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ABSTRACT: Small disulfide-rich proteins provide examples of simple and stable scaffolds for design
purposes. The cystine-stabilizedâ-sheet (CSB) motif is one such elementary structural motif and is found
in many protein families with no evolutionary relationships. In this paper, we present NMR structural
studies and stability measurements of two short peptides of 21 and 23 residues that correspond to the
isolated CSB motif taken from a 28-residue squash trypsin inhibitor. The two peptides contain two disulfide
bridges instead of three for the parent protein, but were shown to fold in a native-like fashion, indicating
that the CSB motif can be considered an autonomous folding unit. The 23-residue peptide was truncated
at the N-terminus. It has a well-defined conformation close to that of the parent squash inhibitor, and
although less stable than the native protein, it still exhibits a highTm of about 100°C. We suggest that
this peptide is a very good starting building block for engineering new bioactive molecules by grafting
different active or recognition sites onto it. The 21-residue peptide was further shortened by removing
two residues in the loop connecting the second and third cysteines. This peptide exhibited a less well-
defined conformation and is less stable by about 1 kcal mol-1, but it might be useful if a higher flexibility
is desired. The lower stability of the 21-residue peptide is supposed to result from inadequate lengths of
segments connecting the first three cysteines, thus providing new insights into the structural determinants
of the CSB motif.

One attractive way to build new active molecules is to
use a stable protein scaffold or a “mini-protein” as a
framework on which to graft active sites or recognition
fragments (1-4). Interestingly, small, stable, easy to syn-
thesize scaffolds have been observed in small disulfide-rich
proteins. In these proteins, the number of available structural
motifs is probably very limited, and only very few different
motifs are found in several proteins with very diverse origins
and functions and with no apparent evolutionary relationship
(5). This is consistent with the general fact that there are
only a limited number of possible protein folds, and that
similar folds can be observed in proteins with essentially no
sequence identity (6-8). It is therefore important to identify
and study such common scaffolds if one wants to use them
in design strategy.

One such well-known motif is the CSH1 (cystine-stabilized
R-helical) motif (5, 9, 10) found in hormonal peptides from
the endothelin family, apamin, scorpion toxins, insect de-
fensins, plantγ-thionins, insectotoxins, and neurotoxins. The
CSH motif is composed of a short helix linked to a short
â-strand by two disulfide bridges (Figure 1A). Most struc-
tures, except the smallest ones (endothelin and apamin), are

stabilized further by additional disulfide bridges. Another
motif with three disulfide bridges, designated as the “inhibitor
cystine knot motif” (11, 12) or simply the “cystine motif”
(13), has been found for the first time in the squash trypsin
inhibitors (Figure 1B). These small disulfide-rich proteins
(28-32 amino acids, six cysteines) are composed of a small
triple-strandedâ-sheet, one and one-half turns of a 310-helix,
two â-turns, and the inhibitory loop (14). These secondary
structural elements are organized around the three disulfide
bridges that largely participate in the protein core. It was
observed that one disulfide bridge crosses the macrocycle
formed by the two other disulfide bridges and the intercon-
necting backbone, hence the term “cystine knot”. Interest-
ingly, the fold of the squash proteinase inhibitors was found
to be strikingly similar to the fold of the carboxypeptidase
inhibitor from potato PCI (15). It was subsequently shown
that ω-agatoxins (16), ω-conotoxins (17, 18), the race-
specific elicitor Avr9 (19), gurmarin (20), huwentoxin-I (21),
and the cyclic peptides kalata B1 (22) and circulin A (23)
also share this structural motif (11, 13). In these molecules,
however, the 310-helix is not conserved but replaced by
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variable loops. In contrast, the functional sites in these
molecules are clearly different. The reactive site in the squash
inhibitors is near the N-terminus, after the first cysteine
(denoted by an asterisk in Figure 1B), whereas the reactive
site in PCI is at the C-terminus. The neurotoxic activity of
ω-agatoxins andω-conotoxins is a result of their binding to
N-type and P-type voltage-gated Ca2+ channels. The site of
action of huwentoxin I is the postsynaptic nicotinic acetyl-
choline receptor. The active site of kalata B1 has not yet
been identified, but it has been proposed that this peptide
might contain a trypsin inhibitory site in the loop that links
the N- and C-termini in other peptides (11). The mechanisms
of action of gurmarin, a sweet-taste suppressing peptide, and
of circulin A, an anti-HIV peptide, remain to be determined.
Therefore, a second widespread motif, very distinct from the
CSH motif, is present in proteins from different families with
no known evolutionary relationships; this motif contains a
triple-strandedâ-sheet and three disulfide bridges forming
a cystine knot.

However, we suggested that the strong structural similarity
only concerned part of the molecules that includes two
disulfide bridges and the small triple-strandedâ-sheet (15).
The fact that the essential motif contains only two disulfide
bridges and constitutes an autonomous folding unit was
further evidenced by its presence in a stable intermediate in
the folding of EETI II, a 28-residue squash inhibitor (24).
We propose to name this structural motif the CSB motif for
cystine-stabilizedâ-sheet by analogy with the CSH motif,
since the motif shown in Figure 1B is composed of a triple-
strandedâ-sheet stabilized by two disulfide bridges. It is
worth noting that proteins exhibiting the CSB motif always
include additional disulfides which are not strictly conserved,
from a structural point of view. The arrangement of the
disulfides in the CSB motif is also found in a number of
larger proteins (25). It is also worth noting that combinations
of the elementary disulfide-stabilized structural motifs have
been used in nature to build more complex proteins, using a
hierarchical topological organization. One nice example is

