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ABSTRACT. Conotoxins are small, cysteine-rich peptides isolated from the ven@uorafsspp. of predatory

marine snails, which selectively target specific receptors and ion channels critical to the functioning of
the neuromuscular systena-Conotoxins PnlA and PnIB are both 16-residue peptides (differing in sequence

at only two positions) isolated from the molluscivorous s@aihus pennaceudn contrast to the muscle-
selectivea-conotoxin Gl fromConus geography$nlA and PniIB block the neuronal nicotinic acetylcholine
receptor (NAChR). Here, we describe the crystal structure of PnIB, solved at a resolution of 1.1 A and
phased using the Shake-and-Bake direct methods program. PnIB crystals are orthorhombic and belong
to the space group2;2:2; with the following unit cell dimensionsa = 14.6 A,b = 26.1 A, andc =

29.2 A. The final refined structure of-conotoxin PnIB includes all 16 residues plus 23 solvent molecules
and has an overaR-factor of 14.7% R-free of 15.9%). The crystal structures of heconotoxins PniB

and PnlA are solved from different crystal forms,

with different solvent contents. Comparison of the

structures reveals them to be very similar, showing that the unique backbone and disulfide architecture is
not strongly influenced by crystal lattice constraints or solvent interactions. This finding supports the
notion that this structural scaffold is a rigid support for the presentation of important functional groups.
The structures of PnIB and PnlA differ in their shape and surface charge distribution from that of GI.

Conotoxins are small peptides (typically-180 residues)
found in the venom of the gen@onusof predatory marine
shails (). These snails immobilize their prey by using a
highly specialized cocktail of peptide toxins. On the basis
of their feeding and hunting behavior, they can be divided
into three main groups: (a) fish-hunting cone snails (pis-
civorous), (b) mollusc-hunting cone snails (molluscivorous),
and (c) worm-hunting cone snails (vermivorousg). (

There are five main classes of conotoxins: thew-, u-,

0-, andk-conotoxins, which are categorized according to their
biological activities. Then-conotoxins are antagonists of
the nicotinic acetylcholine receptors (NAChR$3). The
w-conotoxins inhibit neuronal calcium channels that control
neurotransmitter release at synapggs Theu- andd-cono-

toxins target different sites on the sodium channel to cause

blocking or activation, respectivelyl( 5, 6), and the
k-conotoxins inhibit the potassium channél.( These toxins

dementiasq). The organization of the nAChR is complex;

it is assembled as a pentamer with varying subunit composi-
tions. For example, the five subunits in the muscle receptor
differ between developing [(2)31y0] and mature muscle
[(2ou)B1y€]l (8). The neuronal nAChRs are even more
complex, with eight possible subtypes for tasubunit (,—

0g) and three possible subtypes for thesubunit (3,—f4).
Each of the five subunits is predicted to incorporate four
hydrophobic transmembrane segments {\W14) which
form the ion channel8). On binding acetylcholine, the
receptor is thought to undergo a conformational change,
causing a cation-selective channel to open, thereby depo-
larizing the postsynaptic membran&0( 11).

Since cell surface receptor proteins and ion channels are
often large and multisubunit complexes, they can be difficult
to study by X-ray crystallography or nuclear magnetic

are utilized as research tools in many fields of neurobiology "®Sonance spectroscopy. Elucidation of the high-resolution

and ion channels.
The nAChR, the target far-conotoxins, is a member of

Conuspeptides is thus an alternative means of investigating
receptor structure by providing information about ligand

the family of ligand-gated ion channels and plays a central Pinding sites on receptors and ion channels.

role in nerve signal transmission (see ref 8 for a review).
The nAChR has been implicated in a variety of neuropsy-

chiatric disorders, including Alzheimer’s disease and other lographic techniques.

