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Solution Conformation of Conotoxin GI Determined by 'H Nuclear Magnetic
Resonance Spectroscopy and Distance Geometry Calculations
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ABSTRACT: Conformational analysis of conotoxin GI, one of the neurotoxic peptides produced by a marine
snail, genus Conus, was performed by a combination of nuclear magnetic resonance spectroscopy (NMR)
and distance geometry calculations. The resulting conformers on minimization of the target function were
classified into two groups. The difference in the structures of the conformers is mainly due to the difference
in the orientation of the side chain of the tyrosyl residue. The results show that the solution structure of
conotoxin GI satisfies the conformational requirements for the biological activity of an antagonist toward
nicotinic cholinergic receptors elucidated in a series of studies on alkaloids. The structure is discussed on
the basis of the results of comparison of the atomic arrangements of the active sites of snake venom peptides
and molecular models based on the results of secondary structure prediction.

Fish-eating marine snails of the genus Conus produce several
classes of toxic peptides that specifically bind to key elements
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in nerve and muscle cell membranes, resulting in successive
blocking of the series of neuromuscular systems of fish (Kohn
et al., 1960; Endean & Rudkin, 1963; Spence et al., 1977; Cruz
et al., 1978; Olivera et al., 1985). They are called conotoxins
and are classified into three large groups: a-conotoxins are
presynaptic (Gray et al., 1984; Mclntosh et al., 1982), w-co-
notoxins are postsynaptic (Olivera et al., 1984, 1987), and
u-conotoxins are muscle channel inhibitors (Cruz et al., 1985).
Gray et al. have systematically studied these peptides and have
shown that commonly they are relatively small peptides of
13-29 amino acid residues and include 2-3 disulfide bonds.

0006-2960/89/0428-4853%01.50/0 © 1989 American Chemical Society
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FIGURE 1: Amino acid sequence of conotoxin GI from C. geographus
(Gray et al.,, 1981; Nishiuchi & Sakakibara, 1982).

As a-conotoxins, three related peptide toxins consisting of
13-15 amino acid residues were isolated from the venom of
Conus geographus and shown to block synaptic transmission
by binding to the acetylcholine receptor, thus causing paralysis
(Gray et al., 1981; Mclntosh et al., 1982). These three pep-
tides, designated conotoxins GI, Gla, and GII, were chemically
synthesized, and the modes of their disulfide formations were
revealed (Nishiuchi & Sakakibara, 1982; Gray et al., 1984).

The molecular conformation of conotoxin GI was deduced
by means of model building through secondary structure
analysis involving circular dichroism (CD)! measurements and
Chou and Fasman’s method of prediction (Hider, 1985; Gray
et al.,, 1985; Chou & Fasman, 1974). Its toxic activity is
similar to those of snake a-neurotoxins of 60~70 amino acid
residues (Yang, 1974; McManus et al., 1981). These toxins
have been well investigated in relation to curare-like alkaloids,
which show potent ability to block the nicotinic acetylcholine
receptor (Pauling & Petcher, 1973; Hider & Dufton, 1979).
Comparison of their structures has suggested that there is a
strong resemblance between the conformation of conotoxin GI
and those of the reactive centers, so-called active tips, of snake
a-neurotoxins (Dufton & Hider, 1977, 1980, 1983; Low et al.,
1976; Tsernoglou & Petsko, 1976).

To test the structure of the model, we have determined the
three-dimensional structure of conotoxin GI in solution. The
structure was elucidated through the combined use of 'H
NMR and a distance geometry algorithm (Braun et al., 1981;
Braun & G, 1985; Ohkubo et al., 1986). The results obtained
for this small peptide with such remarkable activity should
provide a good explanation for the structure—activity rela-
tionship of conotoxin GI.

MATERIALS AND METHODS

Sample. Conotoxin GI, the amino acid sequence of which
is shown in Figure 1, was synthesized and its activity dem-
onstrated as described previously (Gray et al., 1981; Nishiuchi
& Sakakibara, 1982). The chemical synthesis provided a
sufficient amount for NMR measurements, especially for
two-dimensional NMR. Deuterated dimethyl sulfoxide
(DMSO-dg) was used as the solvent, and the concentration
of the solution was 8 mM.

