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ABSTRACT: R-Conotoxins isolated fromConusvenoms contain 11-19 residues and preferentially fold
into the globular conformation that possesses a specific disulfide pairing pattern (C1-3, C2-4). We and
others isolated a new family ofø-conotoxins (also calledλ conotoxins) with the conserved cysteine
framework of R-conotoxins but with alternative disulfide pairing (C1-4, C2-3) resulting in the ribbon
conformation. In both families, disulfide pairing and hence folding are important for their biological potency.
By comparing the structural differences, we identified potential structural determinants responsible for
the folding tendencies of these conotoxins. We examined the role of conserved proline in the first
intercysteine loop and the conserved C-terminal amide on folding patterns of synthetic analogues of ImI
conotoxin by comparing the isoforms with the regiospecifically synthesized conformers. Deamidation at
the C-terminus and substitution of proline in the first intercysteine loop switch the folding pattern from
the globular form ofR-conotoxins to the ribbon form ofø/λ-conotoxins. The findings are corroborated by
reciprocal folding of CMrVIAø/λ-conotoxins. Substitution of Lys-6 from the first intercysteine loop of
CMrVIA conotoxin with proline, as well as the inclusion of an amidated C-terminal shifted the folding
preference of CMrVIA conotoxin from its native ribbon conformation toward the globular conformation.
Binding assays of ImI conotoxin analogues withAplysiaandBulinusacetylcholine binding protein indicate
that both these substitutions and their consequent conformational change substantially impact the binding
affinity of ImI conotoxin. These results strongly indicate that the first intercysteine loop proline and
C-terminal amidation act as conformational switches inR- andø/λ-conotoxins.

The venoms of marine predatory cone snails contain
cocktails of pharmacologically active peptides. TheseConus
peptides are broadly classified into two groups: (a) possess-
ing a single or no disulfide bridge and (b) having multiple
disulfide bridges. The latter group forms the major compo-

nents of theConusvenom (1). These peptides, collectively
named as conotoxins, form compact and well-ordered three-
dimensional (3D) structures through the formation of two
or more disulfide bridges among the short sequence length
of 10-30 amino acid residues (1-3). So far, an extensive
listing of conotoxins have been purified and characterized.
Depending on the characteristic disulfide linkage patterns
seen in the mature peptides as well as the highly conserved
signal sequences of the precursor molecules, these toxins are
classified into the A-, M-, O-, P-, S-, and T-superfamilies
(2). On the basis of their cysteine framework, the first three
superfamilies are subdivided into various families. Members
of each family of conotoxins possess identical cysteine
framework as well as remarkable molecular specificity to
recognize a precise subclass of ion channels/receptors
(1-3).

R-Conotoxins, which belong to the A-superfamily, are one
of the most intensely studied groups of conotoxins. Function-
ally, they are competitive inhibitors of either “muscle-type”
or “neuronal-type” nicotinic acetylcholine receptors (2).
Structurally,R-conotoxins possess 11-19 amino acid resi-
dues including four highly conserved cysteine residues and
fold into the native globular conformation, with a specific
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cysteine pairing (C1-3, C2-4). In contrast, the two non-native
forms (which suffer at least a 10-fold reduction in biological
activity) are not found in nature (4).

To determine the contribution of the side chains toward
the formation of the globular conformation, Zhang and
Snyder studied the effect of alanine substitution on several
conserved residues in the 3/5R-conotoxin GI (5). However,
substitution with alanine, either singly or in combination,
failed to result in the total conformational switch from the
native conformation to either of the two non-native forms.
Substitutions included proline and glycine that are likely to
induce a kink or flexibility in the sequence and often dictate
folding patterns (6, 7). The influence of the number of
residues within the intercysteine loops was also examined
by changing the position of the third cysteine residue in the
peptide sequence. The authors concluded that forR-conotoxin
sequences with intercysteine loops comprising less than five
residues number rather than type of residues was more critical
for achieving a globular conformation; loops with an even
number of residues appeared to favor the globular conforma-
tion (5). However, this rule does not appear applicable to
the different subclasses ofR-conotoxin, especially in the
prediction of the globular versus the ribbon conformations
(8).

Recently, several groups discovered a new family of
conotoxins: ø-conotoxins (orλ-conotoxin) (9-11). This
novel class of conotoxins possesses the conserved arrange-
ment of quadruple cysteines asR-conotoxins. However, their
native cysteine pairing is unique as they exhibit a ribbon
(C1-4, C2-3) conformation instead of the usual globular
structure seen inR-conotoxins. The mechanism of neuro-
toxicity induced by theø/λ-conotoxins is also distinct from
that of R-conotoxins (10). As in the case ofR-conotoxins,
the native cysteine pairing and consequent conformation have
also been shown to be important for the biological activity
of ø/λ-conotoxins: the non-native globular isoform ofø/λ-
conotoxin CMrVIA displays a lower potency of three orders
in magnitude in the induction of seizures in mice (9). These
findings underscore the crucial role of disulfide linkages and
conformation for the biological potencies of these peptides.
However, the structural features governing the disulfide
pattern and attendant conformational differences are still
unclear.

The discovery ofø/λ-conotoxins lends insights into the
structural features that are critical for the differing folding
patterns of these two families ofConuspeptides. To delineate
structural determinants responsible for the shift in folding
tendency, we systematically analyzed the structural differ-
ences betweenR-conotoxins andø/λ-conotoxins. Herein we
describe the contribution of the proline residue in the first
intercysteine loop in affecting the folding pattern in repre-
sentative members of these families of conotoxins. By
examining further variants, we also confirm our earlier
finding on the effect of C-terminal amidation on the folding
pattern of ImIR-conotoxin (12). By using synthetic conge-
ners of ImI conotoxin and parallel NMR studies of the
various folded forms, we show that these structural deter-
minants, individually and in combination, shift the pattern
toward the globular conformation. These structural changes
of various ImI conotoxin analogues are correlated with their
ability to bind toAplysiaandBulinusacetylcholine binding
proteins (abbreviated as A-AChBP and B-AChBP, respec-

tively), the protein family of which structures ofR-conotoxins
at their binding sites have been reported (13, 14). In turn,
by substituting proline into the first intercysteine loop of
CMrVIA ø/λ-conotoxin, we show that the native ribbon
conformation of CMrVIA conotoxin reciprocally folds into
its non-native globular form.

MATERIALS AND METHODS

Materials. Standard Fmoc-L-amino acid hydroxyl deriva-
tives, Fmoc-L-Cys(Trt)-PEG-PS (polyethylene glycol-poly-
styrene) support resin, Fmoc-PAL-PS support resin,N,N-
dimethylformamide (DMF), trifluoroacetic acid (TFA), 20%
piperidine in DMF,O-(7-azabenzotriazol-1-yl)-1,1,3,-3-tet-
ramethyluronium hexafluorophosphate (HATU), andN,N-
diisopropylethylamine (DIPEA) were purchased from Ap-
plied Biosystems Asia Pte Ltd (Foster City, CA). Fmoc-L-
Cys(Trt)-OPfp amino acid derivative was purchased from
Novabiochem (San Diego, California). Vydac C18 90 Å (4.6
× 250 mm) column and Jupiter 300 5µ C18 300 Å (10×
250 mm) semipreparative column were purchased from
Grace Vydac (Hesperia, California), and Phenomenex (Tor-
rance, California), respectively. 1,2-Ethanedithiol and thio-
anisole were obtained from Fluka/Riedel-de Hae¨n (Sigma
Aldrich, St. Louis, Missouri). All other chemicals and
reagents used were of analytical grade.

Peptide Synthesis and Characterization. For ease of
comparison, native ImIR-conotoxin and CMrVIA ø/λ-
conotoxin shall be referred as ImI P6 Amide and CMrVIA
K6 Acid, respectively. Except for CMrVIA P6 Amide and
CMrVIA P6 Acid variants which were custom synthesized
by Mimotopes (Melbourne, Australia), analogues of ImI
conotoxin and CMrVIA conotoxin (Table 2) were chem-
ically synthesized on an ABI Pioneer model 433A Pep-
tide synthesizer using 9-fluorenylmethoxycarbonyl (Fmoc)
chemistry.