In this paper, we continue our study into the structures of
the nAChR-selectivea-conotoxins using X-ray crystal-
Sequence comparison of several
a-conotoxins (Figure 1) reveals a conserved cysteine frame-
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defined by the disulfide connections. The classicalono-

toxins isolated from the fish-hunting speci€ofius geogra-

phus Conus magusand Conus striatuy which target the
muscle nAChR subtype, have the consensus sequence XCC-
(H/N)PACGXX(Y/F)XC. In contrast, thea-conotoxins
PnlA and PnIB isolated from the venom of the molluscivo-
rous snailConus pennacey42) differ both in sequence and

S0006-2960(97)01305-6 CCC: $14.00 © 1997 American Chemical Society
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o-Conotoxin Sequence Species Reference
PnlB C. pennaceus (12)
PnIA C. pennaceus (12)
EI C. ermineus (14)
ImI C. imperialis (13)
MII C. magus (39)
GI C. geographus (40)
GIA C. geographus | & o (40)
GII C. geographus EE: (40)
MI C. magus 28 (13)
sI C. striatus o5 (41)
SIA C. striatus ©o (42)
SII C. striatus (43)

Ficure 1: Amino acid sequences and conserved cysteine frame-

work (shaded) for theo-conotoxins. The connectivity of the
disulfide bonds is shown at the top (note thatonotoxin Sl has
an additional disulfide bond, the connectivity of which is not
shown). The sequences of the classicalonotoxins are shown in
the lower half of the alignment. NHindicates an amidated
C-terminal residue.

in their physiologic effects. Thus, theseconotoxins are

selective for the neuronal rather than the muscle subtype of

nAChR and, in addition, are two of the most effective
antagonists of neuron@plysianAChR (12).

Furthermore, the sequences of thepennaceus.-cono-
toxins are larger than the classieatonotoxins (16 residues

compared with the usual 13) and do not fit the consensus
sequence. Thus, PnIB has the sequence GCCSLPPCAL-

SNPDYC-NH; (the disulfide linkages are Cys-Zys 8 and
Cys 3—Cys 16) with four and seven residues in the loops

between the cysteines, as opposed to the usual loops of three

and five residues. The sequences of PnlA and PnIB differ
at two positions, with Leu 10 and Ser 11 in PnIB replacing
Ala 10 and Asn 11 of PnlA. Interestingly, the sequences of
the a-conotoxins Iml from the worm-huntinGonus impe-
rialis, which targets the neuronal nAChR3], and EI from

the fish-hunting Conus ermineus(14) also diverge in
sequence from those of the classiaatonotoxins from fish-
hunting species.

To date, there is very little structural information for the
a-conotoxins. The crystal structuresafconotoxins PnlA
(15) and Gl (6) from C. geographusvere solved by direct
methods at 1.1 and 1.2 A, respectively. In addition, the
solution structures of GI1(7) and of the unusuabA-
conotoxin PIVA fromConus purpurascend8), which has

Hu et al.

Table 1: X-ray Data and Refinement Statistics

Diffraction Data

crystal 1 crystal 2 merged data
maximal resolution (A) 1.1 1.1 1.1
no. of observations 17 040 22 601 39641
no. of unique reflections 4008 4321 4483
all data
completeness (%) 78.7 88.2 91.5
Reyn 0.067 0.075 0.080
1.1-1.14 A
completeness (%) 32.1 69.7 73.8
sy 0.303 0.287 0.311
Structure Refinement
F > 20F cutoff all data
resolution range (A) 6:01.1 20-1.1
no. of reflections 3370 4365
isotropic
R-factoP 0.147 0.176
R-free 0.157 0.189
anisotropic
R-factoP 0.132
R-freef 0.160
no. of peptide atoms 113
no. of solvent atoms 23
rms bond length (A) 0.006
rms bond angles (deg) 1.7
rms dihedral angles (deg) 22.0
rms improper angles (deg) 15
overallB-factor (A?)
all atoms 7.5
main chain atoms 6.4
side chain atoms 8.6
solvent atoms 27

3 Ryym= Y [I—0VY 00 ® R-factor= 3 |Fops—Fcaid/Y Fobs ¢ R-free as
defined by Biuger 38).

volume per unit of molecular mas¥) is 1.61 & Da!
with a solvent content of 24%, which is lower than the
normal range (3670%) observed for protein crystal2Q)
but twice that observed for crystals afconotoxin PnlA
(15).
Data to 1.1 A were measured at 16 on anR-axis IIC
imaging plate area detector system mounted on a Rigaku
RU-200 copper rotating anode X-ray source, operating at
46 kV and 60 mA (Yale double-focusing mirror monochro-
mator, 0.2 mm cathode, and 0.5 mm collimator). The crystal

three disulfide bonds rather than the usual two, have beeny, qetector distance was 93 mm, and a swing angk ¢2

determined by NMR. Here, we report the 1.1 A crystal
structure of synthetio-conotoxin PnIB and compare it with

44° was used. Data were measured from two crystals, using
two different orientations of each to maximize data com-

the crystal structures of the related neuronal nAChR—seIectivemeteness_ The intensity data were processed using the

a-conotoxin PnlA and with the muscle subtype-selective
nAChR antagonistt-conotoxin Gl.