NMR Spectroscopy. Proton NMR spectra were recorded
at 500 MHz on a JEOL GX-500 spectrometer. Two-dimen-
sional spectra on nuclear Overhauser effect spectroscopy
(NOESY) (Kumar et al., 1980), double quantum filtered
chemical shift correlated spectroscopy (DQF-COSY) (Rance
et al., 1983), and homonuclear Hartmann~Hahn spectroscopy
(HOHAHA) (Davis & Bax, 1985) were recorded in the
phase-sensitive detection mode by the four-quadrant method
proposed by States et al. (1982). The NOESY spectra were
recorded with various mixing times, 100, 120, and 200 ms, for
evaluation of the effects of spin diffusion and coherent

1 Abbreviations: NMR, nuclear magnetic resonance; CD, circular
dichroism; DMSO-dg, deuterated dimethyl sulfoxide; NOESY, nuclear
Overhauser effect spectroscopy; DQF-COSY, double quantum filtered
chemical shift correlated spectroscopy; HOHAHA, homonuclear Hart-
mann-Hahn spectroscopy; DADAS, distance analysis in dihedral angle
space; NOE, nuclear Overhauser effect; HPLC, high-performance liquid
chromatography; rmsd, root mean square distances.
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magnetization transfer. The HOHAHA spectra were also
recorded with various mixing times, 25.1, 43.0, 65.5, and 95.5
ms, to follow successively direct, single, and multiple relayed
through-bond connectivities. The sizes of the data in time
domains were 2K points for the ¢, direction and 256 points
for the ¢, direction. The digital resolutions in the cases of
NOESY and HOHAHA spectra were 10.74 Hz/point in the
w) direction and 5.37 Hz/point in the w, direction. These were
obtained by zero filling in the w, direction. All NMR mea-
surements were carried out at 20 °C.

Calculations. To calculate the conformation that satisfied
the distance constraints between paired protons in the molecule,
minimization of the variable-target function was carried out
with the DADAS program as described by Braun and Go
(1985) and Ohkubo et al. (1986). The ACOS 2000 main-
frame computer at the computer center of Osaka University
was used. Analysis of the structures and molecular drawings
were carried out with the VENUS program for the ACOS 900
computer at the Crystallographic Research Center, Institute
for Protein Research, Osaka University (Iga & Yasuoka,
1984).

RESULTS AND DISCUSSION

Assignment of the '"H NMR Spectrum. The sequence-
specific resonance assignment procedure introduced by
Wiithrich et al. was used to make whole peak assignments as
follows (Wuthrich, 1986).

First, amino acid spin systems were identified by surveying
direct and relayed through-bond connectivities in the DQF-
COSY and HOHAHA spectra. Figure 2 shows the NH
aliphatic region of the HOHAHA spectrum. The HOHAHA
spectra series were generally more useful for delineating the
spin-coupling connectivities than the DQF-COSY spectra.
Thus, the latter were used rather complementarily.

The protons of the aromatic rings of His'® and Tyr!! were
identified on the basis of the through-space connectivities to
individual C4 protons in the NOESY spectra. The amide
protons of the side chain of Asn* and the C-terminus of the
peptide were also connected to the corresponding Cg protons
of Asn* and Cys'3, respectively, in the NOESY spectra. The
OH proton of Ser!2 and the {-NH, protons of Arg® were
missing in all spectra. These signals might be broadened due
to the fast exchange of such labile protons with those of water,
which was present in the DMSO-d, in an extremely small
amount. The backbone NH’s of Arg® and Tyr!! were detected
only in the case of the sequential nuclear Overhauser effect
(NOE) connectivities with the corresponding C, protons of
Gly® and His'®, respectively. The individual protons belonging
to Glu!, Pro®, AlaS, Gly®, Arg®, and Ser'? were easily assigned
on the basis of their coupling profiles; the spin systems of these
six residues are unique, respectively, in the molecule, so their
coupling patterns are distinguishable from the others.

Next, assignment of the resonances of the remaining residues
including four cysteinyl residues was carried out by means of
sequential assignment using NH-C,H, NH-NH, and NH-
CzH proton connectivities. Figure 3 shows the NOESY—
COSY connectivity diagrams, where the assignment pathway
is alternately demonstrated by indicating COSY connectivities,
NH()-C,H(¢), and NOESY connectivities, C,H(H)-NH(i +
1). Although the network is interrupted at Asn* because of
a lack of NH in Pro’, there is a through-space connectivity
between the C,, proton of the former and the C; protons of the
latter. Table I lists the resonance assignments.

