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Solution Structure of a-Conotoxin Iml by 'H Nuclear Magnetic Resonance’
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o-Conotoxin Iml derives from the venom of Conus imperialis and is the first and only small-
peptide ligand that selectively binds to the neuronal a; homopentameric subtype of the nicotinic
acetylcholine receptor (NAChR). This receptor subtype is a possible drug target for several
neurological disorders. The cysteines are connected in the pairs Cys2—Cys8 and Cys3—Cys12.
To date it is the only a-conotoxin with a 4/3 residue spacing between the cysteines. The structure
of ImI has been determined by *H NMR spectroscopy in aqueous solution. The NMR structure
is of high quality, with a backbone pairwise rmsd of 0.34 A for a family of 19 structures, and
comprises primarily a series of nested 8 turns. Addition of organic solvent does not perturb
the solution structure. The first eight residues of Iml are identical to the larger, but related,
conotoxin Epl and adopt a similar structure, despite a truncated second loop. Residues
important for binding of Iml to the o; NAChR are all clustered on one face of the molecule.
Once further binding data for Epl and Iml are available, the Iml structure will allow for design
of novel a; NAChR-specific agonists and antagonists with a wide range of potential pharma-

ceutical applications.

Introduction

Conus spp. are a group of hunting marine snails that
paralyze their prey (worms, mollusks, or fish) by inject-
ing a venom which consists of a cocktail of peptide
toxins.12 These conotoxins are predominantly disulfide-
rich peptides that selectively target specific receptors
and ion channels critical to the functioning of the
neuromuscular system. Conotoxins are short compared
with other polypeptide toxins, varying in length from
approximately 10 to 30 residues.

The a-conotoxin family is characterized by two con-
served disulfide bonds which link the first and third and
the second and fourth cysteine residues (i.e. 1-3, 2—4
connectivity), nominally forming two loops in the pep-
tide backbone between cysteine residues (Figure 1). The
number of amino acids between these disulfide bonds
varies between different family members, from three to
four in the first loop and from three to seven in the
second. All members of the a-conotoxin family inhibit
nicotinic acetylcholine receptors (NAChRs) in muscle,
neurons, or both.

a-Conotoxin Iml, isolated from the worm-hunting
Conus imperialis,® is unusual in that even though its
first eight residues are identical to the corresponding
sequence from Epl,* a recently discovered a-conotoxin
from C. episcopatus, the second loop only contains three
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residues compared with seven in Epl. Indeed, the 4/3
loop spacing of Iml is different from all of the other
known neuronal nAChR blockers, which have a 4/7 loop
spacing as indicated in Figure 1.56 By contrast most
muscle-specific a-conotoxins have a 3/5 spacing.”

The nAChR is part of the ligand-gated ion channel
(LGIC) superfamily, which includes the GABA,, sero-
tonin, and GluCl glutamate receptors.8 All of the LGICs
are large, membrane-bound pentamers with various
subunit compositions and several conserved features.
Each subunit is postulated to contain four transmem-
brane helices (M1 to M4), with the M2 helix lining the
selective ion channel lumen. Binding of an endogenous
ligand to a large, extracellular domain remote to the
M2 helix brings about a conformational change in the
M2 helices that causes the pore to open. The acetylcho-
line receptor is intimately involved in transduction of
signals in the brain and at the neuromuscular junc-
tion.®~11 Of the two subclasses of NAChR (muscular and
neuronal), the muscle type nAChR is a heteropentamer
composed of two o, subunits and one each of 1, y, and
0 or e subunits. The neuronal nAChRs are either
heteropentamers made up of a-s) and f-4) subunits
or homopentamers composed of a7 or ag subunits.

Even though the neuronal nAChRs play a key role in
the central and peripheral nervous system, their study
is hampered by the complexity of their subtype associa-
tion, function, and distribution. Often mixtures of
receptors are colocalized in various brain regions, and
hence physiological study is made difficult, as very
specific probes are required to distinguish these recep-
tors. Iml is the only small peptide specific to the
homopentameric neuronal nAChRs composed of a7 and,
to a lesser extent, ag subunits.’2 This makes it a very
important neurological tool.