MATERIALS AND METHODS

Peptide Synthesis, Crystallization, and Data Collection
The a-conotoxin PnIB was synthesized and purified using
the protocol previously described farconotoxin PnlIA (5).

The purity of the peptide was checked by analytical reverse-
phase HPLC and mass spectrometry. Crystallization experi-

ments were performed in a manner similar to that for PnlA
(15). Crystals of PnIB were grown from macro-seed&$) (
hanging drops at 14C by combining 2uL of 5 mg/mL
PnIB, dissolved in deionized water, with.2 of reservoir
solution containing 1.0 M sodium formate. The crystals of
PnIB belong to space grolg?;2;2; with the following unit
cell dimensions:a = 14.6 A,b = 26.1 A, andc = 29.2 A.
Assuming one molecule per asymmetric unit, the crystal

programs DENZO and SCALEPACR{, 22). The merged
data set consists of 39 641 observations corresponding to
4483 unique reflections. The data are 91.5% complete to
1.1 A, and the overall merginBn(l) is 8.0%. Crystal-
lographic statistics for data collection are shown in Table 1.
Structure Determination and Refinementsing the
crystal structure of PnlA as a search model, no clear solution
was found in rotation function searches in XPLOE3)(or
MERLOT (24). Instead, the positions of the four sulfur
atoms of PnIB were determined by direct methods using the
program Shake-and-Bak25). Normalized structure-factor
magnitudes|E|’'s) were calculated with the program BAYES,
LEVY, and EVAL (26). About 100 trial structures were
generated using 200 cycles of the Shake-and-Bake procedure
per randomly generated trial structure. A histogram of the
R(¢) values showed a bimodal distribution with two solutions
from the 100 trials in the range of 0.388.391. The two
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Ficure 2: 2F, — F. electron density for the region around residues Pro 13 and Asp &dcohotoxin PnIB, contoured al

solutions with the lowesR(¢) values clearly revealed the
four highest peaks as the two disulfide bridges of the
molecule.

The four sulfur atoms of PnIB identified by Shake-and-
Bake were then superimposed onto the corresponding sulfurs
of the PnlA crystal structurelf) using INSIGHT Il (TMSI).

The root mean square (rms) deviation for the four S atoms
was 0.16 A. The initial crystallographiB-factor for the
manually rotated and translated PnlA model of PnIB was
42.9%, with arR-free (calculated from 10% of the data) of
45.9%. The two residues which differ in sequence between
PnlA and PnIB were initially modeled as alanine. The model
was first refined by rigid body refinement using X-PLOR
3.1 3. 2F, — Fc andF, — F; electron density maps
showed side chain density for both these residues, Leu 10F|_GURE 3: Ribt_)on (epresentation of t!meconotoxin Pn_IB structure
and Ser 11, and these side chains were subsequently built’i"(')trl]q t?ﬁi;"‘%gg“wgse S%%%chgolﬁ?ng agins'grg%z“‘ik representa-
into the structure. Several rounds of model building in O ' ’

(27) and positional and individua-factor refinement with  ¢rystallizes under quite different conditions to PnlA and
X-PLOR, using Engh and Huber geometrical parameters grows in the orthorhombic space gro@2:2:2;, whereas
(28), gave arR-factor of 22.2% with arR-free of 23.6% at  pp|A was crystallized in the monoclinic space graeg.