FIGURE 1: Schematic drawings of the two most common elementary disulfide bridge motifs: (A) the cystine-stabilizedR-helical (CSH)
motif in endothelin 1, (B) the cystine-stabilizedâ-sheet (CSB) motif in EETI II, (C) the CSH motif in charybdotoxin, and (D) the CSB
motif in charybdotoxin. The N- and C-termini are labeled, and all cysteines are numbered. For convenience, the C-terminal tail in endothelin
1 is truncated at residue 18. The disulfide bridges participating in the displayed motifs are depicted as dark gray balls and sticks, whereas
additional bridges are depicted as thin sticks. The location of the active site in EETI II is denoted by an asterisk in panel B. This figure was
generated using the MOLSCRIPT (45) and RASTER3D (46) programs. Atom coordinates were taken from the Protein Data Bank (file
names 2eti and 1crd) (47) and from ref48 for endothelin 1.
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the scorpion toxin family that is a perfect combination of
the CSH and the CSB motifs, as shown in panels C and D
of Figure 1. This combination found in several protein
families has been termed the cystine-stabilizedRâ motif (26).

Probably due to a particular stability, the CSB motif
appears as one of the most widespread disulfide-rich motifs
and is thus a priori highly tolerant to substitutions. It is a
very appealing basic scaffold on which to graft active sites
in the design of new active molecules. However, the
elementary CSB motif alone has not yet been observed in
nature; rather, it is always accompanied by complementary
sequences and, at least, a third disulfide bridge. In this paper,
we address the question of whether a short peptide containing
only the CSB motif would be able to fold correctly and would
be stable enough to constitute an interesting elementary
disulfide-stabilized neutral scaffold for design purposes. One
important point regarding the isolated CSB motif is that it
is devoid of any active site, as is necessary for a basic
scaffold for general use.

MATERIALS AND METHODS

NMR Spectroscopy.Peptides Min-21 and Min-23 were
synthesized by Synt:em (Nimes, France) and purchased from
them. The fully reduced peptides were oxidized in the
presence of DMSO (27), and the major peak in HPLC was
isolated. For the Min-23 peptide, the compound was used
as is. For the Min-21 peptide, the HPLC peak was shown
by NMR to contain two compounds in approximately
equivalent quantities. However, one compound precipitated
in a few hours after dissolution and could be removed by
filtration. The remaining soluble compound was used for
further work. Samples were prepared by dissolving peptides
in H2O (10%2H2O) to a concentration of approximately 3s
4 mM with the pH adjusted to 2.7 by addition of dilute HCl
or NaOH.

All 1H NMR spectra were recorded on 360, 400, or 600
MHz Bruker AMX spectrometers. Data were acquired at 12,
22, and 27°C, and TSP-d4 was used as an internal reference.
All 2D experiments, DQF-COSY, TOCSY, and NOESY,
were performed according to standard procedures (49) using
quadrature detection in both dimensions with spectral widths
of 10 ppm in both dimensions. The carrier frequency was
centered on the water signal, and the solvent was suppressed
by continuous low-power irradiation during the relaxation
delay and during the mixing time for NOESY spectra. The
2D spectra were obtained using 2048 or 4096 points for each
t1 value, and 512t1 data points were acquired for TOCSY
and NOESY experiments. Eight hundredt1 increments were
used for DQF-COSY. TOCSY spectra were recorded with
spin lock times of 30 and 60 ms. The mixing times were
150 and 300 ms in NOESY spectra. All the results were
zero filled to 1024 points int1 and multiplied byπ/8- and
π/4-shifted sine bell functions in thet1 and t2 domains,
respectively, prior to Fourier transformation.

Exchange Experiments.The exchange of amide protons
with deuterium was studied at 12°C on 3-4 mM samples
lyophilized from H2O at pH 2.7 and dissolved in2H2O. A
series of 1D, TOCSY, and NOESY spectra were acquired
over a 48 h period. The proton-deuterium exchange rates
of the backbone amide protons were determined by following
the residual intensitiesI(t) of the NH peaks with time. The

ln(kex) for the exchange was obtained by fitting the data to
a single exponential with Kaleidagraph (Synergy Software,
Reading, PA):

Structure Calculations.All calculations were performed
on a Silicon Graphics Origin 200 workstation. The structures
were displayed and analyzed on a Silicon Graphics O2
workstation using the INSIGHT II program (MSI, San Diego,
CA). The NOE intensities were classified as strong, medium,
and weak, and converted into distance constraints of 2.5, 3,
and 4 Å, respectively. If the connectivity involved side chain
protons, 3.0, 4.0, and 5.0 Å upper bounds were used instead
to account for higher mobility. For sequentialdRN anddNN

connectivities, we used bounds of 2.5, 3.0, and 3.5 Å and
2.8, 3.3, and 4.0 Å. When necessary, the distance constraints
were corrected for pseudoatoms according to Wu¨thrich et
al. (50). Φ angles of residues with small or large3JHN-HR

coupling constants (<4 or >8.5 Hz) were constrained in the
-90 to-40° or -160 to-80° ranges.ø1 angles of residues
for which stereospecific attribution of theâ-protons could
be achieved were constrained in the corresponding range.
Disulfide bridges were imposed through distance constraints
of 2.0-2.1, 3.0-3.1, and 3.75-3.95 Å on Si-Sj, Si-Câj,
Sj-Câi, and Câi-Câj distances, respectively. No H-bonds
were imposed.