The precise physiological role of the a; homomer is
not as yet fully understood, although it has been shown
to possess a Ca?*-specific pore, compared to the normal
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Name: Sequence:

EI
GI
MI
SI
SII

Figure 1. a-Conotoxin family. Sequences are aligned using the conserved cysteine framework, boxed in gray. All toxins have an
amidated C-terminus, except for SlI, which is in the free acid form. SlI also has an extra disulfide bond joining the two cysteine
residues not involved in the normal disulfide framework. Sources: Iml.® Epl,* PnlA and PniIB,®> MI1,% EI,%* GI,%5 MI,%6 SI,57 SII;%8
n, neuronal; m, neuromuscular junction.

monovalent cation channels formed by the muscle type
NAChRs. As attenuation of Ca?* levels is one mecha-
nism of regulating early gene expression, the az; NAChR
has been postulated to be involved in early neuronal
development.’® There have only been a few cases where
it has been shown that the o; nAChR is actively
involved in nerve signal transmission, despite the high
expression of a7 subunits in many areas of the brain,
especially the hippocampus. It appears that its major
role may involve modulating other currents, enhancing
fast excitatory transmissions by increasing presynaptic
Ca?* concentrations, which in turn activates glutamater-
gic and cholinergic synaptic transmission.’! The changes
in sensory processing in schizophrenia have been linked
to mutations in the o7 subunit.’* Changes in neurite
outgrowth in the hippocampus upon intraventricular
administration of a-bungarotoxin, which binds a7 sub-
units with high affinity, have also indicated a role for
o7 NAChRs in neuronal growth and plasticity.'315

The o7 homomeric NAChR has emerged as a very
important target in several disease states. The potential
therapeutic value of a highly specific agonist is evident
from findings that high doses of nicotine are beneficial
to sufferers from cognitive and attention deficits, Par-
kinson’s disease, Tourette’'s syndrome, and ulcerative
colitis, as well as schizophrenia. However the side
effects, including those on cardiovascular and gas-
trointestinal systems, dependence, sleep disturbance,
and seizures, arising from high nicotine doses can be
more detrimental than the main curative function,® and
alternative ligands are of much interest, as is an
understanding of the receptor structure.

Due to the large size of NnAChRs (~250 kDa) the only
structural information reported to date has been of low
resolution (~7.5—9 A) based on electron microscopy
studies.1”18 The receptors are approximately 65 A in
diameter, with a 25 A depression in the middle, and are
approximately 110 A long perpendicular to the mem-
brane bilayer. To better understand the structure and
function of these receptors, it is necessary to get higher
resolution data. One method for obtaining this is by
studying the structures of the ligands to these receptors.

The structures of several a-conotoxins have been
determined, including solution studies on G1,1920 M1,2!
and M112222 and X-ray crystallographic studies of G1,24
PnlA,25 PniIB,% and Epl.?’ In general the neuronal-

Journal of Medicinal Chemistry, 1999, Vol. 42, No. 13 2365
Receptor Target: Species: Prey:
n (07) C. imperialis Worms
n (o3P2, 03B4)  C. episcopatus Molluscs
n C. pennaceus Molluscs
n C. pennaceus Molluscs
n (a3B2) C. magus Fish
m (2a1py(d/e))  C. ermineus Fish
m (201 By(d/e))  C. geographus Fish
m (201py/€))  C. magus Fish
m 2a1Byd/e))  C. striatus Fish
m (201 By(d/e)) C. striatus Fish

specific blockers have similar structures which consist
of a central o helix over residues 6—12 and  turns, or
single turns of helix, at the N- and C-termini. Because
of its unique spacing of intracystine loops and its
selectivity for the o; NAChR, it was of interest to see
whether these common features were conserved in the
structure of Iml. The fact that Iml is so closely related
to Epl, which antagonizes agf3, or oz, neuronal NAChRs,
suggests that structural differences may account for
their different yet related receptor specificities.