Some satellite signals were detected in the spectra, as in-
dicated in Figures 4 and 5. Figure 4, which is a part of the
HOHAHA spectrum, shows that Pro® and Ala® exist in two
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FIGURE 2: NH aliphatic region of the HOHAHA spectrum of conotoxin GI in DMSO-dy. Horizontal lines show the intraresidual spin-coupling
connectivities. The backbone NH’s of Glu!, Arg®, and Tyr!! are missing. The connectivity for Arg’ is demonstrated with N;H-C;H.

states. Each minor peak was assigned, respectively, on the
basis of its unique spin system. The differences in chemical
shifts of each satellite peak from those of the corresponding
major peaks are so small, except for those of C,, protons, that
the existence of an isomer was only detectable in the two-
dimensional spectra. No NOE connectivities were detected
between major and minor peaks in NOESY spectra, even with
the long mixing time, 200 ms. Thus, the conformational
exchange between these isomers should be slow. Although no
satellite signal at Asn* was detectable, such an interconversion
is generally attributable to the cis—trans isomerization at the
X-Pro peptide bond (Torchia, 1972; Cheng & Bovey, 1977).

Other satellite signals were found at Tyr!!. As shown in
Figure 5, the signals of aromatic and OH protons carried
satellite signals besides the major peaks. The isomerization
around the Tyr!! residue is not clear so far. This could not
be attributed to the prolyl cis~trans isomerization because the
ratios of the peak intensities are quite different from those in
the cases of Pro® and Ala%. Such an isomerization around the
Tyr residue was also found in the NMR spectra of conotoxin
MI, which is a homologue of conotoxin GI produced by Conus
magus. The 'H NMR spectrum of conotoxin MI showed such
satellites of which the intensities depend largely on the solvent
and temperature, and no NOE connectivities were detected
among major and minor peaks of Tyr!? residue of conotoxin
MI (Kobayashi et al., unpublished data). These phenomena,
which should be due to some isomerization, had been detected

in the HPLC profiles of conotoxin MI as well (Gray et al,,
1983; Nishiuchi & Sakakibara, 1984), The details of the
isomerization of conotoxin GI, in relation to conotoxin MI,
are under investigation.

Other paired peaks at 7.18 and 7.35 ppm were observed,
as can be seen in Figure 5. However, assignment of these
peaks was not possible because there were no connectivities
detected with these peaks, i.e., as if they are isolated from all
the others.

Judging from these findings, there appear two types of
conformational isomerism in conotoxin GI in DMSO. How-
ever, the rates of the interconversions were so slow that no
correlation peak between the isomers was detected in the
NOESY spectra, and the intensities of the satellite peaks were
quite weak. Furthermore, the conformational isomerizations
are localized. Thus, both of these isomerizations were ne-
glected in the overall structure determination.

Secondary Structure. Because conotoxin GI is so small and
is constrained by two disulfide bonds, a common secondary
structure cannot be much expected. However, Hider found
on curve fitting of the CD spectrum of conotoxin GI that the
spectrum shows a high a-helical content of up to 50%. He
carried out secondary structure prediction by means of the
modified Chou and Fasman method and postulated a structure
with an a-helical region between Cys® and His!?, without
interruption by two disulfide bonds and the Pro’ residue
(Hider, 1985).



4856 Biochemistry, Vol. 28, No. 11, 1989

Kobayashi et al.

'J%LUL,J(UV ' e

™ T

T v
9 S / €

uhxww\’v A
—— LA

PO [=— B BT (X
C2-E1. i

L
H10-R9

4

cs_cg13-$12o 12-Y1. .N4-C3

N
Laa o a4 o L oa s a4 a4
I

=

AAJ -
7

5

Cc7

A6

c2

9

[ 3

|

N

[2]

