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ABSTRACT. Conotoxins are valuable probes of receptors and ion channels because of their small size and
highly selective activity. a-Conotoxin Epl, a 16-residue peptide from the mollusk-hunt@®gnus
episcopatushas the amino acid sequence GCCSDPRCNMNNPDY¥KO-NH, and appears to be an
extremely potent and selective inhibitor of the352 and a354 neuronal subtypes of the nicotinic
acetylcholine receptor (NAChR). The desulfated form of Epl ([]f&pl) has a potency and selectivity

for the nAChR receptor similar to those of Epl. Here we describe the crystal structure &%|Epyr

solved at a resolution of 1.1 A usir8nB The asymmetric unit has a total of 284 non-hydrogen atoms,
making this one of the largest structures solved de novo by direct methods. TREHEPYIstructure

brings to six the number afi-conotoxin structures that have been determined to date. Four of these,
[Tyr9Epl, PnlA, PnIB, and MII, have am4/7 cysteine framework and are selective for the neuronal
subtype of the nAChR. The structure of [F§iEpl has the same backbone fold as the oti7-conotoxin
structures, supporting the notion that this conotoxin cysteine framework and spacing give rise to a conserved
fold. The surface charge distribution of [T§iEpl is similar to that of PnlA and PnlIB but is likely to be
different from that of MII, suggesting that [T Epl and MIl may have different binding modes for the
same receptor subtype.

Conotoxins are small (usually @0 residues), cysteine- The nAChR is a member of the ligand-gated ion channel
rich peptides found in the venom of predatory marine snails, family of receptors which play a critical role in nerve signal
Conus sp. (). The cone snails immobilize their prey transmission §. The nAChR has been implicated in a
(worms, mollusks, or fish) by envenomation with a highly variety of neuropsychiatric disorders, including Alzheimer’s
specialized cocktail of peptide toxin®)( There are five disease and dementie® ( This receptor is found in muscle
major classes of disulfide bond-stabilized conotoxins. These and neuronal tissues. The muscle-type nAChR is assembled
are thea-conotoxins which block competitively the nicotinic  as a heteropentamer comprising the subunitg31y9 in
acetylcholine receptor (NAChR{3), thew-conotoxins which developing muscle andx(),81ed in mature muscle10).
block the neuronal calcium channd)(the - andd-cono- The neuronal-type nAChR is also a pentamer but is formed
toxins which block or delay inactivation of the sodium only from o-subunits (of subtypesx2—7 and a9) and
channel, respectivelyl( 5, 6), and thex-conotoxins which B-subunits (subtypes§2—4). Since ion channels are mem-
block the potassium channéf)( These toxins are utilized  brane-bound proteins, they are difficult to analyze by either
as research tools in many fields of neurobiology since they X-ray crystallography or NMR techniques. An alternative
represent high-affinity ligands for a variety of receptors and approach for studying these receptors is investigation of the
ion channels critical to the functioning of the neuromuscular high-resolution structures of their ligands such as the highly
system. In addition, the small size of these peptides allows selective and potent-conotoxins of interest here.
them to.be fe.ad“y synt_hesized, and they are ideal scaffolds Thea-conotoxins (12-18 residues) are much smaller than
for peptidomimetic design. snake neurotoxins such asbungarotoxin (66-80 residues)

. . which also target the nAChR1{). Furthermore, the
T This work was supported by the Australian Industry Research and . L
Development Board, AMRAD Operations Pty. Ltd., and the Australian @-COnotoxins can discriminate between subtypes of the
Research Council. J.L.M. is supported by a Queen Elizabeth II NAChR (Figure 1). For example, the muscle nAChR is
Fellowship. inhibited bya-conotoxins from fish-hunting cone snails such
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o—Conotoxins Sequence loop Source Specificity Net References
sizes charge
EpI 4/7 C. episcopatus a3f2/a3p4 0/-1 (21)
PnIA 4/7 C. pennaceus - 0 (18)
PniB 4/7 C. pennaceus - 0 (18)
MIT 4/7 C. magus 0L3BZ 0 (20)
ImI 4/3 C. imperialis o7 +2 (19)
EI 4/7 C. ermineus - +1 (17)
GI 3/5 C. geographus o/d +1 (12)
GIA 3/5 C. geographus - +2 (12)
GII 3/5 C. geographus - +1 (12)
MI 3/5 C. magus o/d +3 (13)
ST 3/5 C. striatus o/d +2 (14)
SIA 3/5 C. striatus - +1 (15)
SII 3/5 C. striatus - 0 (16)
O0A-PIVA CGSYONAA i _.J-;KJ)—ROS Q-NH2 C. purpurascens +2 (22)
0A-EIVA GEEGPYONAAGHOEGEGKVGROO ROSGG—NH2 C. ermineus - +3 (23)
OA-EIVB GEEGKYONAALHOEGYIVGROOYEPROSGG-NH2 C. ermineus - +3 (23)