Results

Peptide Synthesis. Iml was obtained in approxi-
mately 30% yield using a nonselective Boc chemistry
synthesis strategy.?® Formation of the disulfide bonds
was achieved by air oxidation in a 50% 2-propanol/0.1
M ammonium bicarbonate (pH 8.0) buffer, which gave
one major (>90%) peak. This was found to be a superior
oxidation medium to aqueous ammonium bicarbonate
buffer. Biological activity of synthetic Iml was confirmed
in a nicotinic acetylcholine receptor assay,?® and the
NMR data (below) showed the disulfide connectivity to
be identical to native.?

NMR Data. Iml gave good quality NMR spectra in
agueous solution over the pH range 3.1-6.1 and tem-
perature range 280—295 K. Figure 2 shows the spin-
system assignments in the TOCSY spectrum and their
sequential connectivity in the Ho—HN region of the
NOESY spectrum at 280 K. Peaks for Arg7 and Argl1l
are slightly broadened; however, no other spectral
inhomogenities are observed, indicating the presence of
a predominant single conformation in solution, with
possible conformational flexibility associated with the
two long Arg side chains. 'H and 3C chemical shift
assignments are provided as Supporting Information.
In addition to the NMR data recorded in aqueous
solution, a series of spectra was recorded in mixed
aqueous/organic solvents to probe the role of solvent
environment on structural stability. Solvent mixtures
examined included 20% acetonitrile/water and 50%
trifluoroethanol/water.

NOE connectivities, D,O exchange, and HN—Ha
coupling data are summarized in the top panel of Figure
3. Eight out of 10 amide protons are observable in 1D
spectra after dissolution in D,0. Six of these amides are
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Figure 2. Regions of the 80-ms TOCSY spectrum (top) and
200-ms NOESY spectrum of Iml in 90% H,0/10%D,0 at 280
K, pH 3.1. Spin-systems are shown in the TOCSY spectrum
and the sequential connectivities in the acH—NH region of the
NOESY spectrum. The one-letter code for amino acids com-
bined with the residue number is used in the labeling of these
spectra.

present after 2 h, and four are still present after 12 h,
which provides evidence for a solvent-protected or
hydrogen-bonded backbone. No helical structure is
indicated by the NOE patterns in Figure 3 as there are
no repeated Ha—HN(-i+3) or Ho—HN(i-i+4) NOEs, as
would be expected for a 310 or regular a helix. Both of
these types of helix had been observed for other a-cono-
toxin structures. However, several Hoyi-i+2) NOEs in-
dicate possible nested turns. A strong NOE is observed
between the Ho—H¢ protons for Asp5—Pro6, indicative
of a trans peptide bond. Further, the CB—Co 13C
chemical shift difference is 4.9 ppm, consistent with a
trans-proline,3! compared to an expected value of >10
ppm for a cis-proline.

Panels b and c of Figure 3 show HN chemical shift/
temperature coefficients as well as deviations from
random coil chemical shifts (commonly referred to as
secondary shifts) for Ho. and HN protons under different
pH and solvent conditions. The temperature coefficients
provide a measure of the degree of solvent protection
that is complementary to slow-exchange data.3° In
general, negative deviations from random coil values of
more than 3 ppb/K indicate a degree of solvent protec-
tion. The secondary shifts provide a measure of changes
in local structure.
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Figure 3. (a) Summary of the sequential and medium to long
range NOE information, 3Jun-r« coupling constants, and slow-
exchange HN data. The top three lines give the sequential
NOE data, with the height of the bars indicating the relative
NOE strength (strong, medium, or weak). Gray-shaded NOEs
are shown for the sequential NOEs from Asp5 to the ¢ protons
of Pro6. * and | symbols represent 3Jyq—qn cOupling constants
of 28.5 and <5.0 Hz, respectively. Filled circles indicate slow-
exchange amide protons, gray circles represent a HN signal
was seen in 1D spectra for at least 10 min, and black circles
represent protons present for more than 2 h after dissolution
in 100% D0 at 280 K. For the dother line of the NOE summary
diagram, solid lines represent one or more NOEs between any
protons of the starting and ending point residues of that
particular line. These data are presented in this way to give
an indication of the number of medium to long range NOEs
observed. (b,c) Deviation from random coil chemical shift
values for Iml HN (b) and Ha (c) protons. Deviations were
calculated by subtracting random coil values® from the
chemical shifts. Corrections for residues preceding Pro were
applied. The gray bars in panel b show the deviation from
random coil NH temperature coefficients for Iml, with values
corresponding to the right-hand axis. NH chemical shifts were
obtained from TOCSY spectra at 280, 285, 290, and 295 K.
Lines of best fit were calculated, and the slope of these lines
were used as the temperature coefficients. Random coil tem-
perature coefficients®® were subtracted from the experimental
data and the resultant deviations plotted, with a negative
deviation indicating a solvent-protected amide proton.

