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nicotinic agonists and antagonists reveal
distinctive binding interfaces and conformations
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Upon ligand binding at the subunit interfaces, the extra-
cellular domain of the nicotinic acetylcholine receptor
undergoes conformational changes, and agonist binding
allosterically triggers opening of the ion channel. The
soluble acetylcholine-binding protein (AChBP) from snail
has been shown to be a structural and functional surrogate
of the ligand-binding domain (LBD) of the receptor. Yet,
individual AChBP species display disparate affinities for
nicotinic ligands. The crystal structure of AChBP from
Aplysia californica in the apo form reveals a more open
loop C and distinctive positions for other surface loops,
compared with previous structures. Analysis of Aplysia
AChBP complexes with nicotinic ligands shows that loop
C, which does not significantly change conformation upon
binding of the antagonist, methyllycaconitine, further
opens to accommodate the peptidic antagonist, a-cono-
toxin Iml, but wraps around the agonists lobeline and
epibatidine. The structures also reveal extended and non-
overlapping interaction surfaces for the two antagonists,
outside the binding loci for agonists. This comprehensive
set of structures reflects a dynamic template for delineat-
ing further conformational changes of the LBD of the
nicotinic receptor.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are well-charac-
terized transmembrane allosteric proteins involved in rapid
gating of ions elicited by acetylcholine. They belong to the
‘Cys-loop’ superfamily of ligand-gated ion channels (LGIC)
that includes GABA-A and -C, 5-HT;, and glycine receptors
(Grutter and Changeux, 2001; Karlin, 2002; Lester et al,
2004). The nAChRs are homo- or heteromeric pentamers of
structurally related subunits that encompass an extracellular
N-terminal ligand-binding domain (LBD), four transmem-
brane-spanning regions that form the ion channel, and
an extended intracellular region between spans M3 and M4.
They exist in at least three conformational states with
distinctive sensitivities to the nicotinic ligands that dictate
channel gating and function: basal or resting (closed, but
rapidly activatable), activated (open), and desensitized
(closed). Indeed, ligand binding triggers conformational
changes that are transmitted to the transmembrane-spanning
region, leading to gating and changes in membrane potential.
Owing to their functional importance and structural and
functional differences in numerous pathologies, the nAChRs
have been thoroughly investigated at the pharmacological,
biochemical, and structural levels. However, structural
analyses of the nAChR are impaired by the large size, the
transmembrane spans, and, in most species, the low abun-
dance and heteropentameric assembly.

The recent pharmacological and structural characteriza-
tion of the soluble acetylcholine-binding protein (AChBP)
from the freshwater snail, Lymnaea stagnalis (L-AChBP)
(Brejc et al, 2001; Smit et al, 2001), has considerably in-
creased our knowledge of the structure and recognition
determinants of the nAChR. L-AChBP shows limited sequence
identity with the nAChR LBD (Figure 1A), but it assembles
as a stable homopentamer and displays ligand recognition
properties similar to those of the neuronal homopentameric
o7 receptor subtype (Smit et al, 2001). The refined 4 A
resolution electron microscopy structure of the heteropenta-
meric muscle-type, (1),Byd nAChR has elegantly illustrated
considerable structural similarity of L-AChBP with the nAChR
LBD (Unwin, 2005). Moreover, coupling of L-AChBP, where
three membrane-facing loops have been modified, with the
transmembrane domain of the 5-HT;, receptor yielded
a chimeric receptor with lower affinity for acetylcholine,
as expected for an activatable receptor, and the capacity
to trigger opening of the ion channel (Bouzat et al, 2004).
Therefore, L-AChBP is now considered a structural and func-
tional surrogate of the nAChRs.

The initial structures of L-AChBP, in a Hepes-bound form
and as two complexes with the small nicotinic agonists, (—)-
nicotine and carbamylcholine, bound in the ligand-binding
site, show minimal conformational differences (Brejc et al,
2001; Celie et al, 2004) and have been suggested to reflect
a desensitized state of the nAChR (Grutter and Changeux,
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Figure 1 Sequence alignment of A-AChBP. (A) Structural alignment of the subunit sequences of A-AChBP (Hansen et al, 2004) and L-AChBP
(Smit et al, 2001) with those of the human «1 and «7 LBDs (LGIC database). The A-AChBP sequence reported in Celie et al (2005) differs by Val
substitutions at positions 43 and 138 and a N-terminal two-residue deletion. Secondary structure elements are indicated. The bar and open
circles above the A-AChBP sequence indicate the loop C tip and hinge regions, respectively. The solid circle denotes the glycosylated Asn74. Tip
up and down triangles denote A-AChBP residues from the (+) and (—) faces that are within a 3.5 A radius of interaction at the subunit interface
in the apo conformation. A-AChBP residues whose side chains interact within 4.5 A with all four ligands are on a gray background. Residues
specific for the nicotinic antagonists, a-conotoxin ImI and MLA, are on a red and green background and those specific for the nicotinic agonists,
LOB and EPI, on an orange and a blue background, respectively. Inset: SDS-PAGE analysis (16% gel) of A-AChBP expressed from GnTI™ (lane
1) and standard HEK cells (lane 2). The protein expressed in GnTI™ cells migrates faster and as a thinner band, indicative of a smaller size and
greater homogeneity in oligosaccharide structure. (B) Schematic view of the organic ligands, MLA (the lycoctonine ring is at the top and the
N-ethylpiperidine ring at the bottom), LOB and EPI. Top right: sequence and disulfide bonding of a-conotoxin Iml; the star denotes C-terminal