Ficure 1: Amino acid sequences and conserved cysteine framework (shaded) doctimtoxins. The connectivity of the disulfide bonds

is shown at the top of the figure (note thatconotoxin Sll has an additional disulfide bond, formed between cysteines 2 and 18, the
connectivity of which is not shown). The sequences of the neuronal-selectieaotoxins are shown at the top, followed by the muscle-
selectivea-conotoxins (from Gl onward). TheA-conotoxins are listed separately. Epl is sulfated at Y15. For the net charge, we assumed
positive charges for N termini (where the C termini are amidated), Lys and Arg residues, and negative charges for Glu and Asp residues.

NH, indicates an amidated C-terminal residue.

Conus imperialis(Iml) (19), and from fish-hunting cone
snails such a€. magugMll) (20). The neuronat-cono-
toxins have exquisite selectivity for different receptor
subtypes; Ml targets specifically the352 receptor subtype
(20), Iml the a7 homomeric receptoid @), and Epl thex3532

and o354 subtype 21). A common feature of alr-cono-
toxin sequences is a two-disulfide linkage pattern, though
the size of the loops between the disulfides can vary, giving
rise to thea3/5 and thex4/7 classes odi-conotoxins (Figure

1). In addition, the recently identifie@A-conotoxins, which

Table 1: X-ray Diffraction Data for [Tyf]|Epl

crystal 1 crystal 2 merged data

maximal resolution (A) 1.1 2.6 1.1
no. of observations 34402 3604 38406
no. of unique reflections 9101 723 9265
all data

completeness (%) 95.6 97.0 97.4

ym: 0.072 0.059 0.071
I/ol 23.0 43.9 24.9
llol (1.1-1.14 A) 5.3 5.3

aRsym= Y|l — OOVY D0 wherel is the intensity measurement for a

also target the nAChR, have a very divergent sequence withparticular symmetry-related reflection afifflis the average intensity

a three-disulfide framework2g, 23) (Figure 1).
We have initiated a program of structural studies on the
a-conotoxins to investigate the important structural and/or

over all symmetry-related reflections.

per asymmetric unit. The crystal volume per unit of

surface features for potency and discrimination between molecular mass\(,) is 1.61 A Da! (27). The solvent
different nAChR subtypes. We have determined the crystal content of the crystals is thus estimated to be 24%, which is

structures of the muscle-selectigeconotoxin Gl fromC.
geographus(24) and the neuronal selective-conotoxins
PnlA (25 and PnIB 26) from C. pennaceusand have

similar to that observed for orthorhombic crystalsxe€ono-
toxin PnIB, but twice that of the monoclinic crystals of
o-conotoxin PnlA.

compared these structures to identify shape and surface paiq at 1.1 A resolution were measured from two crystals

charge characteristics that could account for their differing
specificities £6). Here we report the 1.1 A crystal structure
of the desulfated form ofa-conotoxin Epl, a recently
identified 16-residue peptide frof. episcopatu$21) with

the sequence GCCSDPRCNMNNPDY ($50C-NH..

EXPERIMENTAL PROCEDURES

Peptide Synthesis, Crystallization, and Data Collection.
o-Conotoxin [Ty5Epl was synthesized and purified, as
described previoush2(). The purity &95%) of the peptide

of [Tyr'S|Epl at 16 °C using an R-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
(with a Yale double-focusing mirror monochromator, a 0.2
mm cathode, and a 0.5 mm collimator). The two crystals
were used to measure a high-resolution (1.1 A) and a low-
resolution (2.6 A) shell of data. For the high-resolution data,
the detector distance was 93 mm and the swing andlg (2
was 44. For the low-resolution data, the detector was set
at 137 mm and Q@ The data for the two crystals were

was confirmed by analytical reverse-phase HPLC and massprocessed using DENZQ8@) and merged before symmetry

spectrometry. For crystallization, the lyophilized peptide was
dissolved in distilled water at a concentration of 15 mg/mL
and stored at 4C. Large rod crystals of [TYf|Epl appeared

in this solution within 1 week. These crystals diffract to

averaging and scaling with SCALEPACRY). The crystal-
lographic statistics for data measurement are shown in Tables
1 and 2.

