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ABSTRACT: The three-dimensional structure of conotoxirPuiE, a 24-amino acid peptide frofBonus
purpurascenshas been solved using two-dimensional (2ZH)NMR spectroscopy. Conotoxig-PiiE

contains the same disulfide bonding pattern asghmmnotoxins, which target skeletal muscle sodium
channels, but has been shown to antagonize the acetylcholine gated cation channel through a noncompetitive
mechanism. Structural information was obtained by the analysis of a series of 2D NOESY spectra as
well as measurement of coupling constants fromtDand PE-COSY NMR experiments. Molecular
modeling calculations included the use of the distance geometry (DG) algorithm, simulated annealing
techniques, and the restrained molecular dynamics method. The resulting structures are considerably
similar to the previously published structures for fheonotoxins GiA and Gis, despite the lack of
sequence conservation between conotaexhiie and theu-conotoxins. The structure consists of a series

of tight turns, each turn occurring in the position analogous to those of turns descripe@iia and

u-Gus. This suggests the disulfide bonding pattern is able to largely direct the structure of the peptides,
creating a stable structural motif which allows extensive sequence substitution of non-cystine residues.

Conotoxiny-PiiE is a recently described peptide toxin
from the venom of the venomous sn@ibnus purpurascens
that has been shown to act as a noncompetitive inhibitor of

. . R D CiTOOKK|C|-KDROQ|C|[kOQR ClA
the acetylcholine receptod). -Pue contains the same AolcdToon KH_ KD R RHK oM Kl cla

disulfide bonding pattern as the-conotoxins, though it woolo-tLvaklclhnavoalcls saslcclar
shares no other sequence homology with this pharmacologi-
cal class of peptides (Figure 1). Three-dimensional structuresricure 1: Aligned sequences of peptidgsGiia, u-Giis, and
and analysis of structureactivity relationships have recently  y-Pue showing disulfide bond connectivities. The C terminus of
been published for the-conotoxins Gia (2—4) and GiiB each peptide is amidated.

(5) describing a compact structure built around a cage of eypERIMENTAL PROCEDURES

disulfide-bonded sulfur atoms. Replacement of individual

non-cystine residues with alanine demonstrated voltage gated Sample. The peptide was synthesized using FMG0lid
sodium channel binding activity far-Gina was particularly phase peptide synthesis techniques. Cysteine residues were

sensitive to mutations at residue R16.( This residue is ~ ©Xidized with glutathione as previously describ&ji (The

not conserved between the sequences6fiia andy-Piie resulting isomers were separated using reversed phase HPLC
and the three-dimensional structure fPuie does n(;t and tested for both biological activity and HPLC comigration

contain an equivalent functional group replacing the critical With the native compound. The biological activity of the
guanidinium group of R13 ip-Gina. This result partially resulting material was found to be equivalent with that of
explains the altered binding specificity between the two the natural product. _
peptides. The three-dimensional structure of conotoxin MR SpectroscopyAll spectra were recorded on a Varian
»-PuiE is of particular interest, as differences in the structures Unity 500 MHz spectrometer equipped with a triple-channel
will be useful in describing the structural requirements of waveform genera.tor. 'The sample was prepared by dissolving
the binding sites on the voltage gated sodium and the & Mg of the peptide in 47&L of 90% H0/10% DO and

acetylcholine gated ion channels.

1 Abbreviations: 2D'H NMR, two-dimensional proton nuclear
magnetic resonance spectroscopytr@ns-4-hydroxyproline; NOESY,

T Supported by NIH Grants P01 GM48677 and GM54710. nuclear Overhauser effect spectroscopy; PE-COSY, primitive exclusive

* Coordinates for the final structures have been deposited at the correlation spectroscopy; DQF-COSY, double-quantum filtered cor-
Brookhaven Protein Data Bank, Upton, NY 11973, under accession relation spectroscopy; TOCSY, total correlation spectroscopy; DG,