amidation.

2001). In turn, the structure of L-AChBP in complex with
the large peptidic toxin and nicotinic antagonist a-cobra-
toxin (Cbtx), tightly inserted at the subunit interface, has
revealed concerted large movements of loops C and F that
line the binding interface, and has provided a template
resembling a resting state conformation of the nAChR
(Bourne et al, 2005).

The recently characterized A-AChBP from the saltwater
mollusk, Aplysia californica, shares only 33% amino-acid
identity with L-AChBP, but it also assembles as a soluble
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homopentamer and possesses all the functional residues
identified in L-AChBP (Hansen et al, 2004; Celie et al,
2005), including those that form the aromatic nest character-
istic of the nAChR LBD (Figure 1A). Of the five aromatic
residues present in the L-AChBP-binding pocket, only the
conservative Trp55Tyr substitution is found in A-AChBP.
However, A-AChBP, similar to the nAChR, lacks the sixth
aromatic residue present as Tyr164 in L-AChBP. It also dis-
plays an Alal194Pro substitution within loop C on the princi-
pal face (the (+) face) of the interface and an Argl08Val
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substitution on the complementary face (the (—) face), which
are both conserved in the human ol and o7 subunits.
Accordingly, A-AChBP displays distinctive binding affinities
and specificities for nicotinic agonists and antagonists com-
pared with L-AChBP, exemplified by its lower affinity for
acetylcholine but higher affinity for the small a-conotoxin
peptides, the natural ImI (Hansen et al, 2004) (Table I) and
the PnIA AlalOLeu variant (Celie et al, 2005), two a7-specific

antagonists.

We report the crystal structures of A-AChBP in the apo
form and as four complexes with two nicotinic antagonists,
the peptidic a-conotoxin ImI and the alkaloid methyllycaco-

Table I Ligand dissociation constants (K4°, nM) for the two AChBP

species

Ligand A-AChBP  L-AChBP  A/L K4 ratio
Ach 30000° 890° 34
(—)-Nicotine 245° 86° 2.8
(+)-Epibatidine (EPI) 14° 0.16° 88
a-Lobeline (LOB) 0.3 30 0.01
Methyllycaconitine (MLA) 2.8° 0.41° 6.8
o-Bungarotoxin (Bgtx) 250° 1.8° 139
o-Cobratoxin (Cbtx) 191 3.2P 60
o-Conotoxin Iml 0.88° 14 000° 0.00006
a-Conotoxin MI 1000 2800 0.36

*Values are average (n=2) or means (n>2) of individual data that

differ by less than 20%.
PFrom Hansen et al (2004).
‘From Hansen et al (2002).

Table II Data collection and refinement statistics
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nitine (MLA), and two alkaloid nicotinic agonists, a-lobeline
(LOB) and (+ )-epibatidine (EPI) (Figure 1B and Table II).
Compared to the Hepes-bound L- and A-AChBP structures,
that of apo A-AChBP, devoid of a bound amine buffer, reveals
a distinctive conformation. Structural analysis of the four
A-AChBP complexes uncovers, at the subunit interface and
outside of the primary competitive binding site, unpredicted
anchoring surfaces that contribute nonoverlapping binding
loci for the antagonists, and enables one to visualize dis-
tinctive conformational changes associated with agonist
versus antagonist binding. Hence, these structures provide
distinct templates for predicting ligand selectivity for
the individual nAChR subtypes and for delineating further
the conformational changes associated with channel gating.