The amino acid residues were coupled usingO-(7-
azabenzotriazol-1-yl)-1,1,3,-3-tetramethyluronium hexafluo-
rophosphate/N,N-diisopropylethylamine for in situ neutral-
ization chemistry. Peptides with C-terminal amidation were
synthesized using Fmoc-PAL-PS (5-(aminomethyl-3,5-
dimethoxy-phenoxy) valeric acid linker) support, while
variants with a free carboxyl terminal were assembled on a
preloaded Fmoc-L-Cys(Trt)-PEG-PS (4-hydroxymethylphe-
noxyacetic acid linker) support resin.

Selective deprotection involving orthogonal side chain
protection of the four cysteine residues generated specific
cysteine pairings in the formation of the two disulfide bridges
(9). Cysteine pairs involved in the formation of the first and
second disulfide bridge were protected using S-trityl and
S-acetamidomethyl protection groups respectively. Peptides
designed for folding and oxidation studies were synthesized
with all four cysteine residues protected with an S-trityl group
followed by its removal in the resin cleavage step.

The assembled peptides were cleaved from the resin by
incubating with cleavage cocktail comprising of TFA/1,2-
ethanedithiol/thioanisole/water (90:4:4:2% v/v) for 2 h. The
crude peptides were then purified using a Jupiter 300 Å 5µ
C18 (10× 250 mm) semipreparative column on an A¨ KTA
purifier system. Molecular masses were ascertained by
electrospray ionization mass spectrometry (ESI-MS) on a
Perkin-Elmer Sciex API III Triple-stage Quadrupole system.
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Iodine Oxidation. Peptide variants with the desired re-
giospecifically synthesized disulfide linkage were generated
by means of a two-step oxidation process through selective
deprotection. The first disulfide bond was formed between
the two S-trityl protected cysteine residues which were
deprotected during the cleavage step. This oxidation was
achieved by stirring 0.1 mg/mL of peptide solution in 0.1
M NH4HCO3 (pH 8.5) in air. Complete oxidation of the first
disulfide bridge was confirmed by the reduction of two mass
units as determined with ESI-MS.

The second pair of cysteines with S-acetamidomethyl
groups was deprotected and concomitantly oxidized by
adding 0.1 M I2 solution to a deaerated solution containing
0.1 mM peptide (10 equiv/ACM) in acetonitrile/TFA/water
(20:2:78% v/v) and stirred vigorously under nitrogen blanket
for 5 min before quenching with 1 M ascorbic acid dropwise
until the solution becomes colorless. The crude peptides were
purified to >90% purity by semipreparative reverse-phase
HPLC (data not shown) and characterized by ESI-MS. The
observed mass for all peptides matched the theoretical mass
well (Supplementary Table S1, Supporting Information). The
purified reduced peptides were then lyophilized and stored
at -20 °C.

Oxidation/ Folding Studies. The molecular masses and
integrity of fully deprotected and reduced peptides were
verified using ESI-MS prior to oxidation studies. Oxidation/
folding studies were conducted using either glutathione redox
system or air oxidation in the folding buffer (100 mM Tris-
HCl and 2 mM EDTA, adjusted to pH 8.5) with or without
denaturant (6 M guanidium HCl). For air oxidation, 0.1 mM
of peptide was dissolved in buffer solution and allowed to
stir in air for 48 h. Glutathione oxidation was performed
using reduced/oxidized glutathione system (0.8 mM GSSG/
1.6 mM GSH) incubated under nitrogen blanket for 4 h. Air
oxidation will provide cleaner products with few side reaction
products, but they are not likely to represent the energetically
favorable conformations. The glutathione redox system
provides an oxidative environment that drives oxidation of
the peptides to completion, favoring the kinetically stable
conformations. However, this system is also more likely to
result in side reaction products as compared to air oxidation
(5). Oxidations in both sets of conditions were done in
triplicate and repeated in both folding buffer and denaturing
buffer.

Oxidation reactions were quenched by adding glacial acetic
acid to adjust pH to 4.0 before separation and quantification
on a Vydac (4.6× 250 mm) 90 Å C18 column (5). The
oxidized peptides were separated using a gradient of 80%
acetonitrile, with either 0.1% TFA or formic acid as ion-
pairing agent over 100 min. Elution of peptides was
monitored by absorbance at 215 and 280 nm and quantified
by peak areas.

NMR Studies. Samples for NMR spectroscopy were
prepared in 90% H2O/10% D2O to concentrations of∼2 mM
peptide before correcting its pH to 3.1 using deuterated
sodium hydroxide and deuterium chloride. Proton 1D spectra
were acquired at various temperatures ranging from 290 to
310 K, and the temperatures achieving the best resolution
were used for the 2D experiments. All spectra acquired were
referenced to 4,4-dimethyl-4-silapentane-1-sulfonate (DSS)
as the internal standard. TOCSY experiments (15) were
carried out with a mixing time of 80 ms, and ROESY

experiments (16) were conducted at 300 ms. All 2D NMR
spectra were acquired on a Bru¨ker AVANCE DRX 500 MHz
spectrometer with GRASP-II facility, with BVT 3000 control
unit, maintaining the temperature within(0.1 K. Water
suppression in the 2D spectra was achieved using a modified
watergate sequence (17), and spectra were acquired using
time proportional phase incrementation. Spectra were ac-
quired with 2048 and 512 data points in F2 and F1
respectively, multiplied with squared sine bell window
functions shifted by 90°, before zero-filling to 2048 by 1024
data points. The spectra were then processed on Silicon
Graphics Fuel Workstation using Bru¨ker XWIN-NMR
software or Mestre-C: 4.5.9.1 software on Microsoft
Windows platform.

Molecular Modeling. Molecular modeling studies were
carried out using InsightII 2000 software (Accelrys Inc., San
Diego, CA) on an Origin 2000 Silicon Graphics computer,
using consistent valence force field (Cvff) in the calculations.
Conformational spaces consistent with the experimental ROE
constraints derived from the NMR spectrum were examined
in vacuo. ROE intensities were classified as strong (1.9-
3.1 Å), medium (1.9-3.8 Å), and weak (1.9-5.0 Å). The
protons were brought to observable ROE distances using a
penalty force of 100 kcal mol-1 Å-2. After the initial energy
minimization and molecular dynamics at 300 K, the distance
versus time plot between the thiol groups of the four cysteine
groups was generated. The conformation satisfying the
following condition of disulfide bridge criteria was manually
bridged to form the two disulfide bonds. The distance
between two sulfur atoms after the disulfide bond formation
should be in the range of (rss) 1.8-2.4 Å and dihedral angle
øss ) |70 - 100°|. The conformation with the shortest
distance between the two pairs of cysteines corresponding
to the expected conformation was manually bridged to form
the two disulfide bonds. Partial charges and potentials were
fixed using InsightII with Cvff force field. High-temperature
molecular dynamics was then performed using InsightII
Discover module at 300 and 600 K at 10 ps, followed by
900 K at 20 ps with trajectories updated every 100 fs.
Molecular dynamics studies were subsequently done at
decreasing temperatures from 900 to 400 K in steps of 100
K before cooling to 300 K by “soaking” in an assembly of
water molecules for 20 ps (sphere radius of 8 Å). At each
point of the high-temperature simulations, all peptide bonds
(except proline residues) were held in the trans position.
Pseudo-atom corrections were made for methyl and meth-
ylene protons according to Wuthrich et al. (18). A total of
211 structures were generated, of which, the 15 frames with
the lowest energy levels were relaxed using steepest descent
method by subjecting to 100 steps of energy minimization,
followed by conjugate gradient until the root-mean-square
derivative was less than 0.6 kcal mol-1 Å. The final structure
was then overlaid with the averaged structure of all 211
frames.

Determination of Conotoxin*AChBP Interaction Con-
stants.Second-order association and first-order dissociation
rate constants (kon and koff) were determined by direct
measurements of conotoxin binding toAplysia californica
acetylcholine binding protein (A-AChBP), as well asBulinus
truncatusacetylcholine binding protein. The stopped-flow
technique was used to measure rates of quenching of intrinsic
AChBP tryptophan fluorescence upon binding of the cono-
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toxins at micromolar concentrations.kon and koff were
obtained by linear fit of first-order decay rates of AChBP
fluorescence, at several conotoxin concentrations. The first-
order dissociation constants were also determined by mea-
surements of the rate of return of AChBP fluorescence in
the stopped-flow apparatus upon mixing conotoxin*AChBP
complex with 1000-fold excess of competing ligand, gal-
lamine or epibatidine.