code 1asb. distance geometry; RMD, restrained molecular dynamics; RMA,
§ Department of Medicinal Chemistry, University of Utah. relaxation matrix approach; IRMA, iterative relaxation matrix approach;
' Case Western Reserve University. Ty, longitudinal relaxation time; RMSD, root-mean-squared deviation;
U Department of Biology, University of Utah. FMOC, fluorenylmethoxycarbonyl.
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adjusting the pH to 3.5 using trifluoroacetic acid, or field, and NOE force constants are scaled up to 100% of
alternatively in 100% BO, to yield a 4.3 mM solution. All their value and covalent force constants scaled to 15% of
experiments were performed at 40 to decrease exchange their values over 30 ps. The covalent and chiral terms were
rates of amide protons and lower the rotational correlation then increased to full value over an additional 10 ps of
time (zc) of the peptide. NOESY®), DQF-COSY 9), PE- molecular dynamics. Finally, nonbond interactions and force
COSY (10), and TOCSY {1) NMR spectra were collected constants for dihedral distance constraints were then scaled
in the phase sensitive mode using the hypercomplex methodto 0.25 over 10 ps. The system was then cooled to 300 K
to achieve; quadrature detectiorl®). Solvent suppression according to a geometric progression over the final 10 ps of
was achieved using presaturation by a 1.2 s Gaussian-shapenholecular dynamics. The resulting structures were then
pulse centered on the,8 signal during the relaxation delay. thoroughly minimized with all force constants at full value
Data were collected using 4096)(x 512 ¢;) time domain and the Lennard-Jones form of the nonbond force field using
data points for all experiments. NOESY experiments were both steepest and conjugate minimization algorithms.

performed using mixing times of 100, 200, and 400 ms in  The family of 17 structures from the simulated annealing
H20/D;0 (90%/10%) solutions, and with mixing times of experiments which best satisfied the NOE data was then
200 and 400 ms in 100%AD. 'H T, values were measured  subjected to the RMA. The relaxation matrix predicted using
using an Inversion recovery experiment incorporating a the IRMA algorithm was viewed as a theoretical NOE
presaturated water suppression pulse. spectrum and manually compared to experimental data for
NOESY spectra were transformed with 409§ 2048 structures in a procedure known as back-calculation. Analy-
(f1) frequency domain time points using the FELIX software sjs ofR-factor values computed over the ensemble of the 17
package. The data were multiplied by a shifted sine bell pest structures also demonstrated the predicted RMA data

squared function (69, and the first data point itz was linear agree well with experimental NOESY data.
predicted using the subsequent four data points. Cross-peak

volumes were calculated by integration of all data points in RESULTS
a rectangular region which was manually defined for each )
peak. The NOE volumes were used directly in the IRMA ~ Spectral AssignmentDQF-COSY and TOCSY NMR
calculations to derive distance constraints. experiments were used to assign individual spin systems for

Structure Calculations All structure calculations were ~—€ach amino acid, which were then sequentially assigned by
performed using software included in the Insight Il molecular key NOESY cross-peaks in the fingerprint region using the
modeling software package (Biosym Inc.) on a Silicon method of Wirich and c_o-yvorkers](S). Application of.
Graphics Indigdworkstation. A linear peptide structure was these methods to the majority of the sequence was straight-
built using standard amino acid geometries, including di- forward (Figure 2), exceptin the case of the three N-terminal
sulfide bonds defined according to the experimentally @mMino acids. The amino-terminal protons of H1 were not
determined pattern, which was used as a starting template?bserved, and amino acids O2 and O3 contain no amide
to define the covalent structure of the peptide. Starting Protons. The residues were unambiguously assigned using
distance geometry structures were generated by metric-matrixhe following NOE cross-peaks. The AMX H1 spin system
embedding with random trial distances consistent with Was assigned on the basis of NOE cross-peaks from the
restraints from a smoothed bounds matrix as determined byaromatic H16 proton to theoc and 3 protons, while the
the EMBED algorithm {3). Ten structures were generated connectivity between H1 and O2 was determined by
in a given calculation, and resulting structures were super- characteristic Hl proton cross-peaks to thieprotons of
imposed on the structure with the lowest overall error O2, which is expected for a trans proline residue. The
function value. connectivity between O2 and O3 residues was demonstrated

The family of 10 structures generated by DG was then Py NOE cross-peaks from theto 6 protons of 02 and O3,
subjected to five rounds of IRMAL4, 15) using 500 K MD respectively. Thex and amide protons of C4 show cross-
for 10 ps, followed by 10 ps at 300 K and 100 and 1500 Peaks to the O3 protons, allowing the complete sequence
iterations of steepest and conjugate minimization, respec-assignment for all amino acids of the peptide.
tively. The RMA algorithm was then applied to the refined ~ Restraint Set GenerationMeasurement otJyu—o from
structures and the process repeated @afdctors no longer  the 1D 'H spectrum were used to generate eighangle
improved and no restraint violations greater than 0.5 A were restraints, using the following criteria. Protons with coupling
present in all 10 structures. The resulting constraint set wasconstants of less than 5 Hz (C4, C10, S17, and C21) were
then used to generate a family of 50 DG structures which assigned angle restraints-680° to —40°, and protons with
were then subjected to a simulated annealing protdg)l (  coupling constants of greater than 8 Hz (C5, R11, and S18)
17) described below. were restrained to angles ef160° to —80°. No dihedral