It appears that Iml has a well-defined, stable back-
bone in solution, as the HN protons have secondary
shifts which are resistant to changes in pH (pH 3.1—
6.1) and have large negative deviations from random
coil HN temperature coefficients. The effects of 20%
ACN or 50% TFE on chemical shifts are only minor: HN
secondary shifts for residues in the first loop (Cys2—
Asp5) are all more negative by approximately 0.2 ppm
on titration with organic solvents; a combination of
upfield and downfield shifts is observed for the C-
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Figure 4. Stereoview of the backbone superposition of the family of 19 structures calculated for Iml. The disulfides are shaded
in gray and the N- and C-termini labeled. The structures shown in the bottom half of the diagram are in an identical orientation
to the top of the diagram and display the side chains of all residues excluding the disordered arginine side chains.

terminal part of the molecule. The Ha secondary shifts,
which are more indicative of backbone structure, change
only marginally with addition of 20% ACN and only
slightly more with 50% TFE. Once again the first five
residues are affected to a somewhat greater extent than
the second half of the molecule. Overall, the solvent and
pH data suggest that the solution conformation is not
significantly affected by the solution environment.
Further the HN—HN NOE pattern in 50% TFE was
identical to that in the H,O spectra. Thus, it was not
considered necessary to quantitatively determine struc-
tures under the different solution conditions, and all
subsequent data reported here refer to aqueous solution.

One of the Hp protons of Cys8 is somewhat unusual
in that it is broad and somewhat shifted downfield of
the usual Hp chemical shift for Cys (3.67 ppm, compared
to ~3.30 ppm). It is interesting to note that upon
addition of 50% TFE this resonance sharpens and shifts
even further downfield to 4.12 ppm, close the Ha
chemical shift. This pattern is also observed for Epl in
aqueous solution and for PnlA and PnIB in 20—30%
ACN (manuscript in preparation).

Structural Data. A total of 117 distance restraints
(40 intraresidue, 44 sequential, 17 medium, and 16 long
range) were obtained from 500- and 750-MHz data.
Three ¢ angle restraints of —65 + 30° (Cys2, Cys3, and
Trp10) and one ¢ angle restraint of —120 + 40° (Cys8)
were obtained from 1D and DQF-COSY spectra. Two
x1 angle restraints of 180 + 30° (Cys2 and Cys3) and
one y1 angle restraint of 60 4 30° (Trp10) were obtained
from a combination of ECOSY and NOESY spectra. The
NOE and dihedral restraints were combined with the
backbone Ha chemical shift data and used in a torsion

angle dynamics calculation using XPLOR?32:33 to deter-
mine a family of 3D structures. This protocol produced
similar structures to one which did not involve torsion
angle dynamics or chemical shift refinement,?° except
that better convergence of the structures was obtained
using the new protocol.

The 19 lowest energy structures from 50 were chosen
as the final ensemble, with backbone pairwise rmsd of
0.34 A, 1.40 A for all heavy atoms, no NOE violations
>0.2 A, and fewer than three NOE violations >0.1 A.
Angular order parameters, which provide a measure of
the precision of the calculated structures, are available
as Supporting Information. To summarize, S values
>0.99 were obtained for all residues except Cys12 (S =
0.84).