Dissociation constants (Kd) of conotoxin*AChBP complex
were also determined from the conotoxin concentration
dependence of the pseudo-first order association rate, of
A-AChBP ligands gallamine or (5-dimethylamino-naphthalene-
1-sulfon-amido-ethyl)-tri-methyl-ammonium. The measure-
ments were performed in 0.1 M phosphate buffer, pH 7.0 at
22 °C on a SX.18 MV stopped-flow instrument (Applied
Photophysics).

A scintillation proximity assay (SPA, Amersham Bio-
sciences) adapted for use in a soluble radioligand binding
assay was additionally used to determineKd for conotoxin
binding to A-AChBP. Increasing concentrations of cono-
toxins were incubated with (+)-epibatidine and 0.5 nM

binding sites of AChBP. Radioactivity was measured on a
Beckman LS 6500 liquid scintillation counter.

RESULTS

Identification of Potential Structural Determinants for
Folding. Table 1 shows the sequence alignment ofR-cono-
toxins and ø/λ-conotoxins. Despite the four conserved
cysteine residues,R-conotoxins as well asF-conotoxin
exhibit the globular conformation with C1-3, C2-4 disulfide
pairing while ø/λ-conotoxins adopt a ribbon conformation
with C1-4, C2-3 disulfide pairing. A systematic analysis of
these sequences highlights the key differences between these
two closely related families of conotoxins: (a) AllR/F-
conotoxins (except GID conotoxin (19)) are amidated at the
C-terminal end. C-terminal amidation is not conserved in
ø/λ-conotoxins; (b) Sequences ofR-conotoxins contain at
least one proline residue in the first intercysteine loop. A
conserved proline is found in the penultimate position in the
first intercysteine loop of both 4/ (3-7) and 3/5 classes of
R-conotoxins. However, this kink-inducing residue is con-
sistently absent from the first intercysteine loop of the four

Table 1: Sequence Alignment ofR-Conotoxins,F-Conotoxin, andø-Conotoxinsa

a Four conserved cysteine residues were used to align the sequences.R-Conotoxins are divided into the 4/(3-7) and 3/5 classes based on the
intercysteine spacing. The conserved C-terminal amidation seen in all (except conotoxin GID) is represented by an asterisk (*). The native disulfide
pairings are shown above each class of conotoxins. # (m/n) refers to the number of residues in the first and second intercysteine loops, respectively,
when the peptides adopt either the globular or ribbon conformation upon formation of the two disulfide bridges.

Protein Folding in Conotoxins Biochemistry, Vol. 46, No. 11, 20073341



currently known members of theø/λ-conotoxins; and (c)ø/λ-
conotoxins have only two residues in the intercysteine loop
2, with the second residue being a hydroxyproline. In
contrast, the second intercysteine loop inR-conotoxins tends
to be slightly longer. Further, when proline is present within
the second loop ofR-conotoxins, it is usually situated at a
different position. We propose that these conserved structural
features in these two families of conotoxins are responsible
for the variation in folding tendencies and thereby, act as
conformational switches. The C-terminal amidation and
proline in the first intercysteine loop may help in inducing
globular conformation, whereas the loop size of the second
intercysteine loop may be useful in retaining the ribbon
conformation. These observations laid the basis for design
of the synthetic variants, in which the contributions of
C-terminal amidation as well as the proline residue in the
first intercysteine loop were sequentially examined. We chose
ImI conotoxin as a model because it is the shortest and a
widely studiedR-conotoxin (20-33). Except for the con-
served C-terminal amidation and disulfide linkages, no
other post-translational modification was noted in ImI cono-
toxin. Unlike the 3/5 GIR-conotoxin examined earlier (5),
the length and intercysteine loop sizes of the 4/3 ImI
R-conotoxin also match those of the 4/2ø/λ-conotoxins
closely (Table 1).

Chemical Synthesis of Conotoxin Analogues. Earlier, we
reported the influence of C-terminal amidation on the folding
tendency of ImI conotoxin and its variants (12). To inves-
tigate the role of the conserved proline residue in the first
intercysteine loop, ImI K6 Amide was prepared. In this
variant, Pro-6 of ImI conotoxin was replaced with a lysine,
commonly found in the same position ofø/λ-conotoxins

sequences. Second, ImI K6 Acid provides an alteration in
C-terminal amidation and first intercysteine loop proline in
a single variant. Finally, proline was replaced with alanine
in the ImI A6 Amide variant to examine the role of the imine
residue while minimizing changes to the side chain.

To test the reciprocal conformational switch, we incor-
porated these structural features in synthetic analogues of
CMrVIA ø/λ-conotoxins: CMrVIA K6 Acid represents the
native sequence of CMrVIA conotoxin, while CMrVIA K6
Amide was synthesized to incorporate a C-terminal amide
that is absent from the native sequence. Both amidated and
free carboxylic acid analogues of CMrVIA P6 variants were
also synthesized to examine the effect of substituting Lys-6
of CMrVIA conotoxin with a proline residue (Table 2).

We also synthesized regiospecific disulfide variants to the
ImI and CMrVIA conotoxin analogues by two-step selective
deprotection scheme. For each variant, both the globular and
ribbon conformations were assembled. The beaded confor-
mation was not examined due to a much lower tendency of
forming disulfide bridges between the vicinal cysteine
residues.

Folding Studies. The purified and reduced peptides were
subjected to oxidation conditions by stirring in either
glutathione redox system under nitrogen blanket for 4 h or
in air for 48 h. They were then separated using analytical
C18 HPLC column. Each of the synthetic variants folded
into three monomeric isoforms upon oxidation, corresponding
to the three peaks observed on the chromatograms (Figure
1, Supplementary Figure S2, Supporting Information). Each
peak contained peptides that were completely oxidized as
verified by reduction of four mass units, corresponding to
the formation of two disulfide bridges (Supplementary Table

Table 2: Folding Studies of Synthetic Peptide Variants in Oxidation Conditionsa

a Oxidation was conducted in both folding buffer as well as denaturing buffer. Predominant isoforms from oxidation of each variant were identified
as globular or ribbon conformation as indicated by coelution on HPLC as well as 1D NMR experiments (Figure 2). The poorly favored beaded
conformation was identified as the third chromatographic peak with the same mass. All oxidation studies were conducted in triplicate. Data in
parenthesis represents results obtained from oxidation studies conducted using glutathione redox conditions.
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1 and Figure S1, Supporting Information). Glutathione redox
also generated isoforms in similar proportions, except for
ImI P6 Acid in the denaturant buffer. The various structural
isoforms were identified initially by comparing the retention
times of the isoforms of oxidized conotoxin analogues with
regiospecifically synthesized globular and ribbon conforma-
tions (Figure 1, Supplementary Figure S2, Supporting
Information). The relative percentages of the three isoforms
formed in the oxidation studies were determined by calculat-
ing the area under each peak (Table 2). The conformation
of the dominant form for various peptides was also confirmed
by NMR spectra and solution structure calculations
(see below).

When allowed to fold, 54% of native ImI P6 Amide folds
into the globular conformation (12). Substitution of the
proline residue in the first intercysteine loop of ImI P6 Amide
with a lysine residue caused ImI K6 Amide analogue to
fold predominantly into the ribbon conformation, amounting
to 68.5% of the total oxidized peptides. ImI A6 Amide
variant was also synthesized and shown to have∼70% of
the total oxidized peptide folding into the ribbon conforma-
tion. Substituting the C-terminal amide with a free carboxylic
acid results in 67% of the ImI P6 Acid folding into the ribbon
conformation (12). When both the C-terminal amidation and
proline were replaced in the original sequence, ImI K6 Acid
showed the greatest ribbon preference with 76% in that
conformation. In all the cases, beaded conformations were
disfavored (∼1.2-4.1%). No significant differences in the
folding tendencies were observed for the four ImI conotoxin
analogues under glutathione redox compared to air oxidation

conditions (Table 2). In addition to ImI K6 Amide variant,
an ImI A6 Amide variant was also synthesized and shown
to have∼70% of the total oxidized peptide folding into the
ribbon conformation. Thus, the presence of proline residue
in the first loop appears to act as a switch from ribbon to
globular conformation. Replacement of this crucial imino
acid residue with either the short aliphatic alanine, or the
extended charged lysine, resulted in a switch of folding
preference toward the ribbon form. C-Terminal amidation
has an additive effect on the shift of folding tendencies
serving to enhance the conformational switch. Thus, by two
simple changes, the replacement of proline in the first loop
and the removal of the C-terminal amide, the globular fold
of the ImI conotoxin, anR-conotoxin was changed to the
ribbon fold of aø/λ-conotoxin.