The target function used for the restrained molecular angle restraint violations were present in the set of 17
dynamics (RMD) calculation is comprised of terms displayed converged structures. Stereospecifiproton assignments
in eq 1: were made by analyzing to 3 coupling constants and NH

to B and o to f NOE patterns to yield stereospecific
o Frnoe T Fenirat T Fainedrar (1) assignments for C5, Y7, R12, Y13, C16, and Q23, and
angles were restrained to the range-df° to —75° for these

The final 50 distance geometry structures were initially residues in accordance with the method of Hyberts et§).
subjected to 500 iterations of quartic and conjugate mini- Initial molecular modeling calculations used distance
mization, with all force constants reduced to 0.001 kcalthol  constraints generated by categorizing NOE cross-peak vol-
A2, The RMD calculation is initiated with this weak force umes as strong, medium, or weak and assigning distance

I:total = I:covalent-i_ Fnonbon
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e 9 o o e ~ 10 distance geometry structures, and this family of structures
2 ° e o % was then used to refine the distance constraints using the
* o N RMA algorithm. Five iterations of 500MD and RMA were
_LO- a used to determine the final refined set of distance constraints
which were used in the final calculation of 50 structures.
o o The final set of restraints used in the simulated annealing
calculation consisted of 269 distance constraints, 6 stereospe-
9 ! 0 8 ‘ 0 cific assignments, and k@angle constraints. The complete
! ) constraints set is provided in the Supporting Information.
D1 (ppm ) The overall degree of convergence generally corresponds

Ficure 2: NH-a region of a 400 ms NOESY spectrum of conotoxin with the distribution of distance constraints throughout the

y-PuE. (A) The 400 ms NOE spectrum collected using presaturated Structure.

water suppression with sequential connectivities shown for spin  Structure Baluation. The R-factor values calculated by
systems C5 Y13 (other connectivities are omitted for clarity). (B) the RMA processZ1) give a quantitative assessment of the
The NH-a region of the back-calculated spectrum derived from - ;
the lowest-energy structure of conotoxip-Puie. Cross-peaks  adreement between the experimental data and the resulting
marked with an * were observed in NOE spectra collected using model. R-factors were observed to steadily decrease with
gradient water suppression techniques. refinement of the model, with ensemtiefactors of 0.98

for the initial linear peptide model to final values of 0.54
for the refined structure ensemble. Values for the parameter

constraints of 1.52.5, 2.5-3.5, and 3.55.5 A based on -
é?l/e decreased from 0.11 for the linear structure to 0.008 for

these classifications. The structures generated using th .
resulting constraint set were not well converged, and showed® final set of 17 structures.
significant restraint violations. RMSD values and the angular order param&eR2, 23)
Subsequent molecular modeling calculations employed Were used to analyze the degree of convergence of the
restraint sets generated using the IRMA process, describeccalculated structures. Figure 3 compaggfor ¢ angles and
as follows. After assignment of cross-peaks in the NOESY the RMSD values per residue for backbone atoms as well
spectrum, volume integrals were measured using the FELIX for the complete side chain. There are two main areas of
software package_ These volumes were then used as inpu@Oﬂformational ﬂEX|b|||ty present in the structures, one
to the IRMA module of the Biosym molecular modeling centered about L6-Y7 as well as the two C-terminal residues.
software package_ Th&; was estimated by repeating the Neither L6 or Y7 shows |0ng range NOEs to other portions
RMA calculation until the theoretical NOE buildup curve ©f the molecule, so it is unclear whether the observed
for 8 protons were in close agreement with the experimental flexibility in the region arises from a paucity of NMR data
buildup curves. The measuregfor the w-conotoxin GVIA or freedom of motion in solution. The decrease in the
(20) was used as an initial starting point for this process, as angular order parameter about residues 014 and G15 is not
the peptides are of similar size. The final values used werereflected in the RMSD values, as the conformational flex-
0.6 ns forze and 1.6 s for thd; leakage value. The IRMA ibility of the glycine residue does not displace side chain
algorithm individually calculates distance bounds for each atoms to add to the overall RMSD for the residue.
assigned cross-peak, depending on the structural model. The Ramachandran plots may be used to judge the quality of
distance restraints calculated by IRMA from the linear a structure. Figure 4 displays a Ramachandran plot for the
structure contain errors due to the poor approximation of ¢ and v angles of the 17 best converged structures of
the linear conformation to the final structure. To compensate conotoxiny-Puie. All of the dihedral angles fall in allowed
for this, the lower-bound restraints were removed from this regions according to the plot, demonstrating that both torsion
restraint set when applied to the initial distance geometry angle and steric contact issues have successfully been
calculation. These distance constraints were used to generateesolved by the molecular modeling algorithms employed.
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el Table 1: Data Reflecting Exchange Rates of Amide Protons
i} AOIAT slow
133 NH & (ppm) HTi(s) (ppb/K) exchange turn
C4 9.05 1.02 7.3
Hi C5 8.08 1.05 6.4
L6 8.23 0.98 6.1 * O3L6
Y7 9.45 0.84 9.1
i “-"-J:E G8 8.65 0.69 6.5
L 7 K9 7.70 1.04 4.0 * L6-K9
#® C10 8.51 0.91 6.6
= R11 9.03 1.20 6.7 *
= R12 7.97 0.78 5.0
LE Y13 7.16 1.21 3.8 * R11Y13
G15 8.77 0.85 5.1
C16 8.12 1.07 2.4 * Y13C16
80 S17 835 0.82 6.7
S18 7.70 1.03 3.3
135 Al19 7.80 1.04 3.1 * C16A19
. S20 9.31 0.79 8.7
Cc21 7.40 1.20 1.9
*
e i - S Y B
FM aarecel R24 834 0.82 8.4