Structure Determination by SnBNormalized structure

~1.1 A resolution and belong to the tetragonal space group factor magnitudes E|’s) were obtained using LEVY/EVAL

14 with unit cell dimensions = b = 44.4 A andc = 23.5
A, which is compatible with two molecules of [TAREpI

(32). Initial attempts to solve the structure usiBgB version
1.5 0), were unsuccessful. It was noticed that many of
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Table 2: Rym as a Function of Resolution for the Merged Table 3: Crystallographic Refinement Statistics for [FFjEpl
Crystallographic Data F > 20F cutoff F > OoF
resolution completeness resolution completeness -
resolution range (A) 6:01.1 20-1.1
A Rym (%) A Rym (%) no. of reflections 8281 9254
20.0-2.37 0.066 97.6 1.391.30 0.125 99.3 isotropicR-factor 0.161 0.173
2.37-1.88 0.066 99.1 1.301.24 0.151 98.0 isotropicR-free 0.178 0.185
1.88-1.64 0.076 100.0 1.241.18 0.180 97.5 anisotropicR-factor 0.134
1.64-1.49 0.085 99.8 1.181.14 0.202 96.1 anisotropidR-free® 0.154
1.49-1.39 0.095 99.3 1.141.10 0.240 87.0 no. of peptide atoms 242
no. of solvent atoms 42
_ _ rms for bond lengths (A) 0.006
the highest peaks on the electron density maps were located rms for bond angles (deg) 1.4
atl4 special positions, even for those trial structures having rms for dihedral angles (deg) 23.6
the lowest values for the minimal function. Subsequently, ;n\:gr;og;gg;g?r(gggles (deg) 13
the structure was successfully solved using a prerelease of 5y atoms 10.2
SnB version 2.0 (C. M. Weeks and R. Miller, unpublished main chain atoms 8.9
results), which has the capability of eliminating peaks lying side chain atoms 11.5
within a specified excluded volume surrounding special solvent atoms 306
positions. aR-factor = 3 |Fops — Fead/Y Fobs ° R-free as defined by Bnger

The prerelease @nB version 2.0, was applied under the (7.
following conditions. A total of 19 000 triples were gener-
ated from the largest 19 magnitudes between resolution the [Tyr*¥|Epl asymmetric unit were therefore used as the
limits of 50.0 and 1.1 A. One thousand starting structures, starting point for refinement. The four residues which differ
each consisting of 100 randomly placed atoms, were gener-in sequence between PnlA (Leu 5, Pro 7, Ala 9, and Ala
ated. Each such trial structure was then subjected to 25010) and [Tyt5|Epl (Asp 5, Arg 7, Asn 9, and Met 10) were
cycles of phase refinement and Fourier filtering. Each initially modeled as alanine.
instance of Fourier filtering consisted of picking the 50  The initial crystallographi®-factor at a resolution of 1.5
largest peaks in accordance with new recommendations forA for the PnlA model of the [TY¥]|Epl crystal structure was
peak selection involving larger structures (C. M. Weeks and 49.6%, with anR-free (calculated from 10% of the data) of
R. Miller, unpublished results). Each instance of phase 57.9%. Rigid body refinement using X-PLOR 3.B33(
refinement consisted of making three complete passesreduced theR-factor to 41.9% and thé&-free to 49.7%.
through the set of 1900 reflections, where during each suchSeveral rounds of model building in @34) and positional
pass, every phase was subjected to a parameter shift routin@and individualB-factor refinement with X-PLOR, using the
which applied a maximum of two 90phase shifts. The  geometrical parameters of Engh and Hulk®s)(gave an
refined phase chosen during this parameter shift procedureR-factor of 22.0% and aR-free of 23.4% at 1.5 A resolution.
was that which yielded the smallest value of the objective Noncrystallographic symmetry restraints were not used
function (the minimal function). Finally, each trial structure during refinement. The resolution of the data was gradually
underwent several cycles & Fourier refinement, during  increased to 1.1 A, and alternative side chain conformations
which additional peaks were selected. (each of half-occupancy) were modeled for Ser 4 in both