1.5 A resolution. The resolution of the data was gradually Fyrthermore, the solvent content of the PniB and PnlA
increased to 1.1 A, and altemative side chain conformations oystays is significantly different, with a theoretical solvent

were modeled for Ser 4 and Ser 11. Water molecules werecqntent of 24% in the PniB crystals compared with only 12%
included where difference electron density showed a_peakin the PniA crystals. The difference in the crystal forms of
above &, and the modeled water made stereochemically pjy A and PniB is fortuitous since it allows us to analyze
reasonable hydrogen bonds. A final round of X-PLOR {he rohustness of this-conotoxin fold, that is, to investigate

positional and individual isotropiB-factor refinement for  \yhether the unusual fold @f-conotoxin PnlA is conserved
all 16 residues and 23 water molecules gav&kdactor of i pnIB under different crystal lattice constraints.

14.7% and arR-free of 15.7% for all data with structure- The F, — F. electron density map is well-defined for all

factor amplitudes ofF > 20F between 6.0 and 1.1 A, zoms of PnIB (see, for example, Figure 2). The final refined
SHELXL93 (29) was used for Oamsc_)troplB—factor refmg- structure of PnIB (Figure 3) is comprised of all 16 residues
ment, giving arR-factor of 13.2% with arR-free of 16.0% i the sequence and 23 solvent molecules, a total of 136

using the same data. Statistics for'the final refined structure atoms, and has excellent crystallographic statistics (Table
are shown in Table 1. The quality and geometry of the 1) Tyg alternate conformations are observed for Ser 4 and
model were evaluated by PROCHECBO|. Coordinates  ger11. Analysis of the Ramachandran plot (data not shown)
and structure factors fon-conotoxin PnlB have been reyeals that the) andy backbone dihedrals of all residues
deposited with the Brookhaven Protein Data Bank (accessiongt pniB fall in the allowed regions. The mean coordinate
code 1AKG), and both will be on hold for 1 year. error of the structure is estimated to be-82 A, based on
The structures ob-conotoxin GI (PDB accession code | jzzati plot analysis oR-factor andR-free values33). The
INOT) (16) and PnlA (PDB accession code 1PERZ)were quality of the model is revealed in the low average isotropic
used for structural comparison with PnIB. Programs used g_tactors for main chain and side chain atoms of 6.4 and
for analyses and comparisons includedX?){ GRASP 1), 8.6 A2, respectively (7.4 and 9.2%%or anisotropidB-factors,
INSIGHT (TMSI), and MOLSCRIPT32). Figures for this respectively).
paper were generated using these programs. Structure of PnIB and Comparison with PnIAhe main
RESULTS feature of thea-conotoxin PnIB structure is the-helical
region (two turns of helix) formed by residues-52. In
Structure Determination and Quality of the ModdDe- addition, residues 24 form a 3g-helical turn, and the
spite a sequence difference of only two of 16 residues, PnIB C-terminal residues are involved in two consecufiveirns
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Table 2: Hydrogen Bond Interactions in PnIB