Results and discussion

Determination and quality of the structures
Attempts to solve a structure from crystals obtained from
the highly N-glycosylated and nonhomogeneous A-AChBP
expressed from a standard HEK cell line (Hansen et al,
2004) were unsuccessful. However, expression from a glyco-
sylation-deficient cell line (Reeves et al, 2002) resulted in a
homogenous protein with a shorter glycan chain as assessed
by electrophoresis (Figure 1A) and mass spectrometry
analyses, yielding crystals suitable for structural studies.
The structures of the homopentameric A-AChBP in the apo
form (Figure 2) and as complexes with the nicotinic antago-
nists a-conotoxin ImI and MLA and agonists EPI and LOB

Apo ImlI MLA LOB EPI
Data collection

Beamline . APS/19-ID ALS/8.2.1 ESRF/ID29 ALS/8.2.1 ESRF/ID14-EH3
Wavelength (A) 0.97934 0.97623 0.97563 0.97623 0.931
Space group C222, 1222 P2, P1 123
a, b, c (A) 144.1, 146.8, 143.3 130.3, 140.0, 153.4  67.3, 126.8, 147.3  75.8, 85.7, 117.3  200.9, 200.9, 200.9
a/B/y (°) —/99.5/— 89.9/97.3/106.6
Pentamer/asymmetric unit 1 1 2 2 1
Resolution range? 50-2.02 50-2.07 72-2.45 58.3-2.05 30-3.4

(2.09-2.02) (2.14-2.07) (2.51-2.45) (2.16-2.05) (3.49-3.4)
Rmerge (%)‘1’b 5.8 (47.4) 8.5 (54.8) 7.9 (48.4) 6.2 (26.5) 19.8 (59.4)
Observations 603 776 433 003 356 687 333 038 64 112
Unique reflections 97 846 86 601 95 739 168 545 18 257
Completeness (%)? 98.5 (90.5) 99.9 (99.8) 100.0 (100.0) 95.8 (95.4) 97.6 (97.6)
Redundancy?® 6.2 (5.7) 5.1 (3.8) 3.7 (3.8) 2.0 (2.0) 3.5 (3.5)
{I/ol? . 13.6 (3.8) 29.5 (2.2) 11.3 (2.5) 13.9 (2.5) 8.3 (2.0)
B-factor from Wilson plot (A?) 324 33.5 45.4 25.6 42.3

Refinement
Resolution range (A)
Protein atoms
Solvent/ligand atoms
Rcryst (%)/Rfree (%)

Free reflections .
R.m.s. 1-2 bond distances (A)
R.m.s. 1-3 bond angles (dg%)
Mean main/side chain B (A%)
Mean B solvent/ligand (A%
Main/side chain AB for bonded
atoms (A?)

PDB accession code

40-2.02 (2.07-2.02)
8515
882/82
16.8 (20.8)/20.2
(25.2)
2980
0.013
1.41
39.3/41.9
43.8/62.6
0.99/1.66

2BYN

20-2.07 (2.12-2.07) 20-2.45 (2.51-2.45) 48-2.05 (2.1-2.05)

30-3.4 (3.49-3.4)

8411 16762 16324 8521
1043/469 560/490 1561/250 —/70
17.3 (23.1)/21.4 (28.2) 19.3 (27.7)/23.2 21.6 (30.8)/25.8 18.3 (24.9)/25.4

(33.8) (33.7) (33.1)

1700 1916 5025 929

0.013 0.008 0.008 0.01

1.42 1.37 1.16 1.5
39.29/41.03 45.3/46.4 39.6/40.6 45.4/46.6
43.56/35.26 36.8/40.4 36.6/31.9 —/38.58
1.03/1.60 1.14/1.14 0.89/1.08 1.11/1.35

2BYP 2BYR 2BYS 2BYQ

Values in parentheses are for the highest resolution shell.

Rinerge = D>t niti— T |/ madoi i Y 5 Reryse= S| [Fol = Fel | /32| Fo
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(Figures 3 and 4) were solved in the 1.96-3.4 A resolution
range from crystals grown at different pH’s and in distinct
space groups, leading to different packing geometries
(cf. Materials and methods; Table II). Yet, each of the four
complex structures, including the lower-resolution EPI com-
plex, shows well-defined electron density indicative of a high
occupancy and a single binding orientation for each of the
five ligand molecules bound at the subunit interfaces, along
with unambiguous positioning of all side chains in the
pentameric complex. Hence, these structures, and their com-
parison with previous structures of AChBP bound to Hepes
(Brejc et al, 2001; Celie et al, 2005), to the small agonists
nicotine and carbamoylcholine (Celie et al, 2004), and to the
large antagonist Cbtx (Bourne et al, 2005), reveal structural
determinants unique to A-AChBP along with a variety of
conformations associated with ligand binding at the subunit
interfaces.

Extracellular
ligand-binding
domain (LBD)

Transmembrane
spanning

Intracellular
domain

Structure of A-AChBP in the apo form

The structure of apo A-AChBP shows the same homopenta-
meric assembly of tightly associated subunits as found in
structures of the Hepes-bound AChBPs (Brejc et al, 2001;
Celie et al, 2005) and in microscopy images of the muscle-
type, (a1),fyd nAChR from Torpedo (Unwin, 2005)
(Figure 2). Each A-AChBP subunit consists of an N-terminal,
20-residue o-helix that includes the FLAG epitope, two
short 31y helices, and a 10-strand B-sandwich core made
of an inner B-sheet of six strands (1, B2, B3, B5, B6, B8)
and an outer B-sheet of four strands (B4, B7, B9, B10).
Apart from flexible surface loop regions, residue positions
in the five subunits within the pentamer are very similar
(r.m.s.d. values in the 0.3-0.35A range for 211 Ca atoms).
A second apo structure, solved from a different crystal
form grown at pH 8.5 instead of 5.6, was virtually identical
(not shown).