After about 670 trial structures were processed, a bimodal molecules A and B and Asp 5 in molecule B. There was
distribution of minimal function values, characteristic of no electron density associated with the side chain of Arg 7
situations in which solutions are present, was observed. Thein molecule A, and this was therefore modeled as alanine.
solution with the lowest value for the minimal function Water molecules were included where difference electron
clearly revealed two fragments corresponding to the two density showed a peak above,3and the modeled water
molecules in the asymmetric unit, with the eight highest made stereochemically reasonable hydrogen bonds. A final
peaks corresponding to the eight sulfur atoms of the disulfide round of X-PLOR positional and individual isotrofsfactor
bridges. The sulfurs of the two solvent-exposed and flexible refinement for all 2x 16 residues and 42 water molecules
Met 10 side chains were not located in the list of top peaks, gave anR-factor of 16.1% and afR-free of 17.8% for all
probably due to the higher mobility of these side chains data with structure factor amplitude ¢ 20F) between
compared with that of the side chains of the disulfide-forming 6.0 and 1.1 A. By comparison, tiefactor andR-free values
cysteines. calculated from all data between 20 and 1.1 A are very

Structure RefinementThe four sulfur atoms correspond- similar at 17.3 and 18.5%, respectively. SHELXL®B6Y
ing to the two disulfides of the PnIA crystal structu@s) was used for anisotropi8-factor refinement, giving an
were superimposed using INSIGHT Il (TMSI) onto the eight R-factor of 13.3% with arR-free of 15.4% for dataH >
sulfur atoms of [Ty#Epl located usingSnB This gave 20F) between 6.0 and 1.1 A. Details of the statistics for
two molecules (A and B) of PnlA oriented in the tetragonal the final refined structure are shown in Table 3. The quality
cell of [Tyr'SEpl. The root-mean-square (rms) deviations and geometry of the model were evaluated using PROCHECK
between the PnlA model-derived sulfur atoms andsSh& (37). Coordinates and structure factors farconotoxin
identified sulfur positions were 0.24 and 0.15 A for molecules [Tyr%|Epl have been deposited with the Brookhaven Protein
A and B, respectively. More than 100 other atoms (76 main Data Bank (PDB accession code 1a0m) and will be on hold
chain atoms and 28 side chain atoms) identified from the for 1 year.
SnBphase solution also corresponded closely to atoms in  The structures afi-conotoxins PnlA [PDB accession code
the two PnlA model structures. The two models of PnlAin 1PEN @5)] and PnIB [PDB accession code 1AK&g)] were
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Ficure 2: Stereoview of the electron density of the,2- F for the region around residues 14 and 1mefonotoxin [Ty*SEpl, contoured

at lo.

used for structural comparison with [T§jEpl. Programs

O (34), GRASP 88), INSIGHT (TMSI), and MOLSCRIPT
(39), implemented on a Silicon Graphics Indigo R4400
workstation, were used for structural analysis and compari-
son.
programs.

RESULTS

Structure of [Tyt|Epl. The crystal structure of [TY?]-
Epl, which incorporates two molecules (A and B) in the
asymmetric unit, was determined by direct methods as
implemented in theSnB program (C. M. Weeks and R.
Miller, unpublished results). The high quality of the final
refined model is demonstrated by both the electron density
(Figure 2) and the final statistics for X-ray data measurement
(Tables 1 and 2) and structure refinement (Table 3).
Ramachandran analysis (not shown) of¢rendy dihedrals
of the [TyrSEpl structure indicates that the backbone
dihedrals of all residues fall within the allowed regions. In
addition, the mean coordinate error of the structure is
estimated to be 0-10.25 A, based on Luzzati plot analysis
(40) of the crystallographi®-factor andR-free. The quality
of the model is further underlined by the low average
isotropic B-factors for main chain and side chain atoms of
8.9 and 11.5 A respectively.

The main feature of the-conotoxin [Ty®5Epl structure
is the two-turna-helix formed by residues-512 (Figure
3). This helix is preceded by a turn comprising residues
2—4: in molecule A of [Tyt9Epl, this turn is classified as
a 3g-helical turn, and in molecule B, it is a typgturn. At
the C terminus of the structure, following thehelix, there
are two consecutivg-turns: residues 1215 form a type
IV turn in both molecules, and residues-1B6 form type
IV and type | turns in molecules A and B, respectively.