3D structures were obtained from the distance and angle
restraints using the torsion angle molecular dynamics method
available in the DYANA program (28). Eight hundred
structures were calculated with the standard simulated
annealing protocol for each of the three possible disulfide
connectivities. In each case, the 20 structures with the lowest
violation of the target function were selected for further
refinement. These were submitted to molecular mechanics
energy refinement with the SANDER module of the AMBER
program (29), using the parm94 force field (30). To reduce
well-known artifacts arising from in vacuo simulations
(charged and polar side chains tend to fold back toward the
protein to find an H-bonding partner), the net charge of
ionized side chains was reduced to(0.2 and a distance-
dependent dielectric constant was used [ε ) r (31)]. During
the molecular dynamics runs, the covalent bond lengths were
kept constant by applying the SHAKE algorithm (32),
allowing a 1.5 fs time step to be used. The nonbonded pair
list was updated every 20 steps, and the temperature was
regulated by coupling the system to a heat bath with a
coupling constant of 0.2 ps. Pseudoenergy terms taking into
account the NMR interproton distance restraints were defined
as follows via four threshold distance values:r1-r4. In all
cases,r1 and r2 were set to 1.3 and 1.8 Å, respectively.r3

was taken as the upper boundary used in the DYANA
calculations, andr4 was chosen asr3 + 0.5 Å. For an
observed distance lying betweenr2 andr3, no restraint was
applied. Betweenr1 and r2 or betweenr3 and r4, parabolic
restraints were applied. Outside ther1-r4 range, the restraints
were linear with slopes that were identical at parabolic slopes
at pointsr1 andr4. A similar strategy was used for dihedral
restraints. When no stereospecific assignment could be
achieved for methyl or methylene protons, an (r-6)-1/6

averaging scheme was used instead of pseudoatoms. Five

I(t) ) I0e
-kext
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thousand cycles of restrained energy minimization were first
carried out followed by a 30 ps long simulated annealing
procedure in which the temperature was raised to 900 K for
20 ps and then gradually lowered to 300 K. During this stage,
the force constant for the NMR distance and dihedral
constraints was gradually increased from 3.2 to 32 kcal mol-1

Å-2 and from 0.5 to 50 kcal mol-1 rad-2, respectively.
Thermal Denaturation.The thermal denaturation was

followed by 1D NMR obtained on samples in2H2O previ-
ously used for exchange experiments. The temperature within
the NMR samples was calibrated with ethylene glycol.
Chemical shifts for fully unfolded speciesδu could not be
attained experimentally and were taken as random coil
chemical shifts of the corresponding protons (33-35). Since
we could not precisely determine chemical shifts for fully
folded speciesδF, these were obtained from fitting experi-
mentalδ(T) to a simple two-state unfolding mechanism (36)
using Kaleidagraph (Synergy Software):

whereR ) 1/(1 + e-∆G/RT).
Then the two-state equilibrium constant for unfolding,

and

was determined at each experimental temperature (fU, fraction
unfolded).

The ∆HU
thermal, for the reversible unfolding of the pep-

tides, was obtained from the van’t Hoff formalism:

by linear fit of ln(KU
thermal) versus 1/T. ∆SU

thermal and Tm for
reversible thermal unfolding of the peptides were calculated
by linear fitting of ∆GU

thermal versusT (37).

The statistical error on experimental chemical shifts was
estimated to(0.01 ppm. To obtain a rough estimate of the
corresponding error for the calculated thermodynamics
parameters, the above calculations were repeated 100 times
with chemical shifts randomly picked in the range ofx (
0.01 ppm, wherex is the experimentally determined value.
From the resulting distributions of parameters, mean values
and associated standard deviations were calculated and are
reported in Table 2.

RESULTS AND DISCUSSION

Design of Peptides Min-21 and Min-23

Two arguments were considered to show that the elemen-
tary CSB motif only contains two disulfide bridges: (i) the
structural superposition of various compounds containing the
motif indicating that only two disulfide bridges are remark-
ably well-conserved, with the other disulfide bridges not
being structurally conserved, and (ii) the observation of a
stable two-disulfide intermediate in the folding of EETI II
(24). Our design of the minimal peptide that would fold as
a CSB motif thus started with EETI II, which is moreover
one of the shortest peptides known to include the CSB motif.
First, the disulfide bridge between cysteines 2 and 19 must
be removed as it is not part of the CSB motif (see above).
To simplify comparisons between peptides, all residue
numbering will now refer to the parent peptide EETI II as
shown in Figure 2. Second, the first five residues, including
cysteine 2, are removed as these are not part of the CSB
motif and bear the inhibitory site of EETI II that is no longer
needed. The CSB motif starts at residue Met7 in EETI II
(the first residue of the firstâ-strand); thus, we could have
removed Leu6. However, the nuclear magnetic resonance
spectroscopy study of EETI II has shown that a hydrophobic
cluster is formed by interaction of Leu6 with Phe26 which
may be important for the stability of the molecule. We thus
chose not to remove this interaction and started the shortened
peptide at Leu6. Third, cysteine 19, which bridged with
cysteine 2 and has now lost its pairing partner, is replaced
by a serine. The replacement of a cysteine by a serine was
already used in several EETI II analogues (38, 39). All these

FIGURE 2: Sequence alignment of peptides Min-21 and Min-23 with small proteins containing the cystine-stabilizedâ-sheet motif. The
alignment is based on structural superimposition of the motif, and the numbering is from EETI II (superimposed residues are 7-9, 14 and
15, 19-22, and 26-28; note that cysteines 9, 15, 21, and 27 form the two disulfide bridges present in the CSB motif). The two disulfide
bridges of the CSB motif are depicted as black lines and bold cysteines. The third disulfide bridge in EETI II is depicted as dashed lines
and cysteines in italics. The corresponding third bridge in PCI and Avr9 (Cys5-Cys18b), in conotoxin (Cys2-Cys16), in agatoxin (Cys1-
Cys16), and in Kalata (Cys5-Cys19) is only denoted by cysteines in italics. The additional fourth bridge in agatoxin (Cys23-Cys25) is not
depicted. The positions of theâ-strands are denoted by arrows on top of the sequences. 4-Hydroxyprolines and norleucines are represented
by the letters O and X, respectively. The mutated residues at position 19 in Min-21 and Min-23 are underscored. Sequences were taken
from the Protein Data Bank (file names 2eti, 4cpa, 1omc, 1iva, and 1kal) (47) and from ref19 for Avr9 elicitor.