MIR

Figure 2 Overall view of the apo A-AChBP structure and structural comparisons. (A) Side view and (B) apical view of apo A-AChBP (blue)
overlaid with the muscle-type nAChR (gray) (Unwin, 2005). The tip of loop C in the nAChR o subunits is colored yellow. Loop C in apo
A-AChBP overlays most closely with loop C in the o subunit. (C) Side view and (D) top view of the apo A-AChBP subunit and pentamer (blue)
overlaid with the Hepes-bound A-AChBP subunit and pentamer (gray) using residues 20-200 from a single and all five subunits, respectively. In
apo A-AChBP, the Asn74-linked glycan is in red and the FLAG epitope that prolongs helix a1 in green. The ‘MIR’ and loops where there is a
large departure in position or conformation are shown in orange. In four of the five Hepes-bound A-AChBP subunits, loop C is more closed than
in apo A-AChBP, whereas in the fifth subunit (star), devoid of a bound buffer, it is slightly more extended.

3638 The EMBO Journal VOL 24 | NO 20 | 2005
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Figure 3 The A-AChBP subunit interface in the antagonist and agonist complexes. Side views of the bound antagonists (A) Iml, buried under
loop C, and (B) MLA (same orientation), and of the bound agonists (C) LOB and (D) EPI in similar orientations. The 2.0-3.4 A resolution omits
2Fo-F, electron density maps contoured at 1.4c are shown in blue. The main and side chains from the (+) and (—) faces of the subunit
interface are in yellow and cyan, respectively. Those side chains that interact specifically with ImI, MLA, LOB, and EPI are labeled red, green,

orange, and blue, respectively.

The subunit interface, which is made of six loops (loops
al-B1, B1-p2, B3-p4, B4-BS (or A), B6'-p7 (Cys loop), and
B7-B8 (B)) from the (+) face and of secondary structure
elements (helix o1 and strands B2, B3, B5, and 6) from the
(—) face (Figure 1A), buries,toa 1.4 A probe radius, a surface
area of ~1300A? on each subunit, in agreement with the
Hepes-bound L-AChBP structure (Brejc et al, 2001). The
interface, which is dominated by apolar residues, encom-
passes several direct polar contacts involving residues Asn48,
Glu49, Arg97, and Glul53 from the (+) face and Gln3,
GIn38, Tyr55, Arg79, Argl22, and Lys173 from the (—) face,
which are weakly conserved. Only nine solvent molecules
mediate direct contacts between residues from each subunit,
an observation that emphasizes the requirement of a high
surface complementarity between subunits in the nAChR to
maintain a functional pentameric assembly. Of the several
loops that emerge from the B-sandwich core, five (loops A, B,

©2005 European Molecular Biology Organization

39-B10 (or C), P8-P9 (F), and the conserved Cys-loop) have
been shown to be critical for nAChR function, with several
of their residues being involved in both subunit assembly and
ligand binding (Karlin, 2002).

The architecture of the ligand-binding pocket, with the
aromatic nest made of Tyr93, Trpl47, Tyr188, and Tyr195
from the (+) face of the interface and Tyr55 from the (—)
face, is highly conserved in the AChBPs. Yet, in A-AChBP,
compared to L-AChBP, major rearrangements are observed
within the (—) face that may arise from replacement of Trp53
by Tyr55, as often found in the GABA-A and -C LBDs, and
of the bulky Argl04 by Vall08 (Figure 1A). In fact, residue
Arg79, which originates from a different region in A-AChBP,
positions its guanidinium group close to that of Argl04 in
L-AChBP. Near the pocket entry, two small A-AChBP residues,
Thr36 and Serl67, replace the bulkier L-AChBP Lys34 and
Tyr164. The largest difference between the apo A-AChBP and

The EMBO Journal  VOL 24 | NO 20 | 2005 3639
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Figure 4 Expanded views of the bound ligands. Hydrogen bonding of key residues for the bound (A) Iml, (B) MLA, (C) LOB, and (D) EPI,
viewed from inside of the ion channel vestibule looking in a radial direction. Ligands are bound between the Cys190-Cys191 disulfide on the
left and Trp148 on the right. Labels for the Iml residues are italicized. The molecular surfaces of the ligands are in gray. Subunit coloring is

identical to that in Figure 3.