@
. S
2 o b a a4 a b a a0 oa A a0

c3

FIGURE 3: NOESY-COSY connectivity diagram for sequential assignments. The lower right triangle was taken from the COSY spectrum
of conotoxin GI in DMSO-d, solution. The cross peaks corresponding to intraresidual spin couplings between C,H and NH are labeled. Such
cross peaks of El, P5, R9, and Y11 are missing. The upper left triangle was taken from the NOESY spectrum of the same sample with a
mixing time of 120 ms. The cross peaks corresponding to NOE connectivities between C,H, and NH(i + 1) are labeled. The assignment
pathway is demonstrated by indicating alternative COSY and NOESY connectivities. These are interrupted at N4-P5, G8-R9, and H10-Y11
because of the lack of NH’s. The NOE connectivites between NH(i) and NH(; + 1) were used for the junctions at A6-C7 and C7-G8.
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FIGURE 5: Part of the one-dimensional spectrum of conotoxin Gl in
DMSO0-d;. The signals of aromatic CH and OH protons of Tyr!!
are shown with their satellite signals indicated by an asterisk. The
paired signals at 7.18 and 7.35 ppm could not be assigned.
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FIGURE 4: Part of the aliphatic region (w, 1.25-2.55 ppm, w, 3.65-4.45
ppm) of the HOHAHA spectrum of conotoxin GI in DMSO-d,.
Horizontal lines at 1,7-2.4 ppm connect the two spin-coupling networks
of the pyrrolidine ring corresponding to the major and minor peaks
of C,H of Pro®. The peaks of the minor component are indicated
by an asterisk. The peaks around 1.3 ppm are CzH of Ala® connected
to the major and minor peaks of C, of Ala®, respectively.
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FIGURE 6: Sequential and medium-range NOEs detected in the
NOESY spectrum of conotoxin GI. d,y represents NOE between
C,H(i) and NH(i + 1), where i is the residual number. djy represents
NOE between NH(i) and NH(i + 1). dgy represents NOE between
CgH(i) and NH(i + 1). The thickness of the lines indicates the relative
intensities of cross peaks in the NOESY spectrum.
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Table I: Resonance Assignments for Conotoxin GI in DMSO-d; at
20 °Ce

NH CH CGH CH CH CH OH
Gh' 827 378 196 2.38

8.36 2.01
Cys? 895 4.54 252
377
Cys® 928 449 282
3.19
Asn*  7.13 494 256 7.49
2,71 8.11
Pro® 400 178 1.88  3.68

223 197 377
Ala® 879 4.01 1.28
Cys? 8.02 4.05 275

3.36
Gly* 1771 354
3.92
Arg® 407 152 131 308 779
1.66 1.46
His'® 810 462 3.03 726 895
3.30
Tyr!! 425 279 696 654  9.12
(1.05) (6.64) (9.21)
2.89
Ser'? 418 3.6l
3.50
Cys® 874 441 2.56 7.15
3.07 7.39

@ All chemical shift values are given in parts per million from tetra-
methylsilane. The numbers in parentheses are the chemical shifts of
satellite signals.

The regular secondary structure elements of polypeptides
can be elucidated by analyzing the sequential and medium-
range NOEs (Wiithrich et al., 1984). By investigating these
NOEs, as found in the NOESY spectra of conotoxin GI and
summarized in Figure 6, the secondary structure of conotoxin
GI in solution was examined to test this postulated chain
folding. In the NOESY spectra, strong NOEs between C H(i)
and NH(i + 1), d,N, were detected at residues i = 1-3, 9, 11,
and 12. These NOEs are indicative that these segments of
polypeptides are almost fully extended or in 8-sheet structures.
Weak d NOEs were detected at residues # = 5 and 7 as well.
Strong NOEs between NH(i) and NH(i + 1), dnn, were
found at residues i = 6 and 7 and weak NOEs at residue i =
3. The dyn NOEs indicate the local arrangements of con-
formation in an a-helix or a type I 8-turn structure. A weak
NOE between C,H(i) and NH(i + 2) was detected at residues
i = 6. These profiles of sequential and medium-range NOE
connectivities in the range 58 suggest that a turn I structure
should exist in this region. This region corresponds to the
segment for which the secondary structure was predicted to
be in an a-helical conformation by Hider (1985).

The other combination of weak d,y and dyn suggests an-
other type I 8-structure in the sequence around 3-4 as well.
The existence of 8-turn structures was predicted by Gray et
al. in the regions Asn*~Cys’ and Gly*-Tyr!! by means of Chou
and Fasman’s method (Gray et al., 1985; Chou & Fasman
1974; Wemmer & Kallenbach, 1983).

At this stage, it could be said that the places where ordered
structures, a-helix or 8-turn, had been predicted correspond
roughly to the two regions where turn [ structures were found
through the NOE connectivities.

Distance Constraints. The interresidual NOE connectivities,
which were detected in the NOESY spectra and used for the
calculation, are presented in a diagonal plot in Figure 7.