δ(T) ) RδF + (1 - R)δu

KU
thermal) fU/(1 - fU) ) [δF - δ(T)]/[δ(T) - δU]

∆GU
thermal) -RT ln KU

thermal

∂[ln(KU
thermal)]/∂(1T) ) -∆HU

thermal/R
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considerations resulted in a 23-residue long peptide that will
be called Min-23 (Figure 2). Nevertheless, comparison of
the 3D structure of EETI II andω-conotoxin suggests that
the â-turn from residue 16 to 19 may be shortened as this
region is two residues shorter inω-conotoxin (Figure 2). We
thus also considered a still shorter peptide called Min-21
(Figure 2). In this peptide, the two central residues in the
region of residues 16-19, i.e., residues 17 and 18, have been
removed. The new turn is now made up of residues Cys15,
Leu16, Cys19, and Val20. In ω-conotoxin, the corresponding
residues are Cys, Cys, Arg, and Ser. Of course, we do not
want any additional cysteine residue except Cys15. Therefore,
we can keep Leu16, but we must replace Cys19. We could
have replaced Cys19 by a serine as in Min-23, or by an
arginine as inω-conotoxin. However, none of these muta-
tions appear to be necessary, and we instead chose to replace
Cys19 with a glycine, a residue commonly found in position
3 of â-turns and actually present at position 3 of the
correspondingâ-turn in EETI II and Min-23 (i.e., Gly18).
Finally, to avoid possible sensitivity to oxidation of Met7,
this residue was replaced by the more stable isosteric residue
norleucine in the two peptides.

Solution Structure of Peptides Min-21 and Min-23

NMR Experiments.NMR experiments show that Min-23
and Min-21 share the same overall fold with EETI II.
Complete1H chemical shift assignments are provided in the
Supporting Information. TheR-proton chemical shifts,
3JHN-HR coupling constants, and NOEs measured on Min-
23 are quite similar to those obtained on EETI II. All the
expected NOEs between the three antiparallelâ-strands are
observed (Figure 3), except two of them which cannot be
detected. In Min-23, the resonance of HR21 being under the
residual water signal, the NOE HR21-HN28 was not observed
as well as the NOE between HN7 and HN27, which have
very close chemical shifts. Nevertheless, several NOEs were
detected between protons of residues 7 and 27. In the 310-
helix (residues 11-15) and in theâ-turn of residues 16-
19, the NOE patterns are the same for the two peptides.

With regard to the tertiary NOEs, examination of Figure
4 shows that most of them are common to Min-23 and EETI
II. Nevertheless, several differences are noticeable that could
reveal either small conformational changes or higher flex-
ibility in Min-23 such as the backbone-backbone contacts

between Arg8 and Asp14, between Cys21 and Arg8, and
between Cys21 and Lys10, which are not observed in Min-
23.

With regard to Min-21, although secondary and tertiary
NOEs common to Min-23 and EETI II were observed (Figure
4), they are less numerous. Several amide protons gave broad
resonances in the 1D spectrum. TheR-proton chemical shifts
showed large differences compared to those of EETI II and
Min-23 (up to 0.35 ppm). All these elements are in favor of
a more flexible conformation for Min-21 as compared with
EETI II and Min-23. This flexibility is confirmed by the
exchange rate measurements of backbone amide protons (see
below) and by the fact that only three stereospecific
assignments of theâ-protons (40) could be achieved for Min-
21 instead of nine for Min-23. Similarly,3JHN-HR coupling
constant values allowed determination of only threeæ

FIGURE 3: Portions of the 2D NOESY spectrum of Min-23 at 12°C and pH 2.7 showing the NOEs between protons on adjacentâ-strands:
(A) NOEs between amide andR-protons and (B) NOEs betweenR-protons.

FIGURE 4: Comparison of the NOEs observed for EETI II, Min-
23, and Min-21. The NOEs involving at least one backbone proton
are shown above the diagonal except fordNN NOEs which are
shown below the diagonal together with side chain-side chain
NOEs: (black boxes) NOEs detected in the three peptides, (gray
boxes) NOEs observed in EETI II and Min-23, (hatched boxes)
NOEs observed in EETI II and Min-21, and (grid boxes) NOEs
observed in Min-23 and Min-21. NOEs observed in one peptide
only are labeled E, 3, and 1 for EETI II, Min-23, and Min-21,
respectively.
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dihedral angles for Min-21 instead of 10 for Min-23 (see
the Supporting Information).