Hepes-bound AChBP subunits occurs in the loop C segment
Val183-Tyr193, with deviation up to 6.5A at position Cys190
(Figure 2C and D). This large opening movement of loop C,
seen at each subunit interface, markedly enhances ligand access
and reduces the loop’s proximity to the subunit interface.

Apo A-AChBP versus the muscle-type a1 subunit
Structural overlay of apo A-AChBP subunit with the muscle-
type ol subunit (Unwin, 2005) shows large positional differ-
ences (r.m.s.d. values of 1.7 A for only 130 Co atoms), but
reveals a similar orientation of the ‘untwisted” loop C, with
positional differences of only 0.7 and 1.6 A for the two sulfur
atoms from the vicinal Cys190-Cys191 residues (Figure 2A
and B). Loop B1-B2, which in the muscle-type nAChR is
thought to control the displacement of the transmembrane,
pore-lining M2 segment, also adopts in apo A-AChBP a
conformation similar to that in the ol subunit. Although
the curvature of the inner B-sheet is roughly conserved
between the ol and apo A-AChBP subunits, the outer
B-sheet in the o1 subunit is rotated by 11-14° compared to
its position in the A-AChBP subunit.

In the muscle-type nAChR, the main immunogenic region
(MIR) is a reactive epitope in autoimmune Myasthenia gravis
(Richman and Agius, 2003). This region, localized within
loop B2-B3 on the apical surface of the ol subunit, is

3640 The EMBO Journal VOL 24 | NO 20 | 2005

separated from the N-terminal helix by a cleft that contributes
to the major antibody-binding site (Unwin, 2005). In the
AChBPs, the corresponding region, encompassing residues
Trp67-Glu71, is weakly conserved (Figure 1A). In A-AChBP,
compared to L-AChBP, loop B2-B3 is two residues longer and
displays a large positional change that exposes the side
chains of Asp68 and Glu71 to the solvent. These residues
correspond to the immunoreactive Asn67 and Asp71 in the ol
subunit. However, while in the a1 subunit the N-terminal
helix is solvent-exposed (Unwin, 2005), in A-AChBP it packs
tightly against the B-sandwich core in a conformation that
may restrict antibody access.

Antagonist binding

The ImI-AChBP complex. Certain conotoxin peptides, from
the venom of marine snails of Conus sp, are among the most
selective nAChR antagonists. The largest family of a-conotox-
ins has been divided into the structural «3/5, o4/3, a4/6, and
a4/7 subfamilies based on the number of residues between
the second and third Cys residues (loop I) and the third and
fourth Cys residues (loop II). In the a4/3 family, the dodeca-
peptides Iml (Figure 1B) and ImlI are the smallest a-conotox-
ins yet identified. They are a7 and «3B2nAChR selective,
with lower affinity for ImII (Ellison et al, 2004). These two
peptides, that differ by three residues (Gly1lAla, Pro6Arg, and

©2005 European Molecular Biology Organization



Ala9Arg), appear to bind nonoverlapping sites on the a7
nAChR (Ellison et al, 2003). Moreover, Iml, with a 14 000-
fold preference for A-AChBP compared to L-AChBP as found
by direct binding (Table I), is the most selective of the nAChR
ligands.

The ImI-A-AChBP complex structure (Figures 3A and 4A)
shows that bound Iml retains the rigid scaffold found in
solution. The peptide folds around two compact loops, made
of an a3;p-helical region followed by a B-turn, that are defined
by the two disulfide bridges, Cys2-Cys8 (loop I) and Cys3-
Cys12 (loop II), and are separated by a deep cleft (Maslennikov
et al, 1999; Rogers et al, 1999). However, the conformations of
the two disulfide bonds markedly differ from those for the free
peptide, indicating subtle conformational rearrangement upon
binding. The resulting r.m.s.d. value (0.87 A for 12 Ca atoms) is
significantly greater than the averaged value (0.15 A) between
the best 20 energy-minimized conformers of the free Iml
structure (Maslennikov et al, 1999).

Iml, inserted under A-AChBP loop C, entirely fills the
ligand-binding pocket, where it buries 71% of its solvent-
accessible surface area (Figures 3A and 4A). Only residues
Glyl, Ser4, and Argll and the C-terminal amine group remain
solvent-exposed. At the (+) face of the interface, the Asp5-
Pro6-Arg? tripeptide in Iml loop I is deeply anchored on the
‘membrane’ side of the pocket. This tripeptide represents a
major binding determinant, consistent with earlier mutagen-
esis data showing dramatic affinity decreases (Quiram and
Sine, 1998; Servent et al, 1998). Indeed, ImI AspS, as a key
residue, stabilizes the loop I conformation by establishing
contacts with the ImI Arg7 guanidinium group and backbone
nitrogen, and with A-AChBP Tyr188 in loop C. ImI Pro6 is
located deep in the pocket and in an edge-to-face aromatic
interaction with the 4.1 A distant A-AChBP Trp147. The Iml
Arg7 guanidinium group establishes a salt bridge with the
invariant A-AChBP Asp197 in loop C and contacts the Tyr93
hydroxyl and the Ile196 carbonyl oxygen.