The high quality of the structures is evident from the
superpositions shown in Figure 4, where even side chain
orientations are well-defined for most residues. Relevant
geometric and energetic statistics, as well as Rama-
chandran plot statistics, are given in Table 1. Structures
calculated without the chemical shift refinement step
were slightly less precise, with the 20 lowest energy
structures having a backbone pairwise rmsd of 0.78 A;
however, the fold and disposition of the side chains were
identical.

Hydrogen bonds were not used as restraints in the
structure calculations; however, inspection of the result-
ant structures suggested main-chain hydrogen bonds
between the carbonyl oxygen of Cys2 and the amide
proton of Asp5, as well as between the carbonyl oxygen
of Asp5 and the amide proton of Cys8 in all 19
structures, accounting for the slow-exchange and low-
temperature coefficients for the amide protons of Asp5
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Table 1. Geometric and Energetic Statistics for the 19 Lowest
Energy Structures of Iml

rmsd from Experimental Restraints
interproton distances (A) 0.014 + 0.002
dihedral angles (deg) 0.016 + 0.02

rmsd from Idealized Geometry

bonds (A) 0.008 + 0.0004
angles (deg) 2.42 £ 0.04
impropers (deg) 0.17 £ 0.02
Energies (kcal mol—1)

Enoe 0.62 +£0.19
Ecdin 0.0002 + 0.001
EL—y —451+22
Ebond + Eangle + Eimproper 295+10

Ramachandran Plot Regions

% in favored 59
% in additional allowed 37
% in generously allowed 4
% in disallowed 0

and Cys8. The proximity of the Trp aromatic ring to the
Cys2—Cys8 disulfide bond appears to account for the
downfield-shifted HS peak observed for Cys8. In the
calculated structures the HB2 proton of Cys8 is in the
plane of the Trp ring and would be expected to be
downfield-shifted.

The consensus elements of secondary structure in Iml
consist of two type | § turns between residues 1—4 and
2—5 and three type IV § turns between residues 5—8,
6—9, and 9—12. Each turn type occurs in at least 16/19
structures. While hydrogen bonds were not formally
identified for the last three of these turns, the observed
slow-exchange behavior of residues 8, 9, and 12 is
consistent with the proposed turn assignments.

The global fold of Iml is unusually compact for a
peptide of this size and is best described as a series of
adjacent and/or overlapping turns which are stabilized
by two disulfide bonds. These disulfide bonds form the
core of the molecule and are remarkably shielded from
solvent. The Cys2—Cys8 disulfide bond is in a right-
hand hook conformation for 18/19 structures, with the
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other one as left-handed spiral. The Cys3—Cys12 dis-
ulfide bond adopts left-handed conformations in all of
the structures. The very tight packing of Iml is consis-
tent with our observations that the solvent environment
and pH have little influence on the structure.

Discussion

The structure of Iml is well-defined in aqueous
solution, with a total backbone pairwise rmsd of 0.34
A. The structure appears stable under a range of pH
and solvent conditions as only very small changes in
chemical shifts were detected under different conditions.
The side chains are very well-defined, with the exception
of Arg7 and Argll. The molecule adopts a cylindrical,
or barrel shape, with Argll sticking out of one end of
the barrel. The length of the barrel (excluding the
protruding Arg) is ~12 A, and its diameter is 8—9 A.

The molecule is held together in this tight conforma-
tion by two disulfide bridges, which fill the core of the
molecule. The Trpl0 side chain is oriented close to the
“top” of the disulfide core. The disulfide bond Cys2—
Cys12 has a right-handed conformation which is the less
common handedness of disulfide bonds. All previously
published a-conotoxin structures have had a left-handed
conformation for the “first” disulfide (i.e. between the
first and third cysteines), and only GI has had a right-
handed conformation for the second disulfide bond.
However, the loop sizes of Iml are different from those
of any previously published structure, and the some-
what more strained structure may force the right-
handedness. It is interesting that the only other right-
handed disulfide was observed for Gl, which also has
smaller loop sizes between the cysteine residues.