Information about the stability of the molecules can be
obtained from amide proton exchange experiments. Values
obtained for EETI II and the Min-23 and Min-21 peptides
are shown in Figure 5. It is usually assumed that amide
protons in H-bonds can exchange with the solvent only when
they are transiently exposed through a so-called “open”
conformation. An increase in the exchange kinetics of an
analogue may then result from a higher intrinsic solvent
accessibility, i.e., through conformational change, or from a
modification of the equilibrium between the open and the
closed conformation as a consequence of increased local and/
or global dynamics of the protein. Slowly exchanging amide
protons in EETI II are essentially those involved in backbone-
backbone or backbone-side chain H-bonds (Figure 5, black
bars). All corresponding protons in Min-23 exhibit faster
exchange kinetics probably indicative of overall lower
stability. The changes appear to be of similar magnitude in
the â-sheet area (amides 9, 20, 22, 27, and 28) and in the
helix (amides 14 and 15). The turn of residues 22-25
(amides 25 and 26) seems to be only marginally affected,
whereas the turn of residues 16-19 (amide 19) is more
strongly affected. This is not unexpected since the disulfide
bridge between Cys2 and Cys19, connecting the N-terminal
segment to the turn of residues 16-19 in EETI II, has been
removed in Min-23, probably relaxing some constraints on
the â-turn of residues 16-19. H-bonds between amide
protons of residues 10, 11, and 21 with aspartic side chains
also appear to be weaker in Min-23.

In Min-21, all exchanges are still much faster. Theâ-turn
of residues 16-19 does not exist any more and cannot be
compared. The helix seems to be more destabilized than the
â-sheet with amide 14 now exchanging very fast. HN10 and
HN11 that make H-bonds with the Asp14 side chain in EETI
II and Min-23 now also exchange very fast. Here again, the
â-turn of residues 22-25 is less affected and amides 25 and
26 are now the most slowly exchanging ones.

From these results, it is clear that removing five residues
and one disulfide bridge from the sequence of native EETI
II leads to a slightly less stable peptide that nevertheless
retains all the main structural features of the native protein.
Removing two more residues lowers the stability even more
with the loss of a few structural characteristics, although
again, the overall fold is conserved. Therefore, the CSB
structural motif alone is less stable than the parent native
protein that contains one supplementary disulfide bridge.
Nevertheless, the CSB motif still appears to be very stable
and able to fold by itself.

Structure Calculations. The three-dimensional structure of
the peptides Min-21 and Min-23 were determined from NMR
spectroscopy using the same strategy previously used for
structural studies of native EETI II and of analogues (14,
15, 24, 38, 39). The NMR study led to 60 sequential and 93
medium- and long-range NOEs for Min-23 (44 and 51,
respectively, for Min-21). Tenφ angles were determined
from the 3JHN-HR coupling constant for Min-23 (three for
Min-21). Stereospecific assignment of the Hâ protons was
achieved for nine residues in Min-23 and three residues in
Min-21. The NMR data were converted into distance and
angle constraints as usual. The dihedral constraints that were
used are available as Supporting Information, as well as the
statistics for constraint violations and for molecular mechan-
ics energies. The program DYANA (28) was used to compute
3D conformations that are compatible with the constraints
using the torsion angle dynamics method. Using AMBER
5.0 (29), the resulting models were further refined using a
molecular dynamics simulated annealing protocol. As the
cysteine connectivities were unknown, we used the same
strategy that was previously used for native EETI II; i.e.,
structure calculations were performed with the three different
possible disulfide bridges (14). As previously discussed for
the native protein, the close proximity of the cysteine residues
results in different bridges being accessible with only very
small structural modifications. Consequently, the distance
violations were only weakly affected by modification of the
connectivity, although for both peptides the sum of the
violations was lower for native connectivities. Fortunately,
in both peptides, we were able to unambiguously determine
the ø1 rotamer for at least two cysteines from coupling
constants and NOEs between HN, HR, Hâ2, and Hâ3 (40).
In contrast to interatomic distances, the cysteineø1 dihedrals
are strongly affected by the cysteine connectivity, and it now
follows from the dihedral violations that only native con-
nectivities are consistent with the NMR data. This conclusion
is moreover fully supported by the molecular mechanics and
constraint energies. Solution structures of peptides Min-21
and Min-23 superimposed onto native EETI II are displayed
in Figure 6. The global rms deviation between structures is
reported in Table 1, and the local rms deviation along the
sequence is displayed in Figure 7.

The structure of Min-23 is reasonably well-resolved with
a low global backbone rms deviation (0.29( 0.11 Å for
superimposition of the N, CR, and C atoms of residues
7-27). Leu6, which is the N-terminal residue in the shortened
peptides and is not involved in any secondary structure,
exhibits a larger rms deviation value of 1.2 Å. Residues 7,
8, and 28 of the N- and C-termini participate in the triple-
strandedâ-sheet and exhibit only slightly higher values than
average (up to≈0.5 Å). It is interesting to note that, besides

FIGURE 5: Proton-deuteron exchange rates log(Kex) of the
backbone amide protons determined for the three peptides: (black
bars) EETI II, (gray bars) Min-23, and (white bars) Min-21. Values
for amide protons which exchange very fast and were not observed
on the first 1D spectrum were set at-0.5. Values for amide protons
whose intensity did not change after a 48 h exchange were set at
-5.0. Aspartic acid side chains involved in H-bonds with amide
protons (d being Asp12 and D being Asp14) as well as H-bonded
amide protons involved in secondary structures (t being turn,â being
â-sheet, and 3 being 310 helix) in EETI II are denoted at the bottom.
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Leu6, the part of the peptide with the larger fluctuations is
theâ-turn of residues 16-19, a result highly consistent with
the amide exchange experiments.

Clearly, the structure of Min-21 is less well-defined than
that of Min-23, with a larger global backbone rms deviation
(0.62( 0.20 Å for the superimposition of the N, CR, and C
atoms of residues 7-27). The local rms deviations are always
approximately twice as large for Min-21 as for Min-23. This
was not expected a priori since shortening the turn of residues
16-19 might have introduced additional stereochemical
constraints in a small peptide already constrained by two
disulfide bridges, thus limiting the available conformational
space. This is not the case, however, and NMR data clearly
indicate that Min-21 possesses a less well-defined conforma-
tion than Min-23 (line broadening, exchange experiments,
number of possible stereospecific assignments, and rms
deviations between calculated structures).