To test whether a proline residue in the first loop and the
C-terminal amide group would switch the ribbon fold of a
ø/λ-conotoxin to globular fold ofR-conotoxin, we performed
reciprocal oxidation studies using CMrVIAø/λ-conotoxin
variants. This conotoxin possesses neither the proline in the
first intercysteine loop nor the conserved C-terminal ami-
dation. The native toxin exists in a ribbon conformation. As
expected, native CMrVIA conotoxin (herein, described as
CMrVIA K6 Acid) folds predominantly into the ribbon
conformation (Table 2). Substitution of the lysine residue
in the first intercysteine loop with a proline residue resulted
in 83% of the oxidized peptides of CMrVIA P6 Acid variant
to fold in the globular conformation. The CMrVIA P6 Amide
analogue incorporates both the proline in the first intercys-
teine loop, as well as the C-terminal amidation. The

FIGURE 1: Chromatographic profiles of conotoxin analogues. Retention times of the regiospecifically synthesized conformation were compared
and matched with the dominant isoform derived from air oxidation. Retention time of dominant peak 3 of ImI P6 Amide coincides with that
of the regiospecifically synthesized globular conformation. Peak 1 of ImI K6 Amide and peak 3 of CMrVIA K6 Acid coelute with the
ribbon conformation of the respective variants, and the substituted CMrVIA P6 Acid variant coelutes with the globular conformation.
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cumulative effect of the two structural features was apparent
from the 93% globular isoform noted upon oxidation (Table
2). Thus, by these two simple changes, the ribbon fold of
ø/λ-conotoxin was changed to globular fold in CMrVIA
conotoxin.

Effect of Denaturant on Folding. In the presence of a
guanidine hydrochloride, although major folding conformer
of the ImI conotoxin analogues remained as the dominant
isoform, there was a shift toward other conformers. However,
the overall folding tendencies of the ImI conotoxin variants
generally remained the same as when the peptides folded in
nondenaturing, oxidizing conditions. For example, the beaded
conformer, with its vicinal disulfide bridge (34-43), in-
creased significantly (∼11.4-17.8%), except for ImI K6
Amide (1.7%). The most significant increase was noted for
the ImI P6 acid and the ImI K6 acid. Thus, the presence of
guanidine produced a greater distribution of isoforms in all
four ImI variants (Table 2). These results indicate that side
chain interactions promoted by H2O contribute partially, but
not fully, to the stable fold. The C-terminal Amide appears
to resist the effect of denaturant and block the beaded
conformation, particularly in the case of ImI K6 Amide, in
which the beaded conformation was lowered from 16.7 to
1.7% (Table 2). In contrast, the presence of denaturant in
the folding buffers did not seem to markedly influence the
folding propensities of the CMrVIA conotoxin analogues.
With the exception of CMrVIA P6 Amide, other variants
show significant amounts of beaded conformers. The per-
centage of the unfavorable beaded conformation ironically
was reduced in the presence of the denaturant buffer (Table
2). It is possible that the shorter and more restrained second
intercysteine loop of CMrVIA conotoxin results in a differ-
ence in response to the denaturing folding environment when
compared to the longer ImI conotoxin.

Significant differences were found in the folding tenden-
cies when the peptides were folded under redox conditions
in the presence of denaturants. In the case of ImI P6 acid,
air oxidation conditions yielded 44.6 and 37.6% of peptides
in ribbon and globular conformation, respectively. In contrast,
under redox conditions, it yields 39.8 and 50.3% in ribbon
and globular conformations, respectively (Table 2). ImI K6
acid, which lacks both the determinants required for folding
in globular conformation, shows the most significant con-
tribution of side chains for the folding, particularly in redox
conditions. The ratios of beaded/globular/ribbon conforma-
tions were approximately 1:1.5:2.5. These ratios are expected
to be closer to 1:1:1, if folding was determined completely
by side chain interactions and 6 M guanidine hydrochloride
was sufficient to completely abolish the contributions of all
side chain interactions. Interestingly, ImI K6 Amide folds
into ribbon and globular conformations with a ratio ap-
proaching 1:1. In this case, the beaded conformation is almost
undetectable (Table 2). Thus, the C-terminal Amide in ImI
K6 Amide completely blocks formation of beaded conforma-
tion. These results indicate that side chains play a crucial
role in the folding of ImI K6 Amide, and the presence of
guanidine hydrochloride abrogates these contributions
leading to near equal proportions of globular and ribbon
conformations.

NMR Studies of Conotoxin Variants. To confirm the
folding conformations of the variants, we determined the
solution structure of all the peptides in their most favored

conformations. The Amide signals of one-dimensional (1D)
NMR spectra for all the peptides were well-resolved,
spanning the range of 7.5-9.2 ppm, indicative of well-
ordered structures. Disulfide pairings of the dominant iso-
forms from the variants were identified by HPLC retention
times and then verified by comparing the 1D proton NMR
spectra with their corresponding regiospecifically synthesized
peptides (Figure 2, Supplementary Figure S3, Supporting
Information).

Temperatures yielding the highest resolution 1D NMR in
the Amide region were chosen for the 2D proton NMR.
Overall, the peptides yielded 2D NMR spectra of good
quality from which sufficient distance constraints were
obtained for structural modeling. In all cases, only a single
set of associated spin-systems was observed, and no clear
evidence for the presence of minor conformers was observed
(Figure 3, Supplementary Figure S4, Supporting Informa-
tion). Residues were assigned with TOCSY and ROESY
spectra, using a sequential assignment strategy (4, 18). All
the variants showed distinct deviation of CRH chemical shift
from the random coil values (44), indicating of stable
secondary structure for each of the analogues (Figure 4,
Supplementary Figure S5, Supporting Information).

ImI P6 Amide. TOCSY spectra and ROE connectivity
diagrams for the dominant peak of ImI P6 Amide are shown
in Figure 3A. The TOCSY spectrum obtained was similar
in chemical shifts reported by Rogers et al. (32) for the native
globular conformation of ImIR-conotoxin with the Amide
region resolving in the range of 7.5-9.0 ppm and having an
identical sequential assignment. A total of 88 ROEs were
obtained from the ROESY spectra, of which 19 were inter-
residue constraints, and 69 were intraresidue ROEs. Distance
constraints obtained from ROESY spectrum fitted the earlier
reported ImI conotoxin structure well, with only two devia-
tions (less than 0.3 Å). Temperature coefficients as well as
the 3JNH-CRH coupling constants derived (Figure 4A) from
the spectra of ImI P6 Amide were also similar to those
presented earlier (32). Supplemented with the HPLC coelu-
tion profiles, these data confirm that ImI P6 Amide peptide
used as a reference for the folding studies, has the same
conformation as the structure of the native protein deposited
in Protein Data Bank (PDB ID 1IM1). Therefore, this
structure was used for comparison.

ImI P6 Acid. ImI P6 Acid yielded 2D NMR spectra of
good dispersion, from which 110 ROEs were obtained from
the ROESY spectra (12), (Supplementary Figure S4, Sup-
porting Information). Of these, 37 represented inter-residue
ROEs and the remaining 73 were intraresidue ROEs. The
presence of a strongRH-δH ROE between Asp-5-Pro-6
suggests a trans peptide bond between these two residues.
Identification of the CâH-CâH ROEs between Cys-3-
Cys-8 and Cys-2-Cys-12 is indicative of the disulfide
pairing characteristic of the ribbon conformation. Temper-
ature coefficients of Amide resonance for Ser-4, Asp-5, Arg-
7, Cys-8, and Cys-12 were less negative than-4.0 ppb/ K.
This suggests the presence of solvent shielding or intramo-
lecular hydrogen bonded Amide for these residues (Supple-
mentary Figure 5A, Supporting Information).

Even though ImI P6 Acid and ImI P6 Amide differ only
by the C-terminal residue, the 2D spectra differences illustrate
the nonidentity of secondary structure and microenvironment
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for the two peptides (Supplementary Figure S5, Supporting
Information) (12).

