan-R was 3:0 at pH 3.0 and independent of pH in the range
pH 3-5 (Table 1).

Complete resonance assignments for the major conformers
and most assignments for the minor conformers were made
for contryphan-P, contryphan-Sm, and des[Gly1]-contryphan-
R. The chemical shifts are generally very similar to those of
contryphan-R, and, as noted for contryphan-R, the chemical

FIGURE 1: Amino acid sequences of the contryphan family, with
variations from the GCOWXPWC-NH2 consensus sequence high-
lighted in boldface. 4-trans-Hydroxyproline is represented by O,
D-handed residues are underlined, and W with a double strike-
through represents 6-bromotryptophan. Contryphan-R (9), des-
[Gly1]-contryphan-R (9), and bromocontryphan (11) are fromConus
radiatus, contryphan-Sm (12) is fromC. stercusmuscarum, and Leu-
contryphan-P (10) is from C. purpurascens. The contryphan-P
sequence has been deduced from cDNA cloned fromC. purpura-
scens(12).
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shifts of the major and minor forms are very different from
one another (2). The major and minor conformers are
characterized by the conformation at the Cys2-Hyp3 peptide
bond being cis and trans, respectively, for all peptides, as
identified by the expected sequential NOEs (dRR anddRδ for
cis and trans, respectively). The Xxx5-Pro6 peptide bond
is trans in both conformers for all peptides. A third conformer
was apparent, being most populated in contryphan-Sm with
a ratio of ca. 10:1 to the major form and ca. 3:1 to the minor
form; this is most likely the form where both the Cys2-
Hyp3 and Gln5-Pro6 peptide bonds are cis. The amide
exchange rates and coupling constants are tabulated in Table
1 and are all similar to those observed for contryphan-R (2).

Structure Calculations.The NOE cross-peaks were strong
enough to enable well-defined structures of the major forms
of des[Gly1]-contryphan-R and contryphan-Sm to be deter-
mined. A reasonably well-defined structure, at least for the
backbone, was obtained for the minor form of contryphan-
Sm, somewhat surprisingly given that there were only three
medium-range NOEs, fourφ-angle constraints, and twoø1-
angle constraints. In all three cases, structural constraints
were extracted from a 300 ms NOESY spectrum and input
to simulated annealing and energy minimization calculations
in explicit solvent. The families of structures are shown in
Figure 2. The mean pairwise RMS differences calculated
over the backbone heavy atoms and all heavy atoms,
respectively, of the whole molecule, as well as other
structural characteristics are summarized in Figure 3 and
Table 2. The concentrations of the contryphan-P and acety-
lated contryphan-R samples were too low to allow a reliable
structure determination. However, the large deviations from
random-coil chemical shifts evident in the spectrum of the
major form of contryphan-R were observed, suggesting that
their structures are all very similar.

Structures of the Major Forms.The major conformers of
des[Gly1]-contryphan-R and contryphan-Sm exhibit the
‘contryphan fold’ (2), consisting of a seven-residue loop
stabilized by the Cys2-Cys8 disulfide bridge (Figure 2).
There are two chain reversals: a non-hydrogen-bonded
reversal between residues 1 and 5 and a type Iâ-turn
encompassing residues 5-8 and stabilized by a hydrogen

bond from the slowly exchanging Cys8 NH to Glx5 carbonyl,
as in contryphan-R (2). The cis Cys2-Hyp3 peptide bond
and D-Trp4 presumably play a role in generating the first
chain reversal.

In contryphan-R, the distance between the two potential
salt bridge partners, the Glu5 carboxyl and the N-terminal
ammonium groups, was 8.4( 0.7 Å, suggesting that a salt
bridge did not occur. This was confirmed by the observations
that (i) the same NOE set was present at pH 5.2 (where the
Glu5 carboxyl group would be ionized) and (ii) the Glu5
carboxyl pKa was higher than the value in unstructured small
peptides (the opposite would be expected if a salt bridge
were present) (2). In des[Gly1]-contryphan-R and contry-
phan-Sm, where the N-terminal charge is shifted and Glu is
substituted with Gln respectively, relative to contryphan-R,
the corresponding distances are 7.0( 0.9 and 6.3( 1.2 Å,
respectively, demonstrating that a salt bridge is not present
in these molecules either (Table 1).