FiGure 4: ¢ vs yp Ramachandran plot including angles from the

17 converged structures af-Puie. Squares signify non-glycine . . ,
residues, gnd triangles sigf,ify glycir?e residugs.fy i predicts seven protons are involved in hydrogen bonds, each

of which can be explained by the secondary structure of

Description of the StructureThe structure of conotoxin ~ conotoxiny-Piie. Amide protons of residues L6, K9, C16,
w-PuiE contains nax helix or 3 sheet regions, but consists A19, and C22 all appear to be hydrogen bonded to the
of a series off turns (Figure 5). A comparison of the carb_onyl of the res!due three amino aC|_ds earlier in the
positions of thes turns inu-Giia andy-PiiE reveals that ~ Peptide sequence, with regufaturn geometries. The amide
each of the turns in conotoxip-PilE occurs in the position ~ Proton of Y13 is within hydrogen bonding distance of the
analogous to that of the conserved cystine residues. Ofcarbonyl of R11, with residues R11, R12, and Y13 compris-
particular interest, both pairs of adjacent cystine residues,iNg @y turn. The amide proton of R11 appears to be
C4-C5 and C21-C22, are the central residug$ wfrns; this involved in a hydrogen bond with the carbonyl of C4 (Figure
structural feature is also observed in the two pairs of adjacent®) in an interaction which may stabilize the chain reversal
cystines in both the-Giia and u-Giie structures. Other ~ centered about residues L6 and Y7.
structural features include turns between residues L6 and Of the three disulfide bonds present in the sequence, only
K9, Y13 and C16, C19 and Al9, and A19 and C22.yA  the side chains of C4 and C16 appear to be well resolved in
turn appears between R11 and Y13, as well as a hydrogenthe final 17 models of conotoxip-Piie. This is consistent
bond between the carbonyl of C4 and the amide residue ofwith the amount of spectral data available from NOESY and
R11. PE-COSY experiments for each of the cystine residues.

H T, values, the dependence of the amide chemical shift Chemical shifts fol3 protons were observed to overlap for
on temperature, and amide exchange rates wiD @ere cystine residues C4, C5, and C10, complicating NOESY
measured to assess the exchange rates for amide protonsross-peak assignments and coupling constant measurements.
(Table 1). Analysis of these data for conotoxjrPiE Cross-peaks across the disulfide linkage could be assigned

Ficure 5: Stereoviews of the backbone atoms of the 17 converged structures of conptBxim overlaid upon the lowest-energy structure
after simulated annealing.
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toxin targets the acetylcholine gated cationic channel. As
with conotoxinsu-Giia andu-Giis, y-PilE appears to have
a flat, discoidal overall shape, with the majority of the
positively charged residues congregated on one face of the
molecule (Figure 7). Itis reasonable to propose that the side
of the structure containing the positively charged residues
directly interacts with the toxin receptor. Side chain chemi-
cal shift values for K9, R12, and R24 are near the averaged
values for residues which are fully exposed to solvent. The
chemical shift of the guanidinium group of R11 is 6.69 ppm,
which is shifted upfield from the equivalent groups of R12
and R24 by 0.4 ppm. The NMR structure of conotoxin
y-Pie shows R11 is well defined throughout the side chain,
and is less exposed to solvent than the other cationic groups
of the peptide; this may be related to the hydrogen bond
that appears between the amide proton of R11 and the
carbonyl of C4.
FiGURE 6: Backbone atoms of residues 41 showing the proposed A comparison of the structure of conotoxinPiie and
g{dlrogen bond between the carbonyl and amide protons of C4 andNMR structures ofi-conotoxing-Gia andu-Gilis reveals
, respectively. . s . .