ImI K6 Amide and ImI K6 Acid. A total of 32 inter-residue
ROEs and 72 intraresidue ROEs were obtained for ImI K6
Amide, while 40 inter-residue ROEs and 76 intraresidue
ROEs were observed for ImI K6 Acid (Figure 3B and
Supplementary Figure S4, Supporting Information). The
presence of the CâH-CâH ROE between Cys-3-Cys-8 for
the ImI K6 Amide indicates that the disulfide pairing is
analogous to that seen in ribbon conformation. CâH-CâH
interactions between the cysteine residues of the ImI K6 Acid
could not be resolved due to overlapping ROEs.

Nearly all the residues in both the peptides were solvent
exposed, with the exception of Cys-2, Asp-5, Arg-7, and
Cys-8 residues, which had temperature coefficients that
suggested solvent shielding.3JNH-CRH coupling constants
derived from both spectra indicated values of less than 5 Hz
for residues Lys-6 and Ala-9. All other residues presented
values which fell in the range of 5-8 Hz. The numerous
dNN(i,i+1) connectivities suggest that both structures are likely
to contain several turns throughout the sequence, especially
for residues located between Lys-6 and Arg-11 (Figure 4B
and Supplementary Figure S5C, Supporting Information).
TOCSY amide region resonances for the two spectra were
also fairly similar, with Cys-8 and Asp-5 shifting upfield,
and Arg-7 shifting downfield of ImI K6 Amide. All
variations in chemical shifts in the amide region were within
∼0.3 ppm between the two spectra. As with ImI P6 Acid
that is also held in the ribbon conformation, the Câ protons

of Cys-3, Asp-5, and Cys-8 were poorly resolved, indicative
of less well-defined side chain orientation for these residues
in the ribbon isoform.

Unlike ImI P6 Acid and ImI P6 Amide, both ImI K6 Acid
and ImI K6 Amide presented similar 2D spectra, temperature
coefficient patterns,3JNH-CRH coupling constants, as well
as the chemical shift index for CRH (Figure 4F). Compari-
sons of the 2D TOCSY spectra for the two ImI K6 variants
with the ImI P6 Acid also reveal similarity for the amide
chemical shifts of the various spin systems. This indicates a
marked structural resemblance between ImI K6 Acid and
ImI K6 Amide, and to an extent, ImIP6 Acid.

ImI A6 Amide. The 2D NMR spectra for the dominant
isoform of ImI A6 amide had a reasonable dispersion of
amide signals (Supplementary Figure S4, Supporting Infor-
mation). A total of 107 ROEs were unambiguously assigned.
Of which, 70 were intraresidue ROEs, and the remaining
37 were inter-residue ROES. The CâH-CâH ROEs of the
cysteine residues involved in the disulfide bridge formation
could not be resolved due to the overlapping signals. Asp-
5, Arg-7, and Cys-8 presented a temperature coefficient that
is less negative than-4.0 ppb/ K, indicative of solvent
shielding of these residues (Supplementary Figure S5,
Supporting Information).

The chemical shifts for the various spin systems relate well
with those of ImI P6 Acid variant, as both show close
sequence identity, and oxidize to the ribbon conformation
as the final conformation. The chemical shift indexes for
the two peptides were also generally similar, with positive

FIGURE 2: One-dimensional NMR analysis of dominant isoforms derived from oxidation studies. Products of oxidation studies were separated
by HPLC and sequentially labeled as peak 1-3 according to sequence of elution. The 1D1H NMR spectra of (A) ImI P6 Amide peak 3
and (B) ImI K6 Amide peak 1 were compared with their respective ribbon conformations, (C) CMrVIA K6 Acid peak 3 with the corresponding
globular conformation, and (D) CMrVIA P6 Acid peak 1 with its ribbon conformer.
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FIGURE 3: Two-dimensional NMR spectra and sequential assignments. The diagrams comprising of 70 ms TOCSYRH-NH region (top
panel) and 300 ms ROESY region (bottom panel). 2D NMR experiments were carried out on samples dissolved in 90% H2O and 10% D2O,
pH 3.1 on Brüker DRX-500 MHz spectrometer. Experiments for (A) ImI P6 Amide peak 3, (B) ImI K6 Amide peak 1, (C) CMrVIA K6
Acid peak 3, and (D) CMrVIA P6 Acid peak 1 were carried out at 298, 300, 300, and 303 K, respectively.
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deviation from random coil values between the segments of
Cys-3 to Asp-5, and Trp-10 to Arg-11. However, the
spectrum is distinctly different from that observed for ImI
P6 Amide despite their greater resemblance in sequence. The
chemical shifts for Cys-2, Cys-3, Ser-4, Ala-9, Trp-10, and
Arg-11 are similar to those noted in ImI P6 Acid’s spectra.
Spin systems that exhibited minor changes in chemical shifts
included Asp-5 and Cys-8, which fell within 0.2 ppm from
the values noted in the spectrum of ImI P6 Acid. Arg-7’s
chemical shift was noted to have moved up field by 0.3 ppm,

likely to be a result of the difference in the position 6 residue
in the two peptides. Cys-12 was noted to have 0.3 ppm
downfield shift as compared to the same residue seen in ImI
P6 acid. This shift is likely to be a result of the difference
between variants in C-terminal functional group.

CMrVIA K6 Acid and CMrVIA K6 Amide. 2D NMR
spectra of CMrVIA K6 Acid and CMrVIA K6 Amide are
presented in Figure 3C and Supplementary Figure S4,
respectively. Of the total of 91 ROEs obtained from the
spectra of CMrVIA K6 Acid, 60 were intraresidue, and the

FIGURE 4: Summary of 2D NMR data. Panels (A) and (B) show details on the sequential ROE data,3JNH-CRH coupling constants, temperature
dependence of amide chemical shifts, as well as medium- and long-range ROEs for ImI P6 Amide and ImI K6 Amide, respectively. NMR
data for CMrVIA K6 Acid and CMrVIA P6 Acid are similarly summarized in panels (D) and (E). The thickness of the bars represents the
relative intensity of the ROEs as depicted in the 2D ROESY spectra (weak, medium, and strong).v and V represent3JNH-CRH coupling
constants above 8.5 Hz and below 5.0 Hz, respectively.O represents temperature coefficient of amide chemical shifts> -4.0 ppb/K, and
b represents temperature coefficients< -4.0 ppb/K. ROE between Asp-5 CRH and Pro-6 CδH is indicated in the diagram as a gray
shaded box. Overlapping ROE of an ambiguous assignment is marked with (*). Panels (C) and (F) compare the deviation of experimental
CR protons chemical shift values from random coil chemical shift values for the respective amino acids in both ImI P6 Amide and ImI K6
Amide, as well as CMrVIA K6 Acid and CMrVIA P6 Acid, respectively. ROE lines presented underdothersrefer to the miscellaneous ROEs
between any protons of the residues at the two ends of the lines.
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remaining 31 ROEs were inter-residue ROEs (45). Fifty-
two of the 86 ROEs identified for CMrVIA K6 Amide
were intraresidue ROEs, and the remaining 34 were inter-
residue ROEs.RH-δH ROEs were identified between
residue His-9 and Hyp-10 for both peptides, which suggest
a trans peptide bond between these two residues. The ROEs
between Cys-2âH to Cys-11âH seen in both variants verify
the C1-4, C2-3 disulfide connectivity characteristic of the
ribbon conformation.

In CMrVIA K6 Acid, in contrast, only Gly-4, Lys-6, Cys-
8, and His-9 of CMrVIA K6 Amide were solvent shielded.
Positive deviations ofRH chemical shift index were observed
for the regions between Cys-2-Gly-4 and Leu-7-Hyp-10
of CMrVIA K6 Acid variant, and Leu-7-Hyp-10 of the
amidated analogue (Figure 4, Supplementary Figure S5,
Supporting Information).

The spin systems of both amidated and non-amidated
analogues of CMrVIA K6 variants presented with similar
amide chemical shifts, with the exception of Tyr-5 and Cys-
11, which were shifted within 0.2-0.3 ppm of the two
spectra.