Comparison of the structures of des[Gly1]-contryphan-R
and contryphan-Sm with that of contryphan-R (Figure 2)
shows that both differ from contryphan-R in having a better
defined Cys8 HN to Glx5 O hydrogen bond, a more arched
backbone structure around Glx5, and a shift of the terminus
of the Glx5 side chain toward the N-terminus (as reflected
in the distances quoted above). The backbone RMS devia-
tions of the mean structures from each other are, however,
all approximately the same (0.89, 0.92, and 0.91 Å for des-
[Gly1]-contryphan-R vs contryphan-R, contryphan-Sm vs
contryphan-R, and des[Gly1]-contryphan-R vs contryphan-
Sm, respectively).

A feature of the contryphan1H NMR spectra is the
significant perturbation from random-coil chemical shifts for
a number of resonances (as much as-1.60 and+0.73 for
the Gln5 andD-Trp4 amide protons of contryphan-Sm,
respectively). To evaluate the role of the Trp residues in these
perturbations, the ring current contributions (17) to all
chemical shifts were calculated from the structures and
compared with the experimental values. Qualitatively, these
calculations confirm that ring current effects from the Trp
residues could cause significant shifts from random-coil
values. Quantitatively, however, the calculated chemical

Table 1: NMR and HPLC Data for Contryphan Peptides

des[Gly1]-
contryphan-R

major (cis) form
contryphan-Sm

minor (trans) form
contryphan-Sm contryphan-P contryphan-R

Ac-
contryphan-R

concentration (mM) 5.0 4.3a 1.2a ca. 1.0 4.0 very low
pH 2.9 2.9 2.9 3.2 3.0 3.0
cis-trans ratio estimates at 5°C

H2O, pH ca. 3.0 (NMR) 16.8:1 3.3:1 - 8.1:1 7.9:1 3.0:1
H2O, pH ca. 5.1 (NMR) - - - - 12.1:1 -
21% CH3CN, pH ca. 2.0 (NMR) - - - 3.0:1 8.0:1 -
RP-HPLCb - ca. 6:1 - 4.5:1 ca. 10.0:1 -

N-term NH3
+-Xxx5 Oδ/ε distance 7.0( 0.9 Å 6.3( 1.2 Å 9.8( 1.1 Å - 8.4( 0.7 Å -

no. medium- & long-range NOEs 27 15 3 - 22 -
φ-angle dihedral seriesc -vvvV vvvvV vVvVv - vvvvV -
amide exchange at pH 3.3 2.9 2.9 - 2.7 -
amide exchanget1/2 at 5°C (h)d

Xxx5 21 44 27 - 38 -
Trp7 9.6 7.2 8.9 - 6.6 -
Cys8 8.8 8.9 <1 - 8.7 -

a Effective concentration for the major and minor forms of contryphan-Sm.b The values listed are an estimate based on RP-HPLC peak heights
(10), except in the case of contryphan-P for which the ratio was determined accurately through measurement of the kinetics (10). c From Cys2,
D-Trp4, Xxx5, Trp7, and Cys83JHRHN coupling constants, respectively.v represents aâ-sheet-typeφ angle (ca.-120° except+120° for D-handed
residues),V represents anR-helical-typeφ angle (ca.-60°), and- indicates that the angle was not constrainable.d t1/2 < 1 h for Cys2 andD-Trp4.
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shifts for the six largest deviations from random-coil shifts
(four of which were for amide protons) were not in good

agreement with the experimental values. Adjustments of
between 40° and 60° to theø2 angle for both Trp residues