Comparison of Min-23 with native EETI II (Figure 6)
reveals very good structure conservation, showing that the
CSB motif is barely affected by removing the additional
residues present in the native protein. Almost all H-bonds
that define the elements of secondary structure in EETI II
are conserved in Min-23:â-sheet, O7‚‚‚HN27, O25‚‚‚HN9,
O20‚‚‚HN28, and O26‚‚‚N22; 310-helix, O11‚‚‚HN14 and O12‚‚‚
HN15; andâ-turns, O16‚‚‚HN19 and O22‚‚‚HN25,HN26.

Also, two H-bonds between carboxylic acid side chains
and backbone atoms present in EETI II are conserved in all

Min-23 calculated structures: Asp14‚‚‚HN10,HN11 and Asp12‚‚‚
HN21. Note however that the last H-bond of theâ-sheet
(O28‚‚‚HN20) seen in EETI II is disrupted in Min-23 and O28

now H-bonds with the side chain of Ser19 (a residue that
replaces Cys19 of EETI II). The O28‚‚‚HN20 H-bond is also
absent in many Min-21 structures (Figure 6). In this case,
however, O28 cannot H-bond with side chain of residue 19
which is now a glycine (it is a serine in Min-23), resulting
in a larger rms deviation value for Gly28 (Figure 7). The
replacement of a backbone-backbone H-bond in EETI II
with a backbone-side chain H-bond in Min-23 probably
contributes to the reduced stability of Min-23. Similarly, the
complete loss of this H-bond in Min-21 is consistent with
the increased flexibility of Min-21. Moreover, in Min-21,
and in agreement with the amide exchange data, the H-bonds
with aspartic acid side chains are not fully conserved. The
Asp12‚‚‚HN21 H-bond is present in only seven structures out
of 20, and alternative H-bonding of Asp12 with the amide of
Gly19, which belongs to the modified region between Min-
21 and Min-23, is also observed. Even more, the Asp14‚‚‚
HN10,HN11 H-bond is observed in only one structure. This
simply suggests that there is no particular H-bond involving
aspartic acid side chains, which is very strong in Min-21. It
should be kept in mind that this does not provide any
information about the persistence of these H-bonds in
solution since calculations were carried out in vacuo, and
there were no competing solvent molecules. Indeed, ste-
reospecific assignment could be achieved for aspartic acids
in Min-23 but not in Min-21, and this is certainly related to
a larger conformational flexibility of these residues in Min-
21, as also indicated by line broadening, amide proton
exchange experiments, and larger rms deviations between
calculated structures.

ø1 angles for cysteines in the calculated structures are listed
in Table 1. Min-23 exhibited disulfide bridge conformations
very similar to those in native EETI II. For this peptide, Hâ
protons of all four cysteine residues could be stereospecifi-
cally assigned and corresponding rotamers were determined
to be identical to those in EETI II. Rotamers of only two
cysteine residues could be determined for Min-21, i.e., for
Cys9 and Cys15. The Cys9 rotamer was the same as in Min-
23 and EETI II, and the corresponding Cys9-Cys21 disulfide
bridge exhibited a conformation similar to that of EETII II
and Min-23. The Cys15 rotamer, however, was different from
both EETI II and Min-23, and the Cys15-Cys27 disulfide
bridge exhibited rather well-defined conformations different
from those in EETI II and Min-23 (Table 1). This modifica-
tion may be a result of the shortening of the turn of residues
16-19 that induces conformational modification of the close
Cys15. Indeed, Leu16 in Min-21 is significantly displaced from
the position it occupies in EETI II and Min-23 and now
points toward the solvent (Figure 6). Accordingly, the contact
between Leu16 and Cys27, present in Min-23, was no longer
detected in Min-21.

Thermal Stability

To more carefully evaluate the stability of the CSB motif,
EETI II, Min-23, and Min-21 were submitted to thermal
unfolding experiments. Thermal unfolding of proteins is
traditionally assessed using circular dichroism, ultraviolet,

FIGURE 6: Average rms deviation between calculated structures.
The 20 calculated structures for each peptide were superimposed
pairwise for the backbone atoms of residues 7-27. The average
rms deviations are plotted along the sequence as black circles (Min-
21) and white circles (Min-23). The position of the cysteines is
denoted by the letter C at the bottom.

Table 1: rms Deviations and Disulfide Bridge Conformations of
Computed Peptide Models

rms Deviationsa,b (Å)
Min-23 Min-21

backbone 0.3 (0.1) 0.6 (0.2)
heavy atoms 1.3 (0.3) 1.7 (0.3)

Disulfide Bridgesa

ø1 EETI II Min-23 Min-21

Cys9 50.7 66.5 (2.4) 74.6 (5.0)
Cys21 -173.8 -173.1 (1.9) 165.5 (4.6)
Cys15 -58.0 -51.0 (3.0) -163.8 (6.5)
Cys27 -63.1 -64.0 (1.6) 179.3 (8.8)

a Mean values and standard deviations in parentheses obtained for
the 20 calculated structures.b rms deviations are for the superimposition
of backbone or heavy atoms of residues 7-27.
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or fluorescence spectroscopy, or studied by differential
scanning calorimetry. Unfortunately, wild-type EETI II and
the shortened analogues do not possess good ultraviolet or
fluorescent probes (there is only one phenylalanine in the
sequences). Moreover, the circular dichroism spectra of these
compounds are difficult to analyze, possibly because of the
limited amount of standard secondary structures and the
contribution of the three disulfide bridges. On the other hand,
NMR spectroscopy has been used many times in recent years

to study thermal unfolding by monitoring the change in
chemical shifts as a function of temperature (36, 41, 42). It
has been shown in one case that using different approaches
gives superimposable results (41). One advantage of using
NMR is that specific information may be obtained for
different parts of the protein. The native protein and the Min-
21 and Min-23 peptides haveTm values that are too high for
attaining fully unfolded species under conditions accessible
to NMR experiments in H2O. Therefore, proton chemical