Moreover, the ImI Cys2-Cys8 disulfide bridge faces the
A-AChBP Cys190-Cys191 disulfide 4 A away and interacts
with Tyr188 and Tyr195 in loop C. At the (—) face, ImI Ala9
contributes van der Waals contacts with A-AChBP Met116 and
Ile118, and ImI Trp10 establishes extensive interactions with
A-AChBP Arg79, Val108, Metl16, and Arg59, consistent with
its key role for Iml binding to the o7 nAChR (Quiram and
Sine, 1998; Servent et al, 1998) (Figures 3A and 4A). At the
complex interface, only eight ordered solvent molecules are
found, indicating a high degree of surface complementarity
that is consistent with the nM dissociation constant of ImI for
A-AChBP (Hansen et al, 2004) (Table I). Overall, the bound
Iml buries, to a 1.4 A probe radius, equivalent surface areas of
348 and 331 A% on the (+) and (—) faces of the A-AChBP
subunit interface. The number of residues involved in the
resulting interfacial area is consistent with the Iml large
preference for A-AChBP, compared to L-AChBP (Table I).
Compared to Iml, the PnIA AlalOLeu/Aspl4Lys variant, of
the «4/7 family, is bound ~1 A deeper in the ligand-binding
pocket of A-AChBP (Celie et al, 2005), due to the Pro residue
that replaces the bulky Arg7 at the tip of Iml loop I. Yet,
the conformation of loop I in the two peptides is similar,
whereas large deviations occur in loop II, which in PnlIA
is longer (by four residues) and larger (in size) than in Iml.
This argues for loop I being the major determinant conferring
nAChR selectivity.
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The methyllycaconitine-AChBP complex. The diterpene alka-
loid MLA, the principal toxic component of seeds from the
Aconitum and Delphinium generi, is the most potent, non-
peptidic nAChR antagonist known. MLA is highly selective
for the neuronal o7 receptor (Ward et al, 1990). Yet, it
displays similar affinities for the A- and L-AChBP species
(Table I). MLA consists of a bulky, oxygen-rich lycoctonine
moiety lacking nicotinic potency and linked, via a carbonyl
ester, to an N-phenyl succinimide (2-methylsuccinimidoben-
zoyl) side chain (Figure 1B). Ester hydrolysis to produce
lycoctonine markedly diminishes MLA affinity on rat brain
preparations, suggesting that the N-phenyl succinimide moi-
ety of MLA is a major determinant for a7 selectivity.

In the MLA-A-AChBP complex (Figures 3B and 4B), the
long axis of the bulky and rigid lycoctonine skeleton, that
resembles a 7 x 4 A cylinder, is located at the subunit inter-
face and abuts against A-AChBP residues Tyr188 and Tyr195
and the Cys190-Cys191 disulfide from the (+) face, and
against Met116 and Ile188 from the (—) face. The key inter-
action is an edge-to-face stacking of the N-ethylpiperidine
ring, in a chair conformation, with Trp147 at the ‘membrane’
side of the binding site pocket. This conformation ideally
positions the lycoctonine tertiary amine within hydrogen
bond distance to the Trp147 carbonyl oxygen, whereas the
ethyl group makes van der Waals contacts with Trp147 and
Val148 on the (+) face and with Ile118 on the (—) face. Yet,
the lycoctonine ring makes limited polar contact with A-
AChBP, consistent with retention of antagonist potency by
simplified MLA derivatives that contain only an N-ethylpiper-
idine moiety linked to the succinimidoylanthranilate ester
(Bergmeier et al, 2004). Owing to the flexibility of the ester
linkage, the carbonyl oxygen is ideally positioned to be
hydrogen bonded to Tyr55 on the (—) face. The well-ordered
succinimidoylanthranilate moiety partially occupies a cavity
lined by Ser94, Met126, Lys143, GIn186, and Asp197 on the
(+) face and GIn38 and Ser167 on the (—) face, with the
methyl group at position 3 of the imide ring contributing van
der Waals contacts. The three hinge regions in MLA are
essential to complement the shape of the binding pocket,
resulting in a near-perpendicular orientation of the lycocto-
nine cylinder axis relative to the direction of the ester linkage,
while within the succinimidoylanthranilate ester the succini-
mide and phenyl rings are twisted by 60°.