The structure of [TYF]Epl is stabilized by two disulfide
bridges linking Cys 2 and Cys 8, and Cys 3 and Cys 16,
and by a large number of intramolecular hydrogen bonds
(28 in molecule A and 24 in molecule B using a 3.4 A
cutoff). In addition, the crystal structure is stabilized by

Figures for this paper were generated using these

Ficure 3: Ribbon representation of the-conotoxin [Ty*5Epl
structure with the N and C termini and cysteines of the two disulfide
bonds labeled. This figure was produced using INSIGHT.

Intramolecular hydrogen bonds which stabilize side chains
of [TyrS]Epl are observed in both molecules A and B for
Ser 4 (with main chain atoms of Gly 1), Asp 5 (with main
chain atoms of Arg 7 and Cys 8), Asn 9 (with main chain
atoms of Cys 3), Asn 11 (with main chain atoms of Arg 7),
and Asn 12 (with main chain atoms of Cys 8). In addition,
in molecule A, the Ser 4 side chain forms a hydrogen bond
to the main chain nitrogen of Asp 5, and in molecule B, a
hydrogen bond is formed between the side chain of Asn 12
and the main chain of Asn 11.

Comparison of Molecules A and B of [T§jEpl. The
two molecules, A and B, in the asymmetric unit of the crystal
structure of [TytEpl have similar structures (Figures 4 and
5), with an rms deviation of 0.54 A for all main chain atoms
and 1.17 A for all atoms. The largest differences between
the two structures occur in the C-terminal region of the toxin.
If the main chain atoms of three C-terminal residues (13,
15, and 16) are excluded from the main chain comparison,
the rms deviation is reduced from 0.54 to 0.37 A.

For most of the 16 residues, the main chairand
dihedral angles vary by less than °1Between the two
structures. The largest variation in main chain angles

seven intermolecular hydrogen bonds between molecules Abetween the two molecules is 260° for Cys 2, Tyr 15,

and B, 13 crystallographic symmetry-related hydrogen bonds,
and ~60 water-mediated hydrogen bonds. Most of the
intramolecular hydrogen bonds in [T§jEpl are associated
with main chain stabilization of secondary structure elements.

and Cys 16. All four disulfide bridges (CysZys 8 and
Cys 3—-Cys 16 in both molecules of [T¥iEpl) have the
left-handed spiral conformation, which is the most populated
disulfide conformation found in protein structurekl(42).
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FiGure 4: Plot of the rms deviations for main chain atoms of each residue for paigscoinotoxin crystal structures. The structures
compared are (from left to right) (1) [T Epl molecules A and B, (2) PnlA and [TY@Epl molecule A, (3) PnIB and [TyF]Epl molecule
A, (4) PnlA and [TytSEpl molecule B, (5) PnIB and [Ty¥#|Epl molecule B, and (6) PnlA and PnIB.

FiGURE 5: Stereoview of the superposition of molecules A (black) and B (white) ofxtieenotoxin [Ty#S|Epl in the asymmetric unit.
This figure was produced using MOLSCRIP3Y.

The presence of two molecules in the asymmetric unit of  There is a much larger difference between the rotamer
[Tyr'9Epl is a consequence of crystal packing and is not conformations of Tyr 15 of molecules A and B (Figure 5).
biologically relevant; under physiological pH, [T§EpI In molecule A, Tyr 15 is in a trans conformatiog: (=
elutes as a monomer on a size exclusion column (M. —162°), but in molecule B, this same residue has a gatiche
Loughnan, unpublished results). In addition, the surface areaconformation ¢, = —68°). The conformation of Tyr 15B
buried between the two molecules of the asymmetric unit is is stabilized by intermolecular hydrogen bonds to symmetry-
254 A2 per monomer (using a probe radius of 1.4 A), related main chain oxygen and side chaidlGitoms of Asn
corresponding te~20% of the total accessible surface area 9B. Tyr 15B cannot adopt the trans conformation observed
per monomer of 1271 A This buried surface area is much in molecule A because a steric clash would occur with Pro
smaller than the values of 28l0% observed for dimeric 13 from a symmetry-related molecule. However, there are
proteins in the molecular mass range&kDa @3). no such restrictions for Tyr 15A,; it could adopt either the

The interactions between the two monomers of [jipl trans or the gauchie conformation without incurring any
are formed primarily through hydrogen bond interactions unfavorable steric clashes. Since Tyr 15A adopts the trans
with the side chains of Asn 12 of molecule A (Asn 12A) conformation, this probably better represents the unhindered
and Asp 14 of molecule B (Asp 14B). The side chain of conformation in solution.