considerable similarities in the three-dimensional structures
of the peptides. Although-Giia andu-Giis have extensive
sequence homology, conotoxig-Piuie shares only the
disulfide bonding pattern with the:-conotoxins. This
suggests that the disulfide bonding pattern alone may direct
the secondary structural characteristics of the peptide,
creating an amino acid backbone scaffold, upon which
various amino acid side chains may be added without altering
the overall structure of the peptide.

The differences in the receptor specificities for the
u-conotoxins andy-Pile demonstrate thaZonus geographus
andC. purpurascenbave used the same structural backbone
to target two different receptors. The importance of residue
R13 in the binding activity ofi-Giia has been demonstrated
(6), and a comparison of the primary sequenceg-d9iiE
andu-Guia confirms that this critical residue is not conserved
between the two peptides. The three-dimensional structures

FiIGURE 7: View of lowest-energy final structure displaying the five  Of the two peptides demonstrate that, although the peptides

positively charged groups (blue atoms) of conotoxirPiiE. At have a similar overall shape, there is no equivalent functional
least one of the sulfur atoms (yellow) from each disulfide bond is group iny-PuE to play the role of R13 inu-Giia. This
visible. explains why conotoxinp-Puie has no affinity for the voltage

o ] gated sodium channel, and future mutation studies should
only for C4-C16, and sufficient information for stereospe- (aveal the functional groups of conotoxinPiE that are

cific § proton assignments was available for only C16. necessary for activity at the acetylcholine gated ion channel.
Regions of disorder throughout the model may be related to || et al. (24) have suggested that the structureg-@iia
the lack of well-resolved spectral information to restrain key 54 1-Giie contain the core structural motifs of the cysteine-
covalent disulfide linkages to specific conformations. stabilizedo,8 motif (CSa3), which contains a helical region
stabilized by disulfide bonds to cystine residues gfsrand

DISCUSSION (24). Although the secondary structureseGiia, u-Guis,

The positive charges are likely to be important for and y-Piue are very similar, the secondary structure of
structure-activity relationships of conotoxig-Piig, as the y-PuiE is best described as a series of turns, rather than in

Ficure 8: Superimposed backbone diagramseGiia (4), u-Gus (5), andy-Puie.
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terms of o helices orf sheets. Theu-Gus structure
described the 10 C-terminal amino acids as a distorted helix,
on the basis of six slowly exchanging protons in this portion
of the sequence. In conotoxip-PiE, we observed three
slowly exchanging amide protons in the analogous portion

of the sequence, each of which is involved in three successive »

p turns. The similarity among the three-dimensional struc-

tures of conotoxing-Giila , u-Giis, andy-PiiE suggests that 3.

they define a stable and compact structural motif essentially
independent of the G motif. Though the conserved

disulfide bonding pattern is necessary for the structures of 4

both the conotoxins and members of theo@Snotif, the
length of the non-cystine loops in the &% motif are at
least 10 amino acids longer in members of thex@ ®otif
than in the conotoxins. This difference is reflected in the
lack of well-defined secondary structure in each of the

conotoxin structures. The conotoxin structures satisfy the 7

structural constraints of the disulfide bonding pattern by
employing a series of conservgtturns rather than the

extensiven helical ands sheet structure present in members 8.

of the C%5 motif. These structures may be useful for

peptide engineering studies, as the similarity between the 9

y-PuiE structure and the-conotoxins demonstrates that the
structure will tolerate extensive amino acid substitution in
non-cystine residues. 1
These results suggest that structural features common to
conotoxinsu-Giia, u-Guie, andy-Piie define a structural
motif unique to very small peptides, containing a cystine
knot, which is stabilized by the presence of consefaarns
which create chain reversals necessary to satisfy the covalent
restrictions of the cystine disulfide bonding pattern. Specif-

10.

ically, analysis of the secondary structure for the aligned 14.

sequences of the peptides shows that turns occur in the same
position in each peptide relative to the cystine residues. The
overall similarity in the backbone folding pattern of the three
peptides is evident from comparison of the NMR stuctures
shown in Figure 8. The similarity gi-Guia, u-Guis, and
y-PuE, despite the lack of sequence conservation apart from
the cystine knot, suggests that this is a stable structural motif
has been used bg. purpurascensand C. geographugo
target different biological receptors.
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