contact

distance (A) contact distance (A)
intramolecular PniIB-water
Glyl10 Ser4 N 3.1 Ala9 O Wat 27 2.7
Gly10 Ser4 Q2 3.0 Leul00O Wat 22(3) 2.8
Cys20 Ser4 N 3.2 Ser110 Wat 28(1) 2.9
Cys20 Leu5N 3.1 Ser 11© Wat 33 2.6
Cys20 Ala9 N 34 Serll® Wat 36 2.7
Ser4 Q2 Gly1N 3.3 Ser 11 @2 Wat 19 2.5
Leu50 Cys8N 2.9 Asn 12 62 Wat 19(4) 2.9
Leu50 Ala9 N 3.0 Asn 12 o1 Wat 21(4) 2.7
Pro6 O Ala9 N 3.3 Pro 130 Wat 26 2.7
Pro6 O LeulON 3.0 Asp 14 N Wat 34 3.2
Pro70 Serl1l® 3.3 Asp 14 O Wat 29 2.8
Pro70 Ser 11 ¢# 3.1 Asp 140 Wat 30 2.8
Pro70 Ser11N 3.4 Asp 148 Wat 31 2.8
Pro70 Ser11N 3.1 Asp 1480 Wat 35 2.7
Cys80 Ser 11 ¢# 3.0 Tyr15N Wat 34 3.1
Cys80 Asn 12 N 3.0 Tyr150 Wat 29 2.9
Cys80 Asn 12 N2 2.9 Tyr15 G Wat 19 2.6
Ala9 O Asn 12N 3.2 Tyr15@ Wat 38(4) 2.6
Ser 11 Q2 Asn 12 Nj2 3.2 Cys 16 O Wat 19(4) 25
Asn 12O Tyr15N 34 waterwater
Asn 12 O Cys 16 N 3.1 Wat 17 Wat 35 34
intermoleculat Wat 17 Wat 23(3) 2.8
Cys2N Asn 12 ©1(4) 3.3 Wat 17 Wat 24(3) 3.1
Cys2N Cys 16 O(4) 2.8 Wat 18 Wat 36(1) 2.7
Cys3N Asn 12 ©1(4) 3.0 Wat 18 Wat 38(1) 24
PnIB—water Wat 20 Wat 28(4) 2.8
Gly1N Wat 20 3.2 Wat 20 Wat 30(4) 2.6
Gly1N Wat 21 2.8 Wat 21 Wat 34(4) 2.8
Gly1N Wat 32 3.2 Wat 22 Wat 23 2.8
Glyl10 Wat 29(4) 3.2 Wat 23 Wat 24 3.1
Cys30 Wat 18 2.7 Wat 23 Wat 38(1) 2.8
Cys30 Wat 24 3.1 Wat 24 Wat 35(3) 2.7
Cys30 Wat 38(1) 34 Wat 25 Wat 37(2) 2.7
Ser40 Wat 26(3) 2.9 Wat 25 Wat 35(3) 2.8
Ser4 0 Wat 27(4) 2.8 Wat 25 Wat 39(3) 29
Ser4d Oy Wat 21 2.7 Wat 26 Wat 27 2.7
Ser4 O Wat 22 2.9 Wat 26 Wat 36(1) 2.8
Ser4 Q2 Wat 21 2.6 Wat 27 Wat 39(3) 2.8
Ser4 Q2 Wat 39 3.3 Wat 29 Wat 32 2.9
Pro6 O Wat 25 2.9 Wat 30 Wat 31 2.8
Pro70 Wat 33 2.8 Wat 31 Wat 37 2.9
Pro70 Wat 38 33 Wat 33 Wat 38 29

a Alternate conformations. (1)—(4) correspond to different symmetry elements: X1y, z (2) ¥ — x, =y, Y2+ z (3) =%, Y2+ y, ¥» — z and
@Yo+ x Y~ y, —z

(type |, residues 1215; type IV, residues 1316). The and PnlA are~20° for Pro 13 and Tyr 15. The main chain
structure is constrained by two disulfide bridges linking Cys atoms of the two structures can be superimposed with an
2 and Cys 8 and Cys 3 and Cys 16 and is further stabilized rms deviation of 0.36 A. The largest deviation in.C
by 21 intramolecular, 3 intermolecular, and 35 water- positions between PnIB and PnlA is for residue Asp 14,
associated hydrogen bonds (Table 2). Most of the intramo- which differ between the two structures by 0.92 A. All other
lecular hydrogen bonds are associated with main chain Co. atoms of PniIB and PnlA are within 0.35 A. Furthermore,
stabilization of secondary structure elements and are alsothe side chain positions of PnIB and PnlA are also very
observed in the PnlA structure. In addition, hydrogen bonds similar, with the largest differences occurring at Asp 14 and
are formed intramolecularly between the Ser 4 side chain Tyr 15 (Figure 4). The electron density for this region of
and Gly 1 main chain, between the Ser 11 side chain andthe PnIB structure is very good (Figure 2), showing that the
Pro 7 and Cys 8 main chains, between the Asn 12 side chainstructural differences in PnIB do not arise from a poorly
and Cys 8 main chain, and between the Asn 12 and Ser 11defined part of the structural model.
side chains. The side chain of Asp 14 is observed in a gauche
Overall, the structure of PnIB is very similar to that of conformation in PnIB ' of —61°, ¥ of —59°) and a
PnlA (15), as shown schematically in Figure 4, in which gauche- conformation in PnlA#* of 51°, 2 of —30°). The
the two structures are superimposed. The backbones of theside chain conformation of Asp 14 in PnlA is stabilized by
two a.-conotoxins superimpose very well, and the side chains an intermolecular hydrogen bond with a neighboring mol-
are similar in most cases. Thlgeandy main chain angles  ecule (Asp 14 @2—Cys 2 N, 2.8 A). By comparison, the
for each residue in PnIB and PnlA are listed in Table 3, side chain of Asp 14 of PnIB interacts only with solvent
showing that the backbone conformations are similar (thesemolecules. The solvent accessibility (using a probe radius
angles vary by less than 1@r most of the 16 residues). of 1.4 A) of the Asp 14 side chain in PnIB is 25% greater
The largest differences in main chain angles between PniBthan that of PnlA (120 and 94 ?Arespectively). Accord-