Asn 12A interacts with main chain atoms of Asn 11B, Pro  The side chain conformation of Met 10 also differs
13B, and Asp 14B (that is, residues from molecule B). The significantly between molecules A and B (Figure 5). The
side chain of Asp 14B forms hydrogen bonds to main chain average separation of equivalent side chain atoms of Met
atoms of Asn 12A, Pro 13A, Asp 14A, and Tyr 15A. Asa 10A and Met 10Bis 1.7 A. This difference in conformation
result, the calculated solvent accessibilities of the Asn 12A is probably due to an inherent flexibility of this solvent-
side chain €1 A?) and the Asp 14B side chain (6?Rare exposed hydrophobic residue. The average side chain
much lower than those of their counterparts, Asn 12B (29 B-factors for Met 10 are 19.4 and 22.2 for molecules A

A?) and Asp 14A (84 A). The noncrystallographic inter-  and B, respectively, which are much higher than the average
molecular contacts result in a10° difference in the side  value for all side chain atoms in the structure (11.5.A
chain rotamer conformation of Asp 14 in the two molecules Furthermore, only one strong van der Waals conta@&.4
(Figure 5). A) is formed with the side chain of Met 10B (and none for
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FiGurE 6: Stereoview of the superposition @fconotoxins [Tyt5|Epl molecule A (black), PnIA (gray), and PnIB (white). This figure was

produced using MOLSCRIPT39).

Met 10A), though both side chains form four weaker (3.5
4.0 A) van der Waals contacts.

was found for the comparison of molecules A and B of
[Tyr'S|Epl, the largest differences in structure occur at the

If the side chain atoms of residues Met 10 and Tyr 15 are C-terminal residues, 15 and 16 especially (Figure 4). If

excluded from the all-atom comparison of molecules A and
B of [Tyr'9Epl, the rms deviation is reduced from 1.17 to
0.65 A.

Sobent Structure A total of 42 water molecules were
modeled into the [TYF|EpI structure. The average temper-
ature factor B-factor) of these water molecules is 3% A
which is higher than the averadgfactor of the peptide
atoms of [Tyt Epl (10 A% but similar to the average
B-factor of waters in the crystal structuresafconotoxins
PnIB (23 waters, averagB-factor of 27 &) and GI (21
waters, averag&-factor of 28 &). The averageé-factor
of the waters in the crystal structure of PnlA is somewhat
lower (19 A?) due to the much lower solvent content (12%)
in that crystal form.

The waters in the [TYFEpl structure make a similar

residues 15 and 16 are excluded from the comparison, the
rms deviation for all main chain atoms is reduced to-0.4
0.5 A.

It is noteworthy that even the side chain conformations
of [Tyr9Epl are similar to those found for PnIA and PniB.
Thus, Asp 14 adopts the gaueheconformation in both
molecules A and B of [Ty#]Epl and in PnIB. However, in
PnlA, the Asp 14 side chain has a gaueheonformation.
This is due to a stabilizing hydrogen bond formed between
the side chain @2 atom of Asp 14 in PnlA and a symmetry-
related main chain nitroge2%). In contrast, the side chains
of Asp 14 in molecule A of [TWS]Epl and PnIB interact
only with waters. The side chain of Asp 14B of [T§]Epl
maintains the gauche conformation even though several
noncrystallographic intermolecular contacts are formed.

number of hydrogen bond interactions with each of molecules Similarly, Tyr 15 adopts a trans conformation in molecule
Aand B. Thus, there are 12 and 13 hydrogen bonds betweena of [Tyr5Epl and in both PnlA and PnIB. As described

waters and main chain atoms of molecules A and B,

above, Tyr 15 in molecule B of [Ty} Epl cannot adopt the

respectively, and 16 and 20 hydrogen bonds between watelirans conformation because of an unfavorable steric clash

and side chain atoms of molecules A and B, respectively.
Of the charged residues in the toxin structure, Asp 5 interacts

with two waters in molecule A and three in molecule B.
Asp 14A and Asp 14B each interact with one water. The

with a symmetry-related residue.