FIGURE 7: Stereoviews of the computed solution structures of peptides (A) Min-23 and (B) Min-21. Fifteen calculated structures are
displayed for each peptide as thick lines (backbone) and thin lines (side chains). The disulfide bridges as well as the native inhibitor EETI
II are depicted as thin dashed lines. (C) Superimposition of the solution structures closest to the average conformations of Min-21 (thin
lines) and Min-23 (medium lines) and of EETI II (thick lines). All structures were superimposed for backbone atoms of residues 7-27. The
cysteines and the N- and C-termini are numbered.
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shift values for fully unfolded species were assimilated to
random coil chemical shift values determined for small
peptides (33-35). The experimental data and the theoretical
values for the unfolded species were fitted to a simple two-
state process (36), allowing determination of the theoretical
chemical shift value for the fully folded species. From this,
the fraction of protein in the unfolded conformation at each
experimental temperature was calculated, allowing evaluation
of the equilibrium constantK for the equilibrium between
folded and unfolded forms and the associated∆GU

thermal. A
van’t Hoff plot of ln K as a function of 1/T exhibited an
almost linear relationship, indicating that heat capacity does
not vary significantly during experimental unfolding, and
∆HU

thermal was obtained from a linear fit. The heat capacity
variation usually observed during protein unfolding has been
ascribed to exposure of a much larger hydrophobic surface
in the unfolded form (43). Thus, two effects may be invoked
to explain the almost constant heat capacity during Min-21
and Min-23 unfolding: (i) the small size of the protein
precludes burying of a large hydrophobic surface area in the
folded form, and (ii) the disulfide bridges prevent the
unfolded form from acquiring fully accessible conformations.
Then, from a plot of∆GU

thermal as a function ofT, Tm was
taken as the temperature at which∆GU

thermal ) 0 and
∆SU

thermal was taken as the slope of∆GU
thermal versusT at Tm

(37).
The unfolding curves for several protons are displayed in

Figure 8, and thermodynamic parameters are listed in Table
2. Only one comparison could be made between Min-23 and
native EETI II for theâ-protons of Cys21. The other EETI
II protons that could be monitored during temperature
variation exhibited no significant chemical shift modification.
Even for the Cys21 â-protons, EETI II unfolding remained
very limited (fraction unfolded< 0.2) and only allowed a
very rough estimation of the thermodynamical data. The
approximate difference inTm between Min-23 and EETI II
is about 40° which might be reasonable, but the calculated
∆∆GU

thermal is only 0.6 kcal mol-1 at 17°C, and is probably
underestimated. Indeed, all observations indicate that Min-
23 is less stable than EETI II: faster exchange of all amide
protons involved in H-bonds and larger thermal unfolding.
Nevertheless, the data in Table 2 clearly indicate that Min-
23 retains strong thermal stability. Not unexpectedly, side
chain protons exhibit lowerTm values (85-96 °C) than
backbone protons (102-112°C). The highestTm values are
observed for HR protons of Gly25. The HR proton of Phe26

exhibits a larger∆GU
thermal (3.4 kcal mol-1), whereas other

protons exhibit∆GU
thermal values between 1.9 and 2.5 kcal

mol-1.
Min-21 exhibits a still lower stability with aTm near 60

°C. As in Min-23, the highestTm values are observed for
HR protons of Gly25 (82 and 92°C). The Tm difference
between Min-23 and Min-21 is in the range of 20-40 °C.
∆GU

thermal values for Min-21 (∆GU
thermal ≈ 1.2-1.5 kcal

mol-1) are quite constant for the protons that were studied
and significantly lower than that observed for Min-23. The
calculated∆∆GU

thermalbetween the two peptides is close to 1
kcal mol-1 except for the HR of Phe26 for which a value
that is twice as large is obtained.

In Min-23, the HR of Phe26 exhibits a higherTm than the
side chain protons (Leu6 and Phe26), and among the side

chains, Leu6, which is the first residue and which is not
involved in secondary structure, has the lowestTm. These
results do make sense and are in accordance with general
concepts on protein structure. In Min-21, all protons exhibit
similar variations, except the HR of Phe26 which now behaves
in the same manner as the side chain aromatic protons of
Phe26 (Table 2 and Figure 8). This may indicate some
instability in the backbone near Phe26, although the previous
Gly25 residue did not exhibit such a behavior. The instability
of Phe26 might rather be related to its proximity to Cys27,
which is involved in a disulfide bridge, the conformation of
which was modified between Min-23 and Min-21.

CONCLUSION

In this paper, we have described the design, the structure,
and the stability of two peptides, Min-21 and Min-23, that

FIGURE 8: Thermal unfolding curves. The fraction unfolded
calculated from the chemical shift (see Materials and Methods) is
plotted as a function of temperature. (A)â-Proton of Cys21 in EETI
II (b) and Min-23 (4). (B) Min-23 peptide. (C) Min-21 peptide.
Proton identification is as follows: Leu6 Hδ (O), Gly25 HR2 (2),
Gly25 HR3 (b), Phe26 H2,H6 (×), and Phe26 HR (]).
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are believed to be the shortest ones to contain the widespread
CSB elementary structural motif. The two peptides contain
only two disulfide bridges, whereas all native proteins built
on this motif contain at least one supplementary disulfide
bridge. Nevertheless, both peptides were shown to fold
correctly in a native-like fashion, thus lending support to
the initial hypothesis that the elementary motif only contains
two disulfide bridges and is an autonomous folding unit.