Crystal Structure ofi-Conotoxin PnIB

Biochemistry, Vol. 36, No. 38, 19971327

FIGURE 4: Stereo superimposition of the structuresoe€onotoxins
MOLSCRIPT 32).

Table 3: Main Chainp andy Angles for Each Residue of PnIB
(and PnlA)

residue ¢ (deg) y (deg)
Gly 1l — -
Cys 2 —50 (—46) —46 (—53)
Cys 3 —70 (—67) —12 (-14)
Ser4 —105 (-102) 4 (5)
Leus —116 (-104) 104 (112)
Pro 6 —39 (—40) —53 (—56)
Pro7 —59 (—60) —38 (—38)
Cys 8 —74 (-73) —44 (—46)
Ala 9 —59 (—58) —38 (—45)
Leu (Ala) 10 —62 (—66) —39 (-31)
Ser (Asn) 11 —87 (—88) —8(—8)
Asn 12 —133 (~135) 57 (58)
Pro 13 —61 (—64) —44 (-27)
Asp 14 —73 (—65) —31(-37)
Tyr 15 —66 (—87) —46 (—46)
Cys 16 —80 (—80) —20(-22)

ingly, the PnIB conformation of Asp 14 may best
represent the unhindered conformation of this acidic side
chain.

Tyr 15 adopts a trans conformation in both PnlA and PnIB,
but there is a 20difference in they? dihedral (PniIBy* of
173 andy? of 85°; PnlA, x* of 177 andy? of 64°). The
small difference in conformation of this residue in the two
o-conotoxins, again, is probably a result of differing environ-
ments. The solvent accessibility of PnIB Tyr 15~440%
less than that of PnlA (137 and 15@¢ Aespectively). A 4
A cutoff reveals 19 van der Waals intermolecular interactions
each for the tyrosine side chain in bathconotoxins, but
Tyr 15 of PnIB makes three short intermolecular contacts
(Tyr 15 CO1—Ser 4 @, 3.3 A; Tyr 15 Oj—Cys 8 Gy, 3.4
A; and Tyr 15 G2—Cys 8 $, 3.4 A) compared with only
one with the PnlA Tyr 15 side chain (Tyr 156C—Cys 8
Sy, 3.4 A).

Disulfide Bridges The conformations of the two disulfide
bonds of PnIB, Cys 2Cys 8 (s = —100.3) and Cys
3—Cys 16 fs= —91.7°) are similar to those of PnlA, with
both belonging to the left-handed spiral type (Table 4), which
is the most populated disulfide conformation found in protein
structures 34, 35). The distances between the disulfide-
bridged cysteine & atoms in PnIB are 5.1 A for Cys2Cys
8 and 5.6 A for Cys 3-Cys 16, which are within the usual
range found for proteins. In contrast, theconotoxin Gl
crystal structureX6) has one left-handed (CysZys 7,xss
91.8) and one right-handed (Cys—&ys 13 yss
+97.4) disulfide bridge.

PnIB (black) and PnlA (white). This figure was produced using

Sobent Structure Twenty-three solvent molecules, mod-
eled as water, were built into the PnIB structure, and all are
within hydrogen bonding distance of proton donor or
acceptor atoms of the-conotoxin (Table 2). The average
temperature oB-factor of these modeled water molecules
is 27 A2. This is somewhat higher than the aver&gtactor
of the peptide atoms adi-conotoxin PnIB (7.5 A) but is
similar to the averageB-factor of waters in the crystal
structure ofoi-conotoxin Gl (21 waters, averagefactor of
28 A?). For the crystal structure of-conotoxin PnlA, which
has a lower solvent content of 12 waters, the aveBafgetor
of the waters (19 A is also lower.