Three of the four residues required for binding of the
a7 neuronal NAChR (Asp5, Pro6, and Arg7)34 are situ-
ated at the N-terminal end of the molecule and are
clustered together near the bottom of the barrel and
toward one side of it (Figure 5). Although the other

Figure 5. (Top) Ribbon diagrams of the lowest energy structure of Iml shown in three orientations rotated by 90° around the
y-axis, to demonstrate the dimensions of the molecule. The disulfide bonds are shown in yellow, and the N- and C-termini are
labeled. (Bottom) Connolly surfaces of Iml for the orientations shown in the top panel, calculated with a probe radius of 1.4 A
using the program Insight95. The residues shown in pink correspond to Asp5, Pro6, Arg7, and Trp10 which have been shown to
be important for binding to the a7 neuronal nAChR.3* The remainder of the molecule is shown in white.
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essential binding residue, Trpl0, is located near the
C-terminus, it is on one side of the barrel and quite close
to the other three binding residues. We thus suggest
that the surface patch defined by these four residues
forms the binding surface of the molecule. This is
strongly reinforced by the observation that those resi-
dues which have been shown not to affect binding (Gly1,
Ser4, Ala9, and Arg11)3* are all located on the opposite
side of the barrel to the binding surface (Figure 5). This
further suggests that despite the very small size and
compact structure of Iml, it interacts only using one face
of the molecule.

It is interesting to note that the first eight residues
of Iml are identical to those of the recently isolated Epl,*
which has a much larger second loop containing seven,
rather than three, residues. There is very little homol-
ogy between the second loop of these two molecules,
though both contain aromatic residues. Epl is thought
to bind to a2, a4, or both types of neuronal NnAChRs
of rats but does not appear to bind to the rat a7 neuronal
NAChR. Because of some shared common features and
some significant differences, it was of interest to com-
pare the structures of Iml and Epl. This comparison
was also extended to Gl as a representative of the 3/5
family of conotoxins.

Comparison with Structures of Epl and GI. As
noted in the Introduction, Iml is the only known
member of the 4/3 family of a-conotoxins. It is of interest
to compare the Iml structures determined here with
those of Epl,2” a 4/7 family member, and GI1,2024 a 3/5
family member. Backbone superpositions for the solu-
tion structure of Iml with the X-ray structure of Epl
and NMR structure of Gl are shown in Figure 6.

The first loops of Iml and Epl have an almost
identical conformation. The backbone rmsd over these
residues is 0.98 A. By contrast, the fit over loop 2 is,
not unexpectedly, much poorer, suggesting that the
specificity variation between these two molecules prob-
ably arises from differences in loop 2. It is clear that
Epl has a much bulkier loop 2, due to the extra four
residues, which stabilize a section of regular a helix
between residues 6—11. Further, Epl has a negative
charge in this loop, whereas Iml has a positive charge.

It will be of great interest to determine if the selectiv-
ity between these two molecules for two different types
of neuronal NAChR arises from Epl simply not being
able to fit into the o7 subunit binding site, due to its
greater size, and Iml not binding to the asf2 or asfs
NAChRs of mice, due to a small clash from the second
loop. Recent data suggests that Iml may be able to bind
to asf4 NAChRs from bovine chromaffin cells,?® which
could be explained by only minor differences in the
receptor sequences. Mutating the Argll to a shorter
neutral or negatively charged residue like Ser or Glu
could possibly turn Iml into an azf2 or a4 antagonist.
Some residues of the a7 subunit which are involved in
Iml binding have been identified (Trp55, Ser59, and
Thr77),%% and hence similar residues on the asf2 or azfs
nAChRs may help to model the structure of the whole
extracellular domain of the nAChRs.