Min-23 exhibits a well-defined conformation, very similar
to the structure of the native parent inhibitor EETI II.
Although Min-23 is less stable than EETI II, it nevertheless
retains high thermal stability, with a meanTm of almost 100
°C (Table 2). Min-21 is only two residues shorter, but its
conformation is clearly much less well defined. The differ-
ence in stability between Min-23 and Min-21 is about 1 kcal
mol-1. At the moment, this difference cannot be explained
in detail. The shortening of the turn of residues 16-19
resulted in a modified conformation of the disulfide bridge
of residues 15-27 and in loosened H-bonds of the Asp12

and Asp14 side chains with backbone amides. However, this
turn modification was designed on the basis of the structure
of ω-conotoxin that seems to accommodate the short turn
without apparent structural constraints. It is worth noting that
the third disulfide bridges in native EETI II (Cys2-Cys19)
and in native conotoxin (Cys2-Cys16) are differently located
with respect to the turn of residues 16-19 and might play a
very different role in stabilizing the native proteins. There-
fore, it is possible that removing these third disulfide bridges
in Min-21 and Min-23 leads to different and unexpected
results for the two peptides. Analysis of the structure of
ω-conotoxin also indicates that, in contrast to Min-21 and
Min-23, the segment between Cys9 and Cys15 contains no
310-helix and is one residue longer. This may provide Cys15

with a sufficient degree of freedom that it forms a disulfide
bridge from residue 15 to 27 with a conformation similar to
the one in EETI II, despite a segment that is two residues
shorter between cysteines 15 and 19. In Min-21, the loss of
freedom of Cys15 due to the short segment of residues 15-
19 is not offset by relaxing residues 9-15, probably forcing
the disulfide bridge from residue 15 to 27 to adopt a different
conformation. This modification is accompanied by a
significant displacement of residues 16 and 19 (Figure 6). It
is also possible that the constraints on Cys27 destabilize the
triple-strandedâ-sheet near Cys27 and are responsible for the
particular behavior of the Phe26 HR proton in the thermal
unfolding experiments with Min-21. It therefore seems that

the sequence of Min-21 is not optimal for the CSB fold,
although more theoretical and experimental studies remain
to be done on these peptides and on analogues to fully
understand the reasons for the reduced stability of Min-21.
Nevertheless, the study of Min-21 already affords one
interesting conclusion concerning the length of the segments
connecting cysteines in the CSB motif. The alignment in
Figure 2 and other alignments not shown suggest that these
segments can vary largely in length and that the sequences
C-x5-C-x4-C and C-x6-C-x2-C (where x is any amino acid)
are among the shortest possible connections between the first
and third cysteines in the CSB motif. However, the reduced
stability of Min-21 indicates that these connections cannot
be combined to give C-x5-C-x2-C without a significant loss
of stability.

It is worth noting that, in both peptides, the turn of residues
22-25 exhibited peculiar properties. First, the amide proton
exchanges remained slow while other regions were more
affected when compared with the native inhibitor EETI II.
Second, the calculatedTm values of the Gly25 HR protons
are the highest observed in each peptide. This might well
be related to the highâ-turn propensity of this sequence and
to its possible involvement in a folding nucleation site (39,
44).

The main goal of this study was to design a short peptide
with the CSB motif that is stable, easy to fold, and devoid
of any active site. Min-23 appears to be such a peptide and
therefore constitutes a very good starting building block for
engineering new bioactive compounds by grafting active or
recognition sites. Min-21 is less stable but retains the essential
structural features and might be useful if a higher flexibility
is desired. It is hoped that the characterization of the
elementary CSB motif described in this paper will help in
the elucidation of relationships between sequences and
structures of small disulfide-rich proteins and will provide a
new and interesting basis for future design projects.
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SUPPORTING INFORMATION AVAILABLE

1H chemical shift assignments of EETI II, Min-23, and
Min-21, data on distance and angle constraints used for
structure calculations, and statistics on constraint violations

Table 2: Thermodynamic Parameters for Peptide Thermal Unfolding

proton compound ∆HU
thermala,b Tm

a,c ∆SU
thermala,d ∆GU

thermala,b ∆∆GU
thermala,b

Cys21 Hâ EETI II 10h 127 25h 2.7i

Min-23 11 89 29 2.1 0.6e

Leu6 Hδ Min-23 13i 85 36i 2.5i

Min-21 14 54 42 1.5 1.0f

Gly25 HR2g Min-23 11h 106 28h 2.5h

Min-21 8 82 22 1.4 1.1f

Phe26 H2,H6 Min-23 9 96 25 1.9
Min-21 9 62 27 1.2 0.7f

Phe26 HR Min-23 15i 102 40i 3.4i

Min-21 9 62 26 1.2 2.2f

a Mean values, and standard deviations, obtained from multiple calculations as described in Materials and Methods. Standard deviations are
(1-15%. b Values are in kilocalories per mole.c Values are in degrees Celsius.d Values are in kilocalories per mole per kelvin.e ∆∆GU

thermal )
∆GU

thermal(EETI II) - ∆GU
thermal(Min-23). f ∆∆GU

thermal) ∆GU
thermal(Min-23) - ∆GU

thermal(Min-21). g Values for Gly25 HR3 are very similar.h Standard
deviations are(30-45%. i Standard deviations are(15-30%.
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and molecular mechanics energies of the calculated struc-
tures. This material is available free of charge via the Internet
at http://pubs.acs.org.
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