The structurally related alkaloid aconitine, a voltage-gated
Na* channel activator, differs from MLA in the oxygen
pattern and stereochemistry and by the presence of bulky
benzoyl and acetyl functional groups. Moreover, the N-phe-
nyl succinimide group linked to the lycoctonine portion of
MLA is replaced by an O-methyl ether. The MLA-A-AChBP
complex structure reveals that all aconitine substituents
could be easily accommodated in A-AChBP, consistent with
observation that addition of an N-phenyl succinimide moiety
to aconitine produces a compound with nicotinic potency
comparable to that of MLA, but lacking Na* channel activa-
tion properties (Hardick et al, 1995).

Agonist binding

The LOB-AChBP complex. The lipophilic alkaloid LOB, iso-
lated from the Indian tobacco plant, Lobelia inflate, has been
described as a mixed agonist/antagonist (Terry et al, 1998).
Comparison of the large, three-ring LOB (Figure 1B) with the
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chemically related but smaller nicotine and cytisine has
suggested that the phenyl 2-keto-ethyl moiety, more than
the phenyl 2-hydroxyethyl group, may be the primary func-
tional determinant for LOB binding to the nAChR (Barlow
and Johnson, 1989). Its 100-fold preference for A-AChBP over
L-AChBP indicates its selectivity among the nicotinic agonists
(Table I).

In the LOB-A-AChBP complex (Figures 3C and 4C), the
LOB molecule adopts an extended conformation devoid
of internal hydrogen bonding that differs from the highly
flexible conformation observed by NMR (Maslennikov et al,
1999), but favors its interaction with both faces of the subunit
interface. The central piperidine ring exhibits a stacking
interaction with A-AChBP Trp147 that favors hydrogen bond-
ing between the tertiary amine and the Trp carbonyl oxygen,
while the methyl group contributes van der Waals contacts
with Cys190, Tyr188, and Tyr195. Within the binding pocket,
the LOB carbonyl oxygen is bound to the Trp47 indole
nitrogen and establishes a water-mediated contact with the
Ile106 carbonyl and Ile118 nitrogen. At the ‘membrane’ side
of the binding pocket, the LOB hydroxyl is bound to the
Ser146 and Trpl47 carbonyl oxygens, consistent with its
hydrogen-bonding potential. The phenyl 2-keto-ethyl moiety
is enclosed at the binding pocket entrance, where it interacts
with the Cys190-Cys191 disulfide on the (+) face and with
Arg79, Metll6, and Ilel18 on the (—) face. In contrast, the
phenyl 2-hydroxyethyl moiety, distant from the other phenyl
moiety by ~11A, is buried at the ‘membrane’ side of the
binding pocket, where it is exclusively lined by residues
Tyr93, Lys143, Gly145, Trpl47, and Aspl197 from the (+)
face. Consistent with the requirement of retaining both arms
for optimal affinity (Flammia et al, 1999), the high flexibility
of the two arms appears essential for the tight fit of the large
LOB molecule to the shape of the binding pocket with a
closed loop C conformation. In the complex, this results in
the two distal phenyl rings being twisted and bent by ~15°
from colinear planarity. Given the expanded surface area that
LOB occupies relative to smaller nicotinic agonists, multiple
residues contribute to its preference for A-AChBP over
L-AChBP (Table I).

The EPI-AChBP complex. The chlorine-containing alkaloid
EPI, from the skin of the Ecuadoran frog, Epipedobates
tricolor, displays high potency and efficacy for several neuro-
nal nAChR subtypes (Badio and Daly, 1994; Gerzanich et al,
1995). EPI has 90-fold lower affinity for A-AChBP than for
L-AChBP (Table I). However, substitution of A-AChBP Tyr55
for a Trp, as found in the L-AChBP and human «7 subunits
(Figure 1A), restores the higher affinity (SB Hansen, unpub-
lished results), suggesting that the nature or size of the
aromatic side chain at this position is critical for EPI binding.

The mode of binding of EPI to A-AChBP closely resembles
that of nicotine to L-AChBP (Celie et al, 2004) (Figures 3D
and 4D). EPI is sandwiched between the Trp147 side chain
and the Cys190-Cys191 disulfide positioned at the midpoint
of the two ring systems. The pyridine ring in the bound EPI is
oriented similar to the pyridine ring in the bound nicotine,
while the nitrogen-containing alicyclic skeleton (bridge ring)
in EPI, which abuts on the Tyr55 ring, coincides with the
slightly smaller pyrolidine ring in nicotine, resulting in simi-
lar intra-nitrogen distances (4.5 A in A-AChBP versus 4.4 A in
L-AChBP). As a result, a similar network of hydrogen bonds
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is observed in the two complexes, with the pyridine amine
bound to Ile118 and Trp147 via a solvent molecule, while the
bridge ring amine targets the Trpl47 carbonyl oxygen. In
three A-AChBP subunits in the pentamer, a second hydrogen
bond is seen between the bridge ring amine and Tyr93. The
bulky bridge ring in EPI favors additional aromatic interac-
tions with Tyr188, and the aromatic chloride ideally contri-
butes polar contacts with the Ile106 and Vall08 carbonyl
oxygens from the (—) face of the interface in the apical region
of the binding pocket. The mode of binding of EPI, with the
chloride contribution and the large bridge ring that compen-
sates for the A-AChBP smaller Tyr ring, compared to the
L-AChBP Trp, is consistent with the mutagenesis data and
provides an explanation for EPI’s higher affinity than nicotine
for A-AChBP (Table I).