FIGURE 2: Structural comparisons (left) and stereoviews of the families (right) for des[Gly1]-contryphan-R (purple) and the major (blue)
and minor (green) forms of contryphan-Sm. Contryphan-R (2) is shown in gray. The disulfide bridges are shown in orange, the carbonyl
oxygen atoms in red, and amide protons in black.
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of contryphan-Sm (D-Trp4 ø2 ) -40° f -100° and Trp7
ø2 ) -85° f -45°) enabled the sign of the deviation from
random-coil shifts to be reconciled with the data and the
magnitude to be accounted for with an average of 36% error.
Following these side-chain rotations, the respective Trp side
chains still occupied the same canonical rotamers as before
the adjustments, but some NOEs were now violated (by up
to 0.7 Å). Given that chemical shift calculations for amide
protons are less reliable than those for CH protons because
of potential hydrogen-bonding interactions, and bearing in
mind that these calculations are for solvent-exposed Trp side
chains that are undoubtedly somewhat mobile in solution,
we believe that the side-chain positions shown in Figure 2
are a reasonable representation of the average structures in
solution, with some allowance for side-chain mobility. The
side-chain adjustments described above are not incorporated
in the structural families presented in Figure 2.

Structure of the Minor Form of Contryphan-Sm.As
suggested by the pattern of chemical shift differences from
random-coil values and the3JHRHN coupling constants, the
structure of the minor form of contryphan-Sm is very
different from that of the major form and is characterized
by the Cys2-Hyp3 peptide bond adopting the trans confor-
mation. The peptide has aâ-hairpin/sheetlike structure, with
two interstrand hydrogen bonds and a type IIâ-turn at the
hairpin (Figure 2).D-Trp4, in a positiveφ-angle conforma-
tion, occupies position 3 in the type IIâ-turn, where a glycine
would normally be found. One of the interstrand hydrogen
bonds is very skewed, but this may be due to the low number
of constraints used in the generation of these structures.

This structure is significantly less compact than that of
the major form, withD-Trp4, Gln5, and Trp7 exposed to
the solvent rather than being packed against the backbone.
While this could be due to the dearth of constraints (due to
the low effective concentration), the side chains appear
sufficiently well-defined up to theγ heavy atom to rule this
out. The distance between Gln5 and the N-terminus was 9.8
( 1.1 Å, the largest for any analogue or conformer (Table
1).

Amide Exchange Rates for Major and Minor Forms.The
amide exchange data are reasonably consistent between the
major forms of contryphan-R, des[Gly1]-contryphan-R, and
contryphan-Sm, with the backbone amide signals of Glx5,
Trp7, and Cys8 remaining visible in the 2D TOCSY
experiment (Table 1). The half-lives for these amides are
21-44 h, 6.6-8.9 h, and 4.1-8.8 h, respectively, the major
form of contryphan-Sm having the slowest exchanging amide
proton (Gln5, 44 h).

Cys8 is involved in the only unambiguous hydrogen bond
detected in the major form in all three contryphans whose
structures are known, stabilizing the type Iâ-turn, and yet it
is not the most slowly exchanging amide. This is due at least
partly to the interconversion between the two conformers.
In contryphan-P, for example, the major form converts to
the minor form with a half-life,t1/2, of 86 min at 25°C, and
the reverse takes place with at1/2 of 19 min (10). The Cys8
amide proton of the minor form has a very shortt1/2 (<1 h)
(Table 1). Since the rates of isomerism are faster than the
slow amide exchange rates, an amide proton protected in
one conformer but unprotected in the other will display

FIGURE 3: Number of NOEs, average RMS deviation from the mean structure, andφ andψ angular order parameters (19, 20) vs residue
for des[Gly1]-contryphan-R (A) and the major (B) and minor (C) forms of contryphan-Sm. The numbers of NOEs are indicated for the
long-range (i - j g 5, black), medium-range (1< i - j < 5, hatched), sequential (shaded), and intraresidue (unfilled) connectivities.
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different corresponding amide exchange rates, and the
apparentt1/2 of the amide proton in the more protected
conformer will be underestimated. It is likely that this is what
is reflected in the exchange data for the amide proton of
Cys8, which is involved in hydrogen bonding in the major
conformer but not in the minor conformer.