Iml could not easily be superimposed with GlI, as is
clear from the lower panel of Figure 6. Various super-
imposition modes were tried, and none highlighted any
obvious similarities. The following rmsd values were
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Figure 6. (Top) Backbone superposition for Iml with the
X-ray structure of Epl,?” EpIB—the second molecule in the
asymmetric unit of Epl. There are two structures of Epl in
the asymmetric unit, EplA and EplB, and EpIB was chosen
as the “representative” molecule, as Arg7 is actually modeled
rather than an alanine in EplA. The backbone rmsd for
residues 1—8 in Iml and EpIB is 1.02 A. (Bottom) Backbone
superposition for Iml with the high-resolution NMR structure
of GI,2° superimposed over the cysteine side chains as well as
the conserved proline.

obtained between Iml and the NMR structure of GI: all
Cys heavy atoms superimposed to 2.7 A, Cys Cj and
Sys superimposed to 1.55 A; the backbone atoms of Iml
2,3, 6,8, 10, and 12 had an rmsd of 2.7 A with GI
residues 2, 3, 5, 6, 11, and 13, an alignment based on
the cysteines, the conserved loop 1 proline, and the two
aromatic residues Trpl10 (Iml) and Tyrll (GI).

Conclusions

The a-conotoxin Iml, isolated from the worm-hunting
C. imperialis,® differs from all other conotoxins in its
high selectivity for the neuronal o7-containing nAChR.
Neuronal nAChRs have been implicated in the treat-
ment of several disease states as high doses of nicotine
are beneficial to sufferers from cognitive and attention
deficits, Parkinson’s disease, Tourette’s syndrome, ul-
cerative colitis, and schizophrenia.’® Further, it is
believed that o7-containing nAChRs have an active role
in neuronal growth, development, and plasticity,%13 as
well as neuronal signal modulation.1! Structural infor-
mation from the toxin Iml defines the binding surface
to the receptor and combined with data available for
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related, larger a-conotoxins such as Epl, PnlA, and
PnIB will help with modeling the whole extracellular
domain of this large receptor family.

It is very important to understand the structural
origin for the different selectivities of toxins that target
the nAChR, so that highly selective antagonists and
agonists for the various receptor subtypes can be
developed. The therapeutic potentials of nicotine cannot
be fully realized unless the harmful side effects associ-
ated with nonspecific interactions can be eliminated.16
The structure of Iml reported here brings us a step
closer to designing molecules which may distinguish
between the different neuronal nAChR subtypes.

Experimental Section

Synthesis. Iml was assembled on p-MBHA resin (Pennin-
sula Labs) using an in situ neutralization protocol for Boc
chemistry.?® Boc-Ala, Asp(OcHxl), Arg(Tos), Cys(MeBzl), Gly,
Pro, and Ser(Bzl) were from the Peptide Institute, Osaka,
Japan, Boc-Trp(CHO) was from Auspep, Melbourne, Australia.
All reagents were of synthesis or HPLC grade. The Trp formyl
group was removed with 2 x 30-min treatments of 1.5 g of
ethanolamine, 1.25 mL of H,0O, and 23.75 mL of DMF, prior
to cleavage from resin. The assembled peptide was cleaved
from the resin using liquid hydrogen fluoride (HF):p-cresol:
p-thiocresol (18:1:1) at 0—2 °C for 2 h. The crude peptide was
purified on a Vydac Cig column, with a gradient of 0—40% B
over 60 min (A = 0.1% trifluoroacetic acid (TFA) in H,0, B =
0.09% TFA in 90% acetonitrile/H,0). Pure toxin, assessed by
analytical C;3 HPLC and electrospray mass spectrometry
(MH* = 1351.5, calcd = 1352.6) was obtained in ~30% yield.