CMrVIA P6 Acid and CMrVIA P6 Amide.CMrVIA P6
Acid and CMrVIA P6 Amide yielded spectra that were very
similar to one another (Figure 3, Supplementary Figure S4,
Supporting Information). Almost all of the eight spin systems
visible in the fingerprint region had similar amide chemical
shifts, with the exception of Cys-11 residue, which had an
upfield shift of 0.3 ppm in the amidated analogue. Chemical
shift indices of CRH were also very similar to one another,
with a positive deviation in the Cys-2-Gly-4, and Arg-7-
Hyp-10 in both peptides. Solvent shielding was noted for
most residues of both peptides, except Cys-2, Tyr-5, and Cys-

11 in CMrVIA P6 Acid, and Cys-2, Gly-4, and Cys-11 in
the amidated analogue (Figure 4, Supplementary Figure S5,
Supporting Information).

Structural Determination. Molecular dynamics simulation
for the dominant isoform of the various analogues was
performed using the distance restraints derived from the ROE
volumes of the ROESY spectra. Average conformations were
derived from the 211 structures generated from trajectory
analysis, and families of 15 final structures with the lowest
energies were chosen to represent the solution structure for
the peptides (Figure 5A-C, Supplementary Figure S6,
Supporting Information). Figure 6 illustrates the overall
conformation and electrostatic surfaces for calculated solution
structure of the various peptides.

The calculated structure for ImI P6 Acid (PDB ID 2IGU)
(12) exhibits aâ-turn at Asp-5-Pro-6-Arg-7-Cys-8, owing
to the disulfide bridge formed between Cys-3 and Cys-8 and
the disulfide bridge between Cys-2 and Cys-12. The structure
is further reinforced by hydrogen bonds between Asp-5
carbonyl group and Cys-8 amide proton, as well as Ser-4
amide with the carbonyl group of C-terminal carboxylic acid.
These intramolecular hydrogen bonds observed in the result-
ant structure are consistent with the low-temperature
coefficient chemical shifts of Ser-4 and Cys-8 amide
protons.

As with the ribbon conformation of ImI P6 Acid, ImI K6
Acid (PDB ID 2IFJ) and ImI K6 amide (PDB ID 2IFZ) also
possess aâ-turn at Asp-5-Lys-6-Arg-7-Cys-8 and Lys-6-Arg-
7-Cys-8-Ala-9, respectively. This was supported by the low
3JNH-CRH coupling constants of<5 Hz for Lys-6 in both
variants. The numerousdNN(i,i+1) anddNR(i,i+1) connectivities
observed in the region of Gly-1-Asp-5 and Arg-7-Arg-11

FIGURE 5: Backbone superposition of calculated structures for dominant isoforms of conotoxin analogues. (A) ImI K6 Amide, (B) CMrVIA
K6 Acid, and (C) CMrVIA P6 Acid. Families of 15 lowest energy structures are overlaid with the averaged calculated structure. Sulfur
atoms and the corresponding disulfide bridges of the structures are highlighted in yellow. (D) Superposition of the ribbon forms for ImI P6
Acid (red), ImI K6 Acid (yellow), and ImI K6 Amide (blue). rmsd for the ribbon forms of the different analogues ranged from 2.07 to 2.18
Å. (E) Backbone superimposition of ImI P6 Amide (green) with ImI P6 Acid (red) gave a rmsd of 3.5 Å, while (F) superimposition of
CMrVIA K6 Acid (magenta) and CMrVIA P6 Acid (cyan) gave an rmsd of 2.35 Å.
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in the ROESY spectra are suggestive of an extendedâ-sheet
structure. However, this secondary structural element was
not noted in the final calculated structure, as with the case
for most peptides of such small size. As such, these
connectivities are indicative of a stable and defined structure
around this segment of the peptide. This is in agreement with
the positive chemical shift index of theRH around the same
regions (Figure 4B, Supplementary Figure S5C, Supporting
Information). The turn in ImI K6 Acid is further reinforced
with a bifurcated hydrogen bond between Asp5 carbonyl with
Arg-7 and Cys-8 amide protons. In ImI K6 Amide, hydrogen
bonds are observed between Asp-5 Amide and Cys-3
carbonyl group, as well as between Arg-7 Amide proton with
its own side chain amine proton. These hydrogen bonds are
consistent with solvent shielding predicted from the tem-
perature coefficient chemical shifts of amide protons (Figure
4).

Native CMrVIA K6 Acid sequence (PDB ID 2B5P) was
identified to fold in the ribbon conformation, possessing
â-turns as the predominant secondary structural element. The
overall conformation is dictated by the disulfide bridge
between Cys-3-Cys-8, forming a loose turn within the
nonhelical pentapeptide region. The C-terminus of the
molecule is tethered close to the N-terminus as a consequence
of the restraining Cys-2-Cys-11 disulfide linkage. 2D NMR
data of the CMrVIA K6 Amide analogue presented are

largely similar to that of the native CMrVIA K6 Acid variant,
with a calculated solution structure (PDB ID 2IHA) resem-
bling the latter structure. However, an additional hydrogen
bond was noted between amide proton of Gly-4 with the
sulfur atom of Cys-3 residue in the native structure (45).

CMrVIA P6 Acid (PDB ID 2IH6) and CMrVIA P6 amide
(PDB ID 2IH7) exhibit globular conformations. Both variants
exhibit similar 2D NMR spectra and, consequently, the
calculated solution structures.â-Turns were noted in regions
between Val-1-Gly-4 and Tyr-5-Cys-8. These turns are
maintained by the disulfide bridges formed between Cys-
2-Cys-8 and Cys-3-Cys-11. The globular conformation is
reinforced by a bifurcated hydrogen bond between the amide
proton of Cys-8 with the carbonyl groups of Tyr-5 and
Leu-7.

Analysis of theφ andψ angles for the completed structures
revealed that none of the residues for the various peptides
lies in the disallowed region, while very few (e12.5%) reside
in the generously allowed region of the Ramachandran plot
(Table 3).

Structural Comparisons. The averaged structures of all ImI
variants in ribbon conformation were overlaid, and the
backbone rmsd values were measured. Despite the variation
in amino acid sequence and C-terminal modification, all three
ribbon forms overlaid to give a backbone rmsd of 2.07-
2.18 Å (Table 4), suggesting similarity in overall backbone

FIGURE 6: Electrostatic surface of solution structures for the dominant isoforms of conotoxin analogues. Solvent accessible surfaces of the
respective variants are presented in similar orientations. Positive residues are highlighted in blue, while negatively charged residues are in
red. Three-dimensional solution structure of ImI P6 Amide was obtained from Protein Data Bank (PDB ID 1IM1).
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structure (Figure 5D). ImI P6 Amide was also overlaid with
its corresponding deamidated ImI P6 Acid (Figure 5E). The
rmsd of over 3.5 Å between the native ImI conotoxin and
its deamidated variant substantiates the difference in their
secondary structures. The calculated 3D structure of ImI P6
Amide peptide presented a typical “globular” conformation
seen inR-conotoxins instead of the flat conformation seen
in the three ribbon forms. Pairwise backbone overlay of the
native ribbon CMrVIA K6 Acid and the globular CMrVIA
P6 Acid gave a rmsd of 2.35 Å.

Binding Assays with AChBP. To determine binding af-
finities of the various synthetic analogues of ImI conotoxin,
the regiospecifically synthesized variants were examined in
binding assays withAplysia californicaacetylcholine binding
protein (A-AChBP) andBulinus truncatusacetylcholine
binding protein (B-AChBP). Chromatographic peaks identi-
fied as the beaded conformation were also subjected to the
assay after estimation of peptide concentration by UV
spectroscopy.

Dissociation constants for the interactions were determined
by (a) intrinsic tryptophan fluorescence quenching of A-
AChBP upon complex formation, (b) AChBP-conotoxin
complex formation inhibiting the initial rates of association
of either gallamine or (5-dimethylamino-naphthalene-1-
sulfon-amido-ethyl)-tri-methyl-ammonium with A-AChBP,
or (c) equilibrium competition of peptide with radiolabeled
epibatidine orR-bungarotoxin to A-AChBP. Equilibrium
competitions using the radiolabeled probes were also per-
formed to compare the binding affinity of the ImI conotoxin
analogues to both B-AChBP and A-AChBP (Figure 7).