The t1/2 values for the amide protons of Gln5 and Trp7 of
contryphan-Sm are similar in the major and minor conform-
ers (Table 1). These protons have potential nearby acceptor
atoms in the major conformer. The type Iâ-turn centered
on Pro6-Trp7 is rather skewed, and the Cys8 HN-Gln5 O
hydrogen bond may be bifurcated with a Trp7 HN-Gln5 O
hydrogen bond, and the Glx5 amide proton appears to be
interacting with the sulfur of Cys8 in many of the structures
of the families. In the minor conformer of contryphan-Sm,
the Gln5 amide proton is involved in one of the bridging
hydrogen bonds, whereas the Trp7 amide proton may be
buried between the Pro6 and Trp7 side chains. The Cys2
amide proton is involved in the second bridging hydrogen
bond and is probably absent in the exchange experiments
due to the fast exchange of that proton in the major
conformer.

DISCUSSION

In this section we discuss the sequence and structural
determinants of cis-trans equilibria in this series of contry-
phan peptides. Our data also allow some more general
conclusions to be drawn concerning the factors that determine
the folding of cyclic peptides and protein loops.

cis-trans Ratio.All of the data presented imply that an
i/i+4 electrostatic interaction between the N-terminal am-
monium group and the charged side chain at position 5 is a
major determinant of the cis-trans equilibrium. Most of the
sequence variation occurs at position 5, three residues from
the Cys2-Hyp3 peptide bond responsible for isomerization.
Neutralization of this residue from Glu or Asp to Gln reduces
the cis-trans ratio from 8:1 to 3:1 at pH 3 in aqueous
solution. Variation from Glu to Asp has no effect on the
cis-trans ratio under these conditions. Neutralizing the
N-terminal charge through acetylation similarly reduces the
ratio from 8:1 to 2.7:1. Thus, neutralization of either charge
in the peptide yields a cis-trans ratio of approximately 3:1.
Moving the only formal positive charge in the molecule (the
N-terminal ammonium) one residue closer in the sequence
to the negatively charged Glu5 in des[Gly1]-contryphan-R
pushes the ratio in the other direction to ca. 17:1.

The cis-trans ratio reflects the relative stability of the
major and minor forms. Taken together, the data above
indicate that the electrostatic interaction stabilizes the major
conformation and that this interaction is weakened in
contryphan-Sm (Gln5) and Ac-contryphan-R, where the
electrostatic interaction is neutralized, and strengthened in
des[Gly1]-contryphan-R, where the distance between the
charged groups is shortened. This is supported by the
observation that the N-terminal NH3

+-Xxx5 Oδ/ε distance
is shorter in des[Gly1]-contryphan-R than in contryphan-R
(Table 1). In addition, the N-terminal NH3+-Xxx5 Oδ/ε

distance is larger in the minor form of contryphan-Sm than
the major form.

In aqueous solution, the cis-trans ratio was pH dependent
for contryphan-R, implying a role for the electrostatic
interaction. In the presence of acetonitrile, and at pH 2.0 (to
mimic the RP-HPLC conditions), the ratios for contryphan-P
(Xxx5 ) Asp) measured by NMR and HPLC were recon-
ciled. The HPLC conditions did not alter the ratio for
contryphan-R (Xxx5) Glu) but did for contryphan-P (Xxx5
) Asp). The insensitivity of the ratio in contryphan-R may
reflect a stronger electrostatic interaction with the longer Glu5
side chain, which is in turn less affected by solvent
conditions.

Our results on the cis-trans ratios in the contryphans have
some similarities to those reported for a series of X-Pro
dipeptides (7), where X was varied to include Gly,L- and
D-Ala, Leu, and Phe, and the effects of blocking the N- and
C-termini and varying the pH were also examined. The cis
forms were stabilized by the largerL-handed hydrophobic
side chains. For most sequences, the cis forms were
destabilized at acidic pH and when the C-terminus was
blocked, both conditions under which the C-terminus would
be neutralized. This is consistent with the present results,
where the cis-trans ratio is lower for contryphan-Sm, with
Gln5, than in contryphan-R or -P, with a negatively charged
side chain at position 5, even though there is a five-residue
gap between the interacting partners and the potential
negative charge is located on a side chain in the contryphans.
The pH dependence of the cis-trans ratio for contryphan-R
(Table 1) supports these considerations, with the cis-trans
ratio increasing with pH over the range 3.0-5.1. It is possible
that cis peptide bonds are stabilized by long-range bridging
interactions (such as NH3+-Xxx5 Oδ/ε) because of the
U-turn-like nature of the cis bond.