Three of the 23 water molecules in PnIB interact with the
positively charged N-terminal amine, and two waters interact
with the negatively charged side chain of Asp 14. The polar
side chains of Ser 4, Ser 11, and Ash 12 each interact with
two water molecules, and the phenolic hydroxyl group of
Tyr 15 also interacts with two waters. A total of 18 other
interactions are observed in the PnIB structure between main
chain amide atoms and water molecules. Although the PnIA
crystal structure has only 12 waters modeled, a similar
number of hydrogen bond interactions are observed for side
chain and main chain atoms. However, there is a significant
difference in the number of watewater interactions be-
tween the two crystal structures. PnIB has 22 (Table 2) and
PnlA 10. This observed “looser” packing of the PnIB
crystals compared with that of PnlA is consistent with the
increased solvent content of PnIB crystals (24%, 23 waters
modeled) compared with that of PnlA (12%, 12 waters
modeled).

Crystal Packing This looser packing of PnIB is also
apparent in the lower number of intermolecular contacts
between symmetry-related molecules compared with the
number in PnlA. Usig a 4 A cutoff, there are 63
intermolecular peptide contacts found in the PnIB crystal
structure compared with 68 intermolecular contacts in PnlA.
Using a much tighter 3.4 A cutoff, only 10 contacts are found
for PnIB compared with 15 for PnlA. In both crystal
structures, only three peptig@eptide intermolecular hy-
drogen bonds are found (Table 2). In PnIB, two of these
involve the side chain of Asn 12; the backbone nitrogens of
symmetry-related Cys 2 (3.3 A) and Cys 3 (3.0 A) form
hydrogen bonds with Asn 12d2. The third intermolecular
hydrogen bond is between the backbone oxygen of sym-
metry-related Cys 16 (2.8 A) and the amide nitrogen of Cys
2. The three intermolecular hydrogen bonds in the PnlA
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Table 4: Disulfide Bridge Conformations mm-Conotoxin Crystal Structures
a-conotoxin cysl cys 2 %t (deg) %2 (deg) x (deg) ¥? (deg) xY (deg) @-Ca (A) disulfide type

PniB Cys 2 Cys 8 —-174.5 73.0 —-100.3 —88.2 —169.6 5.1 left-hand
Cys 3 Cys 16 —49.5 -57.1 -91.1 —63.9 —72.0 5.6 left-hand

PnIA Cys 2 Cys 8 -171.7 70.6 —98.6 —-90.4 —163.6 5.0 left-hand
Cys 3 Cys 16 —48.5 -51.9 —-83.1 —62.6 —64.9 5.4 left-hand

Gl Cys 2 Cys7 —157.5 —64.1 —91.8 —95.0 —68.4 5.9 left-hand
Cys 3 Cys 13 —66.1 —84.9 97.4 79.8 —167.8 5.0 right-hand

crystal structure are quite different, as might be expected
given the different crystal packing arrangement. In PnliA,
Asn 12 Q)1 is stabilized by only one intermolecular contact,
to a symmetry-related N-terminal amino group (2.8 A). The
N-terminal amino group forms a hydrogen bond with the
main chain carbonyl oxygen of Cys 16 (3.0 A) from a
symmetry-related molecule. In addition, in PnlA, there is a
symmetry-related hydrogen bond formed between the back-
bone nitrogen of Cys 2 and the acidic side chaid2Qf

Asp 14 (2.8 A).