Overall, modifications of the structural features that result
in the disruption of the backbone conformation result in loss
of conotoxin binding affinity. The loss of affinity can be
roughly correlated with the extent of structural modifications
from the ImI conotoxin template (Table 5). For example,
ImI P6 Acid and ImI A6 Amide (PDB ID 2IFI) variants,

which preserve the globular conformation, haveKd’s within
200-fold of the wild type ImI conotoxin. ImI K6 Acid ribbon
isoform, with the largest divergence of key features including
the conformational-restraining proline residue, C-terminal
amidation, and nonglobular conformation presented with the
lowest binding affinity (Kd > 500 µM).

Substitution of the conserved C-terminal amide of ImI
conotoxin with a free carboxylic acid resulted in a 3-fold
reduction in the binding affinity of its globular conformation
as compared to the wild type globular ImI conotoxin. The
ribbon conformation of the same deamidated ImI P6 variant
exhibited a binding affinity that is reduced a further 60-fold.
Replacement of proline with a lysine in the sixth position of
the sequence had a detrimental effect on binding affinity.
The loss of affinity cannot be accounted for by the backbone
conformation of the variants, as the ImI A6 Amide globular
conformation, had a lowerKd of 150 nM compared to
globular isoform of ImI K6 Amide with aKd of 4.5 µM.
The most likely contributing factor would be the steric
electrostatic repulsion between the long polar side chain of
lysine and the receptor pocket. However, the ImI A6 Amide
globular conformation has a binding affinity that is still 100-
fold lower than the wild type ImI conotoxin, indicating the
importance of the backbone structure of the native globular
conformation. When replacement of Pro-6 was combined
with other structural modifications, the cumulative reduction
in binding affinity was 3 orders of magnitude.

Kinetics of conotoxin ImI interaction with A-AChBP
appears to be sensitive to any deviation from its native
structure. The more sensitive dissociation rate constants were
increased by 4 orders of magnitude or more for the weakest
binding variants, while association rate constants were
reduced by only 2-3-fold. Exceptions were the two weakest
binding ImI P6 variants where both dissociation and as-
sociation rate constants were reduced by about 1 order of
magnitude.

A surprising finding noted from the binding assay is that
although the beaded conformation is the thermodynamically
least favored and rarely found in native proteins, its binding
affinity to A-AChBP is still significant and does not appear
to be the weakest among the folds.

Table 3: Structural Statistics for Calculated Conotoxin Structures

ImI P6
Acid

ImI K6
Acid

ImI K6
Amide

ImI A6
Amide

CMrVIA K6
Amide

CMrVIA K6
Acid

CMrVIA P6
Amide

CMrVIA P6
Acid

Ramachandran Plot Analysis
% in favored 30.0 30.0 54.5 81.8 75.0 45.5 50.0 37.5
% in additionally allowed region 60.0 70.0 36.4 9.1 25.0 54.5 37.5 50.0
% in generously allowed region 10.0 0.0 9.1 9.1 0.0 0.0 12.5 12.5

Atomic Root-Mean-Square with Mean Structure
all atom rmsd 0.83( 0.13 0.81( 0.16 0.89( 0.11 1.08( 0.30 0.84( 0.12 0.78( 0.18 0.53( 0.15 0.55( 0.10
heavy atoms rmsd 0.70( 0.14 0.71( 0.16 0.72( 0.10 0.99( 0.30 0.71( 0.10 0.63( 0.10 0.44( 0.11 0.50( 0.11
backbone rmsd 0.48( 0.10 0.49( 0.12 0.44( 0.10 0.93( 0.33 0.54( 0.10 0.52( 0.10 0.35( 0.10 0.48( 0.10

Distance Constraints Violations
violations> 0.3 Å 1 1 1 2 2 0 1 2
violations> 0.5 Å 1 0 1 0 1 2 4 3

Number of Constraints
intraresidue 65 76 72 70 52 60 58 61
short range (|i - j| ) 1) 23 26 29 33 29 20 31 46
medium range (1< i e 2) 4 7 3 3 2 4 0 5
long range (i > 2) 7 7 2 1 3 7 9 11
total number 99 116 104 107 86 91 98 123

Table 4: Backbone rmsd Values of Overlaid Structures

ImI K6 Acid ImI K6 Amide ImI P6 Acid

ImI P6 Amide 2.53 3.11 3.51
ImI P6 Acid 2.18 2.08
ImI K6 amide 2.12
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DISCUSSION

R-Conotoxins andø/λ-conotoxins are unique classes of
compact peptide toxins isolated fromConusvenoms. These
peptides of 11-19 residues share four conserved cysteine
residues. However, the disulfide pattern and their folding
are distinctly different. R-Conotoxins have a globular

conformation and C1-3, C2-4 disulfide pairing. On the basis
of the number of residues in the intercysteine loops 1 and 2,
this family of toxins can be classified into the 4/(3-7) and
3/5 subfamilies, respectively (2). Despite the structural
variations, they act as competitive inhibitors of nAChRs (2).
On the other hand,ø/λ-conotoxins have a ribbon conforma-

FIGURE 7: Determination of kinetic and equilibrium interaction constants of conotoxin ImI variants and A-AChBP. (A) Stopped-flow
traces of intrinsic A-AChBP tryptophan fluorescence quenching as a function of time and conotoxin ImI P6 Amide bead concentration (1.0,
2.0, 3.0, and 4.0 uM). (B) The first-order rate constants of fluorescence quenching (kobs) from panel A are plotted as a function of conotoxin
concentration. The slope of the line yielded the second order association rate constant (kon). (C) Determination of the first-order dissociation
rate constant (koff) for conotoxin ImI P6 Amide bead. Enhancement of the A-AChBP intrinsic tryptophan fluorescence upon the rate-
limiting dissociation of conotoxin and immediate formation of A-AChBP*gallamine complex. (D) Radioactive competition assay for
determination ofKd for conotoxin ImI variants: P6 Acid bead (squares), P6 Amide ribbon (diamond), P6 Amide bead (triangles) and K6
Amide globular (circles). Experimental points in panels B and D are determined as quadruplicate measurements. Panels A and C show
single experimental traces.

Table 5: Kinetic and Equilibrium Constants for Interaction of Conotoxin ImI Variants with A-AchBPa

Kd (nM)

competition experiments koff /kon

kon

(108 M-1 min-1)
koff

(min-1)

conotoxin ImI B-AChBP A-AChBP A-AChBP A-AChBP A-AChBP

P6 Amide globular (wt) 6.6 2.8 0.88b 10b 0.60b

P6 Acid globular 6.5 2.3 2.7 2.6 0.72
P6 Acid ribbon 95 48 170 3.0 51
P6 Acid bead n.d. 140 460 0.57 25
P6 Amide ribbon 100 110 420 0.91 38
P6 Amide bead 220 220 240 6.1 150
A6 Amide globular 260 190 140 5.3 74
A6 Amide ribbon >10 000 28 000 n.d.c n.d. n.d.
A6 Amide bead >10 000 >10 000 n.d. n.d. n.d.
K6 Amide globular >10 000 4700 n.d. n.d. 5100
K6 Amide ribbon >10 000 94 000 n.d. n.d. n.d.
K6 Acid ribbon >10 000 >500 000 n.d. n.d. n.d.

a The equilibrium dissociation constant (Kd) is a mean of three to six experiments including radioactive probe and fluorescent probe competition
experiments, as well as kinetic fluorescence experiments where it was calculated as a ratio ofkoff and kon rate constants. The association and
dissociation rate constants (kon and koff) are mean of three to four experiments, and were determined from the rates of quenching of intrinsic
A-AchBP fluorescence upon conotoxin binding.b From Hansen et. al (24). c n.d. ) not determined.
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tion and C1-4, C2-3 disulfide pairing. So far, only four
members of this family have been isolated, and they have
four and two residues in the intercysteine loops 1 and 2,
respectively (9-11). Unlike R-conotoxins, they block nore-
pinephrine transporter (11). In both cases, non-native con-
formations are biologically less active (4, 9), supporting the
importance of the respective disulfide pairing and folding.

Earlier work by Zhang and Snyder (5) have added
significant clarity to the involvement of amino acid residues
and intercysteine spacing ofR-conotoxins to their folding
tendencies. However, the conotoxins studied were signifi-
cantly different in intercysteine loops sizes from those in
ø/λ-conotoxins. Recently, Buczek et al. demonstrated that
the propeptide sequence did not influence the kinetics and
thermodynamics of folding in GIR-conotoxin (46). Similarly,
the propeptide sequence was not shown to have a substantial
influence on the in vitro folding ofω-conotoxin MVIIA, an
unrelated class of conopeptides (34). These studies suggest
that information necessary for governing folding peptides is
likely to be encrypted in the amino acid sequence of the
mature conopeptides.