NMR. The NMR samples were made up at ~3 mM peptide
in D,O or 90% H,0/10% D20 at pH 3.1 (uncorrected meter
reading), as well as 10 and 20% CD3;CN/H.O and 50% TFE/
H,O. TOCSY,% NOESY,3":3 DQF-COSY,*° and HMQC*® spec-
tra were acquired on either a Bruker ARX 500-MHz or an
AVANCE 750-MHz spectrometer with a shielded gradient
unit. Spectra were routinely acquired at 280 K and referenced
to an internal DSS standard after acquisition of all other
experiments. The temperature was maintained within +0.1
K using a BT V2000 control unit and a Bruker BCU refrigera-
tion unit. NOESY spectra were acquired with 50-, 200-, 300-,
and 500-ms mixing times and TOCSY spectra with an 80-ms
mixing time. Water suppression in TOCSY and NOESY
spectra was achieved using a modified watergate*! sequence,
consisting of two sine-shaped gradient pulses on either side
of a binomial 3—9—19 pulse of 10-kHz field strength. Water
suppression for DQF-COSY spectra and all D,O spectra was
achieved by use of low-power irradiation at the water reso-
nance during the relaxation delay (1.8 s). The relaxation delay
for the partial organic solvent systems was increased to 2.5 s
for all spectra. All spectra were obtained in phase-sensitive
mode using time proportional phase incrementation.*?> Spectra
were acquired with 4096 data points in F, and 400—512 in F;
and multiplied with squared sine bell window functions shifted
by 90°. The data were zero-filled to give matrix sizes of 2048
x 2048 real data points.

Information on slowly exchanging amide protons was ob-
tained by acquisition of 1D and TOCSY spectra immediately
upon dissolution of a fully protonated peptide in D,O. Ad-
ditional information for the backbone HN resonances was
acquired from TOCSY spectra in 90% H,0/10% D,O recorded
at pH 3.5, 3.9, 45, 5.1, 5.7, and 6.1, as well as at 285, 290,
and 295 K to determine HN temperature coefficients. 3Jyn-can
coupling constants were measured from the 1D spectrum
where possible, or from the DQF-COSY for overlapped signals.
Spectra were processed on a Silicon Graphics Indigo Worksta-
tion using UXNMR or XWINNMR (Bruker).

Structure Calculations. NOE restraints were obtained
from the 200- and 300-ms NOESY spectra, and were classed
as either strong (1.8—2.7 A), medium (1.8—3.5 A), or weak
(1.8—5.0 A).4344 pseudo-atom corrections of 1.5 A for methyl,
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1.0 A for methylene, and 2.0 A for tyrosine ring protons were
added.*> Backbone dihedral restraints of —60 + 30° were
applied for 3Juncen < 5 Hz and —120 + 40° for 3Juncen > 8.5
Hz.

NOE distances and dihedral restraints for the major con-
formations of each of the isomers were used in the program
XPLOR (version 3.85)%¢47 to calculate a family of three-
dimensional structures. All calculations were carried out on
sequences with amidated C-termini, as restraints to these were
obtained.

Molecular dynamics (MD) calculations involved two stages.
First 50 starting structures with random ¢— angles were
generated using the standard XPLOR geometric force field.
High-temperature torsion angle dynamics®248 was carried out
for 15 ps with the structures coupled to a 50 000 K tempera-
ture bath, with NOE and dihedral restraint force constants of
150 and 100 kcal/mol and the disulfide bonds represented by
a pseudo-NOE of 2.02 A with no force constant at this stage.
Proline rings were kept planar during this stage. The dihedral
restraints were then increased to 200 kcal and a force constant
of 1000 kcal applied to the disulfide bond NOE, and 15 ps of
cooling in 500 K steps was carried out. The cooled structures
were minimized, with the disulfides covalently joined and *H
Ha chemical shift restraints® turned on with a 7.5-kcal force
constant. A further set of structures was also calculated
without the Ha chemical shifts for comparison. The structures
thus generated were minimized using the conjugate gradient
Powell algorithm*® in the CHARMmM force field of XPLOR.%°

The coordinates of Iml have been deposited with the
Brookhaven Protein Data Bank (ID code 1cnl).

Structure Analysis. Consensus sequences were calculated
using Promotif-NMR.5! Structures were further analyzed using
Procheck-NMR?®2 and visualized using the program Insight95
(Biosym). Hydrogen bonds were calculated with the program
HBPLUS.%®
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