Table 2: Structural Characteristics for the 20 Best Structures of
Each Peptidea

des[Gly1]-
contryphan-R

contryphan-Sm
major (cis)

form

contryphan-Sm
minor (trans)

form

RMS deviations
from exptl distance
restraints (Å)

0.027( 0.003 0.022( 0.003 0.028( 0.003

no. of exptl distance
restraints

135 114 76

RMS deviations
from exptl dihedral
restraints (deg)

0.56( 0.37 0.09( 0.17 0.45( 0.28

no. of exptl dihedral
restraints

7 8 6

RMS deviations from
idealized geometry

bonds (Å) 0.013( 0.002 0.012( 0.001 0.014( 0.003
angles (deg) 4.0( 0.1 3.60( 0.06 3.67( 0.07
impropers (deg) 0.4( 0.1 0.4( 0.1 0.6( 0.4

energies
(kcal mol-1)b

ENOE 4.9( 0.8 2.9( 0.8 3.0( 0.6
Ecdih 0.25( 0.25 0.02( 0.05 0.13( 0.16
Ebond+Eangle+

Eimproper

61 ( 5 54( 2 59( 10

EL-J -9 ( 2 -18 ( 2 -17 ( 3
Eelec -155( 4 -191( 5 -179( 12

pairwise RMS
differences

backbone (N, Ca, C)
(Å)

0.66( 0.31 0.56( 0.17 0.46( 0.15

all heavy (Å) 0.93( 0.25 0.76( 0.15 1.46( 0.30

a The best 20 structures after solvated energy minimization in
X-PLOR using the CHARMM-19 force field. Values are mean(
standard deviation. 100% of the residues were found to be in the
favorable or most favorable regions of the Ramachandran plot by
PROCHECK-NMR (21). b Force constants for calculation of the
square-well potentials for the NOE and dihedral angle restraints were
50 kcal mol-1 Å-1 and 200 kcal mol-1 rad-2, respectively.

12850 Biochemistry, Vol. 39, No. 42, 2000 Pallaghy et al.



Major Form Structures.The structures of the major forms
of des[Gly1]-contryphan-R and contryphan-Sm are similar
to that of contryphan-R, as expected. More generally, these
results, and the similar chemical shifts for contryphan-P,
demonstrate that the underlying sequence motif (CPD-
XXPXC) defines a scaffold that is structurally robust with
respect to side-chain substitutions, as further demonstrated
in our recent work with engineered contryphan sequences
designed to mimic an unrelated toxin surface (3).

Minor Form Structure.The structure of the minor form
of contryphan-Sm is very different from that of the major
form, having aâ-hairpin-like structure rather than the double-
turn structure of the major form. The extent of the difference
was evident very early from the series of measurable3JHRHN

coupling constants (for Cys2,D-Trp4, Gln5, Trp7, Cys8),
as follows: vvvvV (major form) andvVvVv (minor form), where
v and V represent>8 Hz and <6 Hz coupling constants
indicative ofâ-sheet- andR-helix-like φ-angle conformations,
respectively (Table 1).