DISCUSSION

positively charged amino terminus is associated with three ~ The structure determination of [TYEpl, with a total of

waters in molecule A and one water in molecule B. Finally,
Arg 7B interacts with five waters (Arg 7A is modeled as
Ala in this crystal form). The polar side chains of Ser 4,
Asn 9, Asn 11, and Asn 12 interact with one to five waters
each. The phenolic hydroxyl group of Tyr 15 in molecule
A interacts with two waters (the equivalent hydroxyl in Tyr
15 of molecule B interacts with a symmetry-related Asn 9).
Comparison with Otheaid/7-Conotoxin StructuresThere
are three other published structuresdf7-conotoxins: PnlA
(25), PnIB 26), and Ml (44). The coordinates of Ml from

284 non-hydrogen atoms in the asymmetric unit, represents
one of the largest, previously unsolved, structures determined
by direct methods45). However, this was not a straight-
forward process. Initial attempts to solve the structure using
SnB version 1.5 80), were unsuccessful. The structure of
[Tyr'S|Epl was solved using a prereleaseSsfB version 2.0

(C. M. Weeks and R. Miller, unpublished results). After
optimizing parameters for structures in the+112 A range
(31, the prerelease ddnB version 2.0, was able to drive
53% of all random trials to solution (for further details, see

C. magushave not yet been released by the Protein Data Experimental Procedures).

Bank so a detailed structural comparison is currently limited
to [Tyr'SEpl, PnIA, and PnIB. However, the solution

The structure determination of [TAffEpl brings to six the
number ofa-conotoxins for which structures are known. Two

structure of Mll is described as having the same fold as PnlA of these are for muscle-selectiueconotoxins: Gl fromC.

(44). Comparison of the structures @fconotoxins [TyFEpl,
PnlA (25), and PnIB 26) shows that they all incorporate
the same three-dimensional backbone fold (Figure 6).
Superimposition of main chain atoms of [TjEpl with
PnlA and PnIB gives an rms deviation of 0:50.78 A. As

geographug24) which has an3/5 framework and thelA-
conotoxin PIVA @6) from C. purpurascenswvhich has a
divergent sequence with three disulfide bonds rather than
the usual two. The structures of Gl and PIVA differ
significantly from each other and from the structures of the
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four neuronal selective-conotoxins which have the4/7
sequence framework. The4/7-conotoxin structures are
a-conotoxins PnlA 25) and PnIB 26) from C. pennaceus
MIl (44) from C. magus and now [Tyt Epl from C.
episcopatus

There are two molecules in the asymmetric unit of the
[Tyr®|Epl crystal structure. The two molecules have the
same overall fold, which corresponds to th&/7 fold
described previously for the crystal structuresostono-
toxins PnlA and PnIB and the NMR structuressiconotoxin
MIl. Comparison of the crystal structures shows that the
fold of molecule A of [Ty Epl is as similar to that of PnlA
and PnIB (main chain rms deviations of 0-50.56 A) as it
is to molecule B of [Tyt5|Epl (main chain rms deviation of
0.54 A). In contrast, molecule B is the most dissimilar of
the structures (main chain rms deviations of 6:6478 A).
PnIA and PnIB are most similar to each other (main chain
rms deviation of 0.36 A). Overall, comparison of the three
crystal structures of neuronal-selectiweconotoxins shows
that the backbone fold of thei/7 framework is well-
Conserved, desp|te differences in Sequence, Space groupé:lGURE7: Comparison of the electrostatic surfacesiafonotoxins

[TyriS|Epl (A and B) and PnlA (C and D). For this figure, molecule
crystal contacts, solvent content, and numbers of moleculesA of [TyrS|Epl was used for comparison with PniA except that

in the asymmetric unit. The most flexible part of thd/7 the side chain conformation of Arg 7 was modeled from molecule
framework is the C terminus (see Figure 4). In the case of B. The surface is colored according to electrostatic potential: blue
[Tyr®|Epl, the C-terminal region of molecule B may be for positive, red for negative, and white for hydrophobic regions.
distorted by crystal packing forces (particularly Tyr 15B), The structures in panels A and C are shown in the same orientation