Structural Comparison of PnIB and PnlIA with GWhat
makesa-conotoxins such as Gl selective for the muscle
nAChR subtype andi-conotoxins such as PnlA and PnIB
selective for the neuronal nAChR subtype? PnlA and PnIB
are similar in sequence, function, and structure, but they
differ in sequence and function with respeciot@onotoxin
Gl isolated from fish-huntingC. geographus Structural FicURE5: Comparison of the-conotoxin PnIB backbone structure
comparison of PnIB and PnlA with the crystal structure of (dark gray) with that ofe-conotoxin Gl (light gray). The super-
Gl (16) shows that they also differ in structure. The only imposition was produced by overlaying atoms of the two disulfide
sequence similarity between PnlA and PnIB and Gl is the ﬁ\cl’g?é‘ﬂ botho-conotoxins. This figure was generated using the

- e . package (TMSI).
conserved cysteine disulfide framework, a conserved proline
near the N terminus (Pro 5 in Gl and Pro 6 in PnlA and _
PnIB), and possibly a tyrosine near the C terminus (Tyr 11 el
in Gl and Tyr 15 in PnlA and PnIB). The two inter-cysteine ,CL
'| ’

loops are four and seven residues in PnlA and PniIB,

compared with three and five residues, respectively, in the Bspid ' Ty
a-conotoxin Gl. The conformations of PnIB, PnlA, and Gl iy s I"yl /& G
are all established by the two disulfide bonds that form the e { N o
core of the molecules. In PnlA and PnIB, these disulfides - : FRr ({*’

\ Seriz

are conformationally equivalent, but one of these is right-
handed in Gl (Table 4). The disulfide atomso(CGC3, and

Sy) of PnIB superimpose onto those of GI (Figure 5), with
an rms deviation of 1.5 A. This compares with an rms
deviation for the same atoms in PnIB and PnIA of 0.18 A.

Using this superimposition, the conserved proline residues
of PnIB and Gl are relatively close in space, with a separation
of ~0.8 A. However, the aromatic side chains Tyr 11 of
Gl and Tyr 15 of PnIB are in entirely different spatial
relationships, being on opposite sides of the molecular
structure and some—8 A distant from each other. Fur- Fgure 6: Comparison of the molecular structures (top) and
thermore, Tyr 11 of Gl is more tightly packed into the molecular shapes and electrostatic surfaces (bottom) of the func-
molecular structure than Tyr 15 of PnIB. Thus, the aromatic tionally different a-conotoxins PnIB (left) and GI (right). The

ring of GI forms 11 van der Waals contacts (4 A cutoff) molecular structures are colored according to atom type: white for
carbon, light blue for nitrogen, red for oxygen, and green for sulfur.

with gtoms in the core of the conotoxin Stru_Cture’ V\_’h'le the The electrostatic surface is colored according to charge: blue for

tyrosine rings of PnIB and PnlA form only six and five van positive, red for negative, and white for hydrophobic regions.

der Waals contacts, respectively. The calculated solventCharges are taken from X-PLOR tophcsdx.pro parameters. This

accessibility of the Tyr 11 side chain of GI (108,Aising figure was generated using GRASPLY.

a probe radius of 1.4 A) is also less than that of the tyrosines

in PnIB and PnlIA (131 and 150%Arespectively). the shapes of the twe-conotoxins are quite different; that
We also compared the shape and surface charge distribuof Gl has been described as triangula6)( while PnIB is

tion of thesea-conotoxin structures (Figure 6). PnlA and rectangular, like that of PnlA1G). With regard to surface

PnIB have very similar surfaces and shapes, so the com-charge differences in theseconotoxins, a positively charged

parison in Figure 6 is only shown for PnIB and GI. Clearly, residue (arginine or lysine) has been implicated in receptor

s Argd .
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binding of the muscle-selective nAChR antagonid®; (7, differing disulfide conformations, differing shapes, and
36). However, arginine and lysine residues are absent in differing charge distributions. These results show that a
the sequences of the neuronal nAChR-selective antagonistEonserved cysteine framework does not necessarily produce
PnlA and PnIB. Indeed, the only charged regions in PnlA a conserved fold if the spacing (number of residues) between
and PnIB are the negatively charged Asp 14 side chain andthe cysteines varies significantly. Also, our results suggest
the positively charged amino terminus of Gly 1 (the thatvariations in surface charge and/or molecular shape could
C-terminal Cys 16 of PnlA and PnIB is amidated), giving a be a means of selectively targeting the muscle or neuronal
net charge of zero. In PnIB, these two charged regions aresubtypes of nAChR in these-conotoxins.

located at opposite ends of the rectangular molecule,

separated by 16 A [this is similar to PnIA%)]. Conversely, =~ ACKNOWLEDGMENT
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