For small cyclic peptides, it is intuitive that cis-trans
isomerization should cause a significant global structural
change due to the constraints imposed by cycle closure. The
large difference between the 3D structures of the two forms
of contryphan-Sm explains partially why they were separable
by RP-HPLC (10, 12). Specifically, the less compact minor
form, having a larger hydrophobic surface area, would be
expected to interact more strongly with the nonpolar station-
ary phase, and thus to elute more slowly on RP-HPLC (10,
12). In addition, the structural constraints imposed by
cyclization would increase the activation barrier for transition
between multiple forms due to the significant structural
rearrangement necessary, thereby reducing the conforma-
tional exchange rate and allowing separation on the chro-
matographic time-scale. Similar chromatographic separation
of multiple isomers of larger polypeptides and proteins with
proline-containing constrained loops (e.g. ref22) is not
generally observed because of the relatively small change
to the overall protein structure, and hence to the protein’s
chromatographic properties, caused by the cis-trans isomer-
ism, even though in some cases the rate of interchange
between the two isomers might be similar to that in the
contryphans or even slower. In the case of linear peptides,
cis-trans isomerism would cause more localized structural
changes, and the conformational exchange rates would be
faster than the chromatographic time-scale. In addition, most
linear peptides are inherently flexible, and the chromato-
graphic properties represent the average over a large
ensemble of rapidly interconverting conformations. The
combination of more rapid interchange between the cis and
trans isomers, smaller structural differences between the
isomers, and conformational averaging within each isomer
makes chromatographic separation of isomers much less
likely for linear peptides containing proline residues.

The cis form is over an order of magnitude more
predominant in active (9) des[Gly1]-contryphan-R, suggest-
ing that it is this form that is biologically relevant, although
this remains to be proved.

Implications for Peptide and Protein Folding and Design.
Elucidation of the sequence determinants of cis-trans
equilibria and determination of the alternative structures of
contryphan-Sm have several corollaries for the local folding
of peptides and protein loops. It is significant that all

potentially measurableφ angles [the N-terminal residue and
(hydroxy-)prolineφ angles cannot be measured due to the
absence of3JHRHN couplings] were in non-random-coil-like
conformations for both conformers of contryphan-Sm, sug-
gesting that the backbone structures of both are well ordered,
with all residues in the constrained loop adopting favorable
Ramachandran configurations. This result was not necessarily
expected and suggests that arbitrary constrained sequences
might intrinsically adopt a small number of non-random-
coil-like Ramachandran configurations. This is the case even
in the absence of evolutionary pressure acting on a confor-
mation to maintain high potency via a rigid structure (as
presumably does occur for one of the isomers of the
contryphans), and this suggests that small cyclic peptides
might, in general, adopt well-defined structures with back-
bone dihedral angles in the favored regions of a Ramachan-
dran plot.

The consequences for structure prediction of cyclic pep-
tides and protein loops are encouraging. It may be possible
to use simple geometric force-fields to search for the small
number of conformations with favorable Ramachandran
configurations consistent with the loop size, and submit these
to energy minimization and ranking in more sophisticated
force-fields, possibly with explicit solvent models (2).

The notions outlined above, together with the sensitivity
of the cis-trans ratio in the contryphan peptides to sequence
variation and pH, support a paradigm of ‘locally determined,
globally selected’ folding for cyclic peptides and constrained
protein loops. In this framework, which is either simply a
conceptual aid or a model of what actually occurs in cyclic
peptide dynamics (or both), a small number of favored
conformations is determined by the local stereochemistry,
and the equilibrium between these states is selected by the
global favorability of a small number of side-chain interac-
tions. The similarity of the contryphan-Sm and -R major form
structures, while having different cis-trans ratios, lends
particular support to this view of the folding of cyclic
peptides and constrained protein loops. The nature of the
side chains has little or no bearing on the structure, which is
dictated by the series of backbone chiralities, and instead
determines the equilibrium populations.

CONCLUSIONS

The cis-trans ratio of the contryphan family peptides is
dictated by the strength of the interaction between the
N-terminus and the residue 5 side chain. In particular, the
major cis form is stabilized in sequences where an attractive
electrostatic interaction can occur between the N-terminal
ammonium group and the carboxylate moiety of the Glu5
or Asp5 side-chain. Our determination of the 3D structure
of the minor form of contryphan-Sm demonstrates that more
than one structure consistent with the loop size is energeti-
cally favorable and that these two structures are very
different. The very different series of coupling constants with
non-random-coil values for both conformers suggests that
the contryphans, and probably cyclic peptides and constrained
protein loops in general, populate Ramachandran-allowed
configurations consistent with the loop constraint. We have
also demonstrated that the contryphan family of peptides
exhibits a canonical fold that is robust with respect to
sequence changes at position 5 and the N-terminus.
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