: as in Figure 3. The structures in panels B and D are views rotated
but the two independent structures A and B could representlgo, around the vertical axis. The blue circles in panels A and C

a subset of closely related low-energy conformations sampledhighlight the regions of [Ty#|Ep!l and PnIA with very different
in solution. electrostatic surfaces. The green arrows in panels A and C identify

Al four of the a4/7-conotoxins, for which structures are merg;%siisni SigﬁdChginsSh g\f/v[TtSt?eEeleginodnsPntIr/nAétngr?ensegSnﬂr?(fsthe
H;?,\\;\(I;r:/’esreI?ﬁg\(ﬁy?b:‘?g;gﬁo?iuirr?q?sl;?b;zgz O;;?ebgéngR' hydrophilic surface of Mil 44). Charges are taken from X-PLOR

J il ! A tophcsdx.pro parameters. This figure was generated using GRASP

neuronal selectivity since EIl, which has the sao&/’7 (39).
cysteine framework and loop sizes, is selective for the muscle
nAChR (7). Presumably, the neuronal selectivity of Epl, and muscle nAChRs, since electrostatic interactions could
PnlA, PnIB, and MII resides in the shape and/or surface allow for molecular recognition over large distances.
charge distribution rather than in the backbone fold. We The neuronal-selective-conotoxins are able to discrimi-
have shown previously that the shape and surface chargenate between different subtypes of the mammalian neuronal
distribution of the muscle-selective-conotoxin Gl differ receptor. Epl and [TYFEpl appear to be selective fa3532
dramatically from those of the neuronal-selectiv&ono- and o344 subtypes (21), and MII selectively inhibits the
toxins PnlA and PnIBZ6); the two neuronal conotoxins are o332 subtype 44). PnlA and PnIB block neuronal nAChRs
rectangular, and the muscle conotoxin is triangular. In in mollusks, but their specificity for mammalian neuronal
addition, the muscle-specifit-conotoxins typically have a  nAChRs is not known. The surface charge distributions can
net positive charge and the neuronal-speaificonotoxins be compared to identify similarities and differences that could
are generally uncharged or have a net negative charge (Figur@ccount for variations in activity among the neuronal-
1). For example, [TYF|Epl has two negatively charged selectivea4/7-conotoxins. We have shown previously that
residues (Asp 5 and Asp 14) counterbalanced by Arg 7 andthe surface charge distributions of PnlA and PnIB are
the positively charged N terminus (the C terminus is virtually identical £6); as a result, comparisons and discus-
amidated) giving a net charge of 0. Epl also has a sulfated sions are given here only for PnlA, but these apply equally
tyrosine giving a net charge of1; however, the sulfate is  to PnIB. The surface charge distributions of [T}Epl and
not essential for activityZQ1l). Both PnlA and PnIB have  PnlA, shown in Figure 7, are remarkably similar. The only
one negatively charged residue (Asp 14) counterbalanced bymajor difference between the two is in the region where two
the positively charged N termini to give a net charge of 0. charged residues (Asp 5 and Arg 7) of [FEpl are
There is some evidence that the tyrosine of PnlA and PnIB replaced by hydrophobic residues (Leu 5 and Pro 7) in PnIA
may be sulfated1®), which would then also give a net charge (circled in blue-green in panels A and C of Figure 7). Given
of —1. The neuronal-selective MIRQ) has a O net charge the excellent match between the shape and electrostatic
(Glu 11 and the positively charged N terminus), assuming surfaces of [TW]Epl and PnlA, it is plausible that these
the two histidines are uncharged at physiological pH. It is two molecules could bind in the same manner to the neuronal
tempting to speculate that this difference in net electrostatic NAChR and they could share common receptor subtype
charge between the muscle-selective (positive) and neuronaltargets. However, if PnlA and PniIB are shown not to block
selective (negative or zera)}conotoxins may be an impor-  the same mammalian nAChR subtypes as &bl then
tant determinant for their differing specificity for neuronal we can reasonably suppose that residues Asp 5 and Arg 7
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common with [Ty#5]Epl. The coordinates of MIl have not

yet been released from the Protein Data Bank, so we areREFERENCES

unable to make a direct comparison between the surfaces of
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charge distribution of MIlI have been described and were
shown to be very different from those of PnlA4), using

the same backbone orientation. Two regions of the surface
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