By comparing the amino acid sequences ofR-conotoxins
and ø/λ-conotoxins, we identified the contributions of the
C-terminal amidation (12). In this work, we show that
substitution of the critical proline residue of ImI P6 amide
with a lysine residue in ImI K6 Amide favors the formation
of the ribbon conformation (Table 2). This suggests that
substitution of the kink-inducing proline residue with a bulky,
charged side chain such as lysine does not favor formation
of native globular conformation. Through the study of ImI
A6 Amide, we have also demonstrated the importance of
the conformationally restraining characteristics of proline in
defining the conformation for folding and activity of the
peptide toxin. When both the determinants are substituted
in ImI K6 Acid, more than 76% folds into the ribbon
conformation (Table 2). These results strongly suggest that
the C-terminal amidation and the penultimate proline residue
in the first intercysteine loop play important roles as
conformational switches: when they are present the peptides
fold in a globular conformation, and in their absence, peptides
fold into the ribbon conformation. By reciprocally incorpo-
rating these structural features into CMrVIAø/λ-conotoxin,
the folding tendencies have shifted from a native ribbon-
forming conotoxin framework to the non-native globular
conformation.

Proline’s side chain is fused with the main chain forming
a pyrrolidine ring. The unusual amino acid chemistry allows
proline to have both cis and trans peptide bonds. In addition,
it always produces kinks or corners. Introduction of proline
in the first intercysteine loop may induce a bend in the main
chain of the peptide. Proline’s capacity to introduce bends
in the main chain could act as a conformational switch in
conotoxins.

Under the various folding conditions, either the ribbon or
the globular conformation is dominant. The beaded confor-
mation is not preferred. In our in vitro folding studies, none
of the four peptides folded 100% into a single conformation.
Earlier folding studies conducted using organic solvents have
also shown that the peptides fold in the native globular con-
formation as the predominant isoform (5, 19, 27, 47). How-
ever, in vivo these peptides fold into a single conformation.

From the analysis of the folding tendencies of ImI P6
Amide and its analogues, the results for ImI K6 Acid suggest
that in the absence of strong influencing factors such as
proline residue in intercysteine loop 1 or neutralization of
charge on the C-terminal by amidation there is a high
tendency for the peptides to fold in the ribbon conformation.
However, with the introduction of both key structural
features, the propensity to stay in the ribbon conformation
gradually shifts toward the globular conformation. It is
perhaps of evolutionary interest that these two structural
features were retained in the toxins’ structure so as to favor
the formation of receptor specific ligands of the appropriate
conformation.

ImI conotoxin has been identified as a signature ligand
for Aplysia AChBP, which is a well-established structural
and functional surrogate of human nicotinic acetylcholine
receptor isolated from salt water molluskAplysia californica.
The highly specific neurotoxic peptide, isolated from a
vermivorous cone snailConus imperialis, has been shown
to possess a 16 000-fold preference toAplysiaAChBP (A-
AChBP), overLymnaeaAChBP isolated from a fresh water
mollusk Lymnaea stagnalis(48).

Despite the identical sequence, the non-native (ribbon and
beaded) conformations of ImI conotoxin showed over 300-
fold reduction in binding affinity with A-AChBP as com-
pared with the native globular form. A conformational
rearrangement of the C-loop at the subunit interface occurs
during binding of the conotoxin to A-AChBP (13). We
compared the conformational differences in the interaction
segment of globular and ribbon forms to that of the bound
conotoxin. The solution structure of ImI conotoxin (PDB ID
1IM1) overlaid with bound ImI conotoxin (from PDB ID
2BYP) to give a backbone rmsd of 0.79 Å, suggesting a slight
conformational rearrangement between the two conforma-
tional states. The ribbon analogue of the ImI P6 Acid variant
was compared in a pairwise backbone comparison with the
crystal structure of ImI conotoxin complexed with the
A-AChBP (2BYP). The region between Ser4-Cys8 of the
first intercysteine loop 1 overlaid with an rmsd of 0.72 Å.
This matching overlay occurs despite the poor backbone
comparison of 3.66 Å for the whole molecule. The overlay
improved to 0.28 Å when the region was limited to Asp5-
Pro6-Arg7 triad. In the crystal structure of A-AChBP
complexed with native ImI conotoxin, it was noted the region
of Asp5-Arg7 tripeptide is deeply anchored into the binding
pocket of the AChBP, and all three residues form critical
stabilizing contacts either intramolecularly or with the side
chains in the binding pocket (48). These results accord with
the previous findings by Hansen et al. that the Asp5-Pro6-
Arg7 triad is the major binding determinant responsible for
its affinity to AChBP. Trp10 of the second intercysteine loop
was also noted to establish extensive interactions with Arg79,
Val108, Met116, and Arg59 of A-AChBP’s binding pocket
(13, 48). A backbone comparison of the segment between
Cys8-Cys12 revealed a poor overlay of 2.36 Å and a
misaligned Trp10 indole side chain as illustrated in Figure
8A. The side chain of the neighboring Arg11 residue
protrudes toward the AChBP subunit interface of the binding
site (Figure 8B), possibly hindering entry of the ImI
conotoxin into the AChBP binding site. It is likely that the
critical region between Asp5 to Trp10 undergoes a significant
degree of conformational rearrangement before forming a
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stable complex with A-AChBP. The decrease in affinity of
ImI P6 Acid ribbon conformer is, thus, a likely result of
dissimilar orientations of Trp10’s indole ring and the overall
backbone conformation of second intercysteine loop, thereby
culminating to the 200-fold reduction in binding affinity of
the ImI P6 Acid analogue. Through the superposition of the
ribbon conformation of the ImI P6 Acid variant with the
bound ImI conotoxin to the AChBP binding site, Figure 9

illustrates the structural differences between the ImI P6 Acid
variant with the native toxin.

The ImI K6 Acid ribbon conformer having incorporated
most structural changes in its sequence was expected to have
the weakest binding affinity among the variants analyzed.
In view of the charged aliphatic side chain that protrudes
out of the crucial binding region between residue 4 to 8 of
the first intercysteine loop, it is not surprising when ImI K6

FIGURE 8: Comparison of structures. ImI P6 Amide (PDB ID 1IM1) compared with the averaged calculated solution structure of ImI P6
Acid ribbon conformation (A, B), and ImI K6 Acid ribbon conformation (C, D). ImI P6 Amide globular conformation, ImI P6 Acid ribbon
conformation, and ImI K6 Acid ribbon conformation are presented in magenta, green, and cyan, respectively.

FIGURE 9: Comparison of structures with bound conotoxin ImI P6 Amide. ImI K6 Acid ribbon (panel A) and ImI P6 Acid ribbon (panel
B) averaged conformations are overlaid with the globular conformation of ImI P6 Amide (PDB ID 2BYP, ImI P6 Amide presented in
green) bound to A-AChBP. C-alpha atoms of amino acid residues 5-7 were used as basis for the overlay.
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Acid ribbon conformer presents aKd of weaker than 0.5 mM.
The disruption of the major binding determinant may explain
the near complete loss of affinity despite a similar overall
conformation of this region (Ser4-Cys8 overlays with 0.58
Å rmsd as shown in Figure 8B). The decrease in activity of
this variant is possibly amplified by poorly oriented side
chains of Arg11 of the second intercysteine loop, rendering
severe steric hindrance to the binding pocket (Figures 8C,D
and 9B).

In this study, we have shown that substitution of Pro-6
from the sequence of ImI conotoxin has not just disrupted
the in vitro folding patterns of the toxin but also elicits a
severe reduction in the binding affinity of the peptide
analogues to the receptor A-AChBP. We broadly infer from
the results that the presence of proline residue at position 6
of the sequence is important in defining the constrained
helical secondary structure of the peptide backbone and thus
critically affecting the binding affinity. The defined backbone
conformation is buttressed with the conserved disulfide
linkages (C1-3, C2-4) in defining the globular conformation.
C-Terminal amidation not only acts as a conformational
switch in the folding of ImI conotoxin (12) but also appre-
ciably influences the binding affinity of the variants, for its
absence can reduce the affinity approximately 10-fold.
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