The intensities of the NOE peaks were translated into the
corresponding atomic distances in the following way (Braun
et al., 1981).

Biochemistry, Vol. 28, No. 11, 1989 4857

™

Residue

_l\

: .

1 5 10
Residue

FIGURE 7: Diagonal plot of the NOE connectivities used as distance
constraints in the conformation determination of conotoxin GI in
DMSO-ds. Both axes represent the amino acid sequence. Open
squares indicate that NOEs between backbone protons of two residues
corresponding to each sequential location were observed. Squares
with crosses indicate NOEs between a proton of a residue and a
side-chain proton of another residue. An interresidual side chain—side
chain NOE was not detected.

The observed NOEs were classified into two groups, i.e.,
short-range NOEs, which are intraresidual NOEs and those
between backbone hydrogen atoms and C; protons of adjacent
residues, and long-range NOEs, which are those between the
remaining pairs of protons. The intensities of short-range
NOEs were interpreted by means of a rigid model. In this
model, the fluctuation of the distance was assumed to be so
small that the intensity of an NOE should be related to the
atomic distance according to the equation of the general form,
NOE « 1/ .

The short-range NOEs were classified as weak, medium,
or strong, by counting the contour lines in contour plots of the
NOESY spectra, and the corresponding upper distance con-
straints were calibrated relative to the standard distance to
be 3.5, 3.0, and 2.5 A, respectively (Williamson et al., 1985).
The standard for calibrating relative intensities was provided
by the intensity of the NOE between two Cg protons of a Cys
residue that showed the strongest NOE intensity among all
pairs of Cg protons. The distances between these protons were
estimated to be 1.75 A. The upper distance constraints be-
tween the paired atoms that showed long-range NOEs were
assumed to be 4 A, adopting the idea of the threshold value
of distance where an NOE was first detected. Such treatment
of long-range NOEs was discussed previously (Ohkubo et al.,
1986).

The lower distance constraints were assumed throughout
to be the sum of the core radii of the two protons, i.e., 2.0 A.
Additional distance constraints were provided by the two
disulfide bonds. When some NOE peaks for side-chain protons
could not be assigned stereospecifically, interpretation of these
NOEs was carried out by using so-called pseudoatoms as
reference points for distance constraints following the method
suggested by Wiithrich (1986).

Distance Geometry Calculation. To elucidate the three-
dimensional structure of conotoxin GI in solution on the basis
of experimental interproton distances determined by NOE
measurement, Braun and Go’s method was used (Braun & Gb,
1985). It consists of minimization of the square sum of the
differences between atomic distances in the calculated structure
and the corresponding distances obtained from NOE infor-
mation. The details of the procedure were given in a previous
paper with an example of application to a toxic peptide, STh
(Ohkubo et al., 1986).
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Table II: Root Mean Square Distances (rmsd) among 10 Conformers with the Lowest 10 Residual Values for the Target Function®

I 0.24 * 2.46 2.21 2.73
v 0.39 1.77 * 1.67 3.30
v 0.47 1.48 1.05 *

293
IX 0.57 1.77 2.13 1.67 *

II 0.29 3.90 3.16 3.18 2.78
111 0.29 3.62 292 2.94 2.36
VI 0.50 3.56 2,61 2.66 293
VII 0.56 3.69 2.61 2.82 291
VIIT 0.56 3.63 2.97 2.94 291
X 0.59 3.53 2.60 2.60 2.88

1 v v IX

4.69 491 4.80 4.86 474 4.57
4.30 4.55 4.04 4.09 4.25 3.82

415 441 3.90 4.14 3.99 3.73
3.90 3.70 4.80 4.35 4.67 4.40

* 1.74 2.98 2.61 3.22 293
1.06 *

3.26 2.30 3.38 3.36
*

1.62 1.70 2.34 2.13 1.63
1.64 1.46 1.13 * 3.13 2.42
1.89 1.65 1.43 1.73 * 2.34
1.67 1.77 0.35 1.21 1.43 *

II III VI VIl VIII X

2The first column shows the residual values for the target function. The lower left triangle shows the rmsd calculated for the backbone atoms and

the upper right triangle that for all atoms.

First, the error function, T, for a given set of constraints
is determined as the target function to be minimized

_ ’(Uijz - "rjz)z

U/t

z

T

’(Lijz - ’112)2

+ 2wl + ) = 1 (1)
L,-j2
where ry, Uy, and L, are the interatomic distance between
atoms / and j, and the upper and lower constraints of the
corresponding ry, respectively. s, and s, are the repulsive core
radii of the / and j atoms. Y’ means summation only over
the terms that violate distance constraints, and w is the weight
of the third term relative to that of the first and second terms.

Next, an initial conformation is generated by using random
values for dihedral angles, and r;; are calculated. Then the
target function is minimized by changing the values for the
dihedral angles, with fixed values for bond angles and bond
lengths of peptide residues. To avoid the multiple minimum
problem during the minimization, the distance constraints are
applied stepwise according to the difference between residue
numbers to which each of the paired protons under consid-
eration belongs. Starting from the conformation obtained in
the previous stage, a series of minimizations is then carried
out with constraints between further residues along the primary
structure.

These calculations were carried out with the DADAS
computer program written by Braun and G (1985).

Results of the Calculations. Starting from 100 initial
conformations, which were chosen individually and randomly,
an assembly of 100 conformers was obtained by repetition of
the calculations. Although the value for the target function,
T, should vanish if the resulting conformation satisfies all the
constraints, each resulting conformer actually retains some
value for the target function at the final stage of each series
of minimizations. These values indicate the extent to which
each conformer satisfies the constraints. The resulting con-
formers were numbered I, 11, II1, ... according to the residual
value of the target function, from the smallest value. Ten
conformers, [-X, that best satisfy the constraints were picked
and compared to judge how these structures converge on each
other. The convergence was examined in terms of the root
mean square distances (rmsd) among each of the 10 con-
formers.

Analysis of these rmsd values revealed the following in-
teresting relationships among the conformers. As shown in
Table II, they can be classified into two groups, A and B.
Group A consists of conformers I, IV, V, and IX and group
B of conformers II, III, VI-VIII, and X. Although the average
value for rmsd calculated for backbone atoms among all 10
conformers is 2.32 A, that among the conformers of group A

FIGURE 8: Backbone conformations of the four conformers, I, IV,
V, and IX of group A, of conotoxin GI calculated with the DADAS
program, plotting only backbone atoms N, C,, C’. The side chains
of Glu!, Arg®, His'®, and Tyr!! are drawn as bold lines. The structures
were superimposed so as to get the best fit in the space.

is 1.58 A and that for group B 1.45 A. The values calculated
for all atoms are 3.54, 2.52, and 2.61 A, respectively. This
shows that the minimization leads to two kinds of conforma-
tions. The major difference in conformation between the two
groups appears to be the different orientation of the side chain
of Tyr!!,

Why the minimization led to the convergence into two
conformers is not clear at present. The main reason should
be the lack of NOE connectivities around the Tyr!! residue.
Investigation of the dynamics of this molecule is in progress.
At this stage both conformers should be candidates for the
conformation of conotoxin GI.

The resulting conformers of each group are illustrated,
respectively, in Figures 8 and 9, drawing the bonds connecting
the backbone atoms, N, C, and C’ atoms, and superimposed
to get the best fit in the space.

Conformation of Conotoxin GI in Solution. The aim of this
structural study was to obtain information on the structure—
activity relationships of conotoxin GI. Although there has been
discussion of the structural resemblance between conotoxin
GI and other toxins in the literature, it was based on hypo-
thetical structures for conotoxin GI derived by means of the
Chou and Fasman method of prediction. Using the structure
presented in Figures 8 and 9, even with the limitation that



Solution Conformation of Conotoxin GI

FIGURE 9: Backbone conformations of the six conformers, II, III,
VI-VIII, and X of group B, of conotoxin GI calculated with the
DADAS program, plotted in the same way as in Figure 8.

DMSO was used as the solvent, we can now provide additional
support to these hypothetical structures and cultivate a better
understanding of the structure—activity relationships.

A series of alkaloids, which block the neurotransmission at
the neuromuscular junction, for example, d-tubocurarine and
C-alkaloid E, have been investigated extensively by X-ray
analysis. The structural requirements of such antagonists
toward nicotinic cholinergic receptors for physiological activity
were elucidated by Pauling and Petcher (1973) to be as follows:
(i) a rigid conformation; (ii) two quaternary nitrogen atoms
separated by 10.8 £ 0.3 A; (iii) a sufficient degree of lipo-
philicity in the gap between the two cationic centers; and (iv)
oxygen atoms disposed to aid the molecular orientation.

Dufton and Hider demonstrated that these requirements
could be satisfied in the case of neurotoxic polypeptides of
snake venoms. They pointed out that the active tip of era-
butoxin b, a snake venom, could have a disposition of amino
acid side chains satisfying these requirements, such that Arg®
and Lys* act as the cationic centers and Phe’? and Tyr?
provide the lipophilicity (Dufton & Hider 1977; Hider &
Dufton, 1979). Such a disposition itself was not found in the
structure determined on X-ray analysis of a crystal of era-
butoxin b (Kimball et al., 1979). They postulated the existence
of some flip-flop movements around the active tip in solution
that modify the structure, so as to resemble those of the al-
kaloids. Such modifications of the structure, requiring con-
formational equilibrium in solution, were supported by the
observance of flexibility in the conformations of the neurotoxic
peptide as detected in the reported NMR and CD studies
(Hider & Dufton, 1979; Dufton & Hider 1980, 1983).

When taking into consideration such factors as invariant
residues and the predicted secondary structure of a-conotoxin
and the resemblance of the neurotoxic activities of conotoxin
GI to those of snake venoms, it was postulated that the N-
terminus of Glu! acts as one of the cationic centers, the side
chain of Arg?® acts as another cationic center, and His'* and
Tyr!! are located between these two centers (Hider, 1985).

The spatial arrangements of these four amino acid residues
of conotoxin GI in the calculated structures are shown in
Figures 8 and 9. It is obvious that the arrangements of these
residues in the group A structures in Figure 8 fit the postulated
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FIGURE 10: Space-filling drawing of conformer I with the lowest target
function value with the DADAS program as a representative structure
of conotoxin GI in solution. The four residues related to the con-
formational requirement for biological activity, Glu!, Arg®, His'%, and
Tyr!!, are shadowed. (a) is the front view of the molecule where these
four residues were localized, and (b) is the reverse view.

model surprisingly well. In Figure 10, a space-filling drawing
of conformer I is presented as a representative group A con-
formation.

The group B structures in Figure 9 show better agreement
with the model of conotoxin GI deduced by Gray et al., ac-
cording to the results of secondary structure prediction, which
shows a strong resemblance to that of the active tip of era-
butoxin b (Gray et al., 1985). Although the backbone
structures look quite similar to each other, there are, of course,
disagreements in detail that may be due to overestimations
during the prediction. The salt bridge between the side chains
of Glu' and Arg®, postulated in the model, was not found in
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the calculated structures, so there should be a rather low
probability of its formation. One explanation for this is that
the solvent used in this structure determination was DMSO,
while the prediction was carried out with the expectation of
an aqueous solution. In fact, a pH titration experiment on
an aqueous solution of conotoxin GI did not give any indication
of such a salt bridge (Kobayashi et al., unpublished data).
Although the presence of a regularly tight turn conformation
in the calculated structure is not as clear, the mode of the chain
fold of the backbone looks essentially consistent with that of
the model determined by Gray et al., i.e., the formation of two
B-turns starting at Asn* and Gly®. The profile of NOE con-
nectivities in the NMR spectrum of conotoxin GI and the
dihedral angles of the backbone chains of the calculated
structure indicate that some highly constrained structures exist
around the segments where 8-turns were postulated. Such a
profile also suggests that the possibility of the presence of an
a-helical conformation in the region between Ala® and His!?,
which was predicted by Hider to explain the CD spectrum of
conotoxin GI indicating a high a-helical content of up to 50%,
should be low. The CD pattern could reflect some partial
arrangements of dipole moments of peptides in the constrained
segment.

While some ambiguities remain in the detailed structure
because of the rather poor convergence, we have thus dem-
onstrated that conotoxin GI takes on a spatial atomic ar-
rangement in solution with features similar to those of a series
of alkaloids, which are antagonists toward nicotinic cholinergic
receptors. These similarities are of the same sort as those
postulated by Dufton and Hider in the case of neurotoxin
peptides of snake venoms (1980).

To obtain further information on the structure—activity
relationships of neurotoxins, we are currently determining the
structures of chemical derivatives of conotoxins GI and MI,
for which the biological activities have been investigated, in
comparison with those of native conotoxins. The results should
provide some information on nicotinic receptors as well.

Registry No. Conotoxin GI, 76862-65-2.
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