Conformational fit for nicotinic antagonists

and agonists

The availability of an apo A-AChBP structure along with two
antagonist and two agonist complexes permits a direct com-
parative analysis of the conformational changes induced
differentially by antagonist and agonist binding. Structural
comparisons of the five structures (r.m.s.d. values in the
0.55-0.65 A range for ~1000 Ca atoms) and of the subunits
from each pentamer (r.m.s.d. values in the 0.35-0.55 A for
210 Co atoms) indicate that the large conformational changes
are localized to loops C and F, with smaller changes in helix
a1 and surrounding loop regions on the apical surface of the
subunit. Superimposition of the apo structure and the MLA
and LOB complexes through their subunit (+ ) faces does not
reveal significant variations in the relative orientations of the
subunits that contribute the (—) faces. In contrast, for the EPI
and Iml complexes this superimposition reveals rigid body
movements, of ~1.5° and in opposite directions, of the (—)
faces in the complexes compared to their position in the apo
structure. This movement, which differs from the 3-4° move-
ment of subunits observed between the Hepes- and PnlA-
bound AChBP structures (Celie et al, 2005), indicates that
ligand binding may induce selective influences on the orien-
tation of the subunits within the pentamer. Associated with
the C loop enveloping the agonist is a small, diaphragm-like
contraction at the cross-sectional level of the Cys and p1-32
loops. This would serve to reduce the diameter of the
pentamer near the extracellular membrane face by ~1A.
Minimal conformational change in the vicinity of the linking
region might be expected in the AChR, since the transitions
between the open channel and resting states are rapid and
require small differences in energy states (Sakmann, 1992).
Nevertheless, it is unclear whether such conformational
differences are part of the linkage in the gating mechanism,
since AChBP lacks the complement of residues necessary in
the functioning receptor to couple to channel gating (Bouzat
et al, 2004).

The largest differences arise from the rigid-body motion of
loop C, which swings as much as 11A between the two
extreme positions observed in the ImI and EPI complexes
(Figure 5A and B), around hinge regions defined within
dipeptides GIn184-Val185 and Tyr195-Ile196, respectively,
located in strands 9 and P10 (Figure 1A). In fact, the loop
C positions throughout the five structures cluster into three
groups that contain: (i) the peptide antagonist-bound ‘open’
conformations (ImI complex); (ii) the apo and organic
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antagonist-bound ‘intermediate’ conformations (apo struc-
ture and MLA complex); (iii) the agonist-bound ‘closed’
conformations (LOB and EPI complexes) (Figure 5B). Indeed,
A-AChBP in the apo conformation lies between the peptide
antagonist- and the agonist-bound conformations. Loop C in
the Cbtx-L-AChBP complex adopts a similar intermediate
conformation as seen in the apo structure and the MLA-A-
AChBP complex, but it is tangentially displaced by ~4A
toward loop B7-B8 (Bourne et al, 2005), suggesting either
a common mechanism for peptide toxin antagonism or that
the Cbtx fingers lock loop C in a unique position. The slower
ligand association rates observed for the peptide toxins
(Hansen et al, 2002, 2004), being well below the diffusion
limitation, may be a consequence of the transition to the
extended (open) loop C conformation.

Residues at the tip of loop C contribute to the subunit
interface and wrap around the bound agonist, with Ser196
bound to Aspl64 in loop F from the (—) face as seen for
Hepes-bound L-AChBP (Brejc et al, 2001). Hence, a series
of local conformational changes specific to each ligand is
observed, and loop C behaves as an induced-fit ‘sensor’
adapting its configuration to the structural characteristics of
the ligand entering the binding pocket (Figure 5B). This motif
may not only govern ligand specificity but also whether the
ligand elicits channel-opening events, that is, the efficacy of
the ligand as an agonist. These findings are consistent with

Agonist
binding

Antagonist
binding

Aplysia AChBP—antagonist/ ist compl

SB Hansen et al

early studies where the vicinal Cys residues on loop C of the
nAChR were reduced and labeled with quaternary sulfhydryl
reactive reagents. Those reagents with less bulk and shorter
distances between the quaternary nitrogen and reactive elec-
trophile produced a depolarization, while the more bulky
ligands with larger intersite distances maintained the receptor
in an inactive state (Karlin, 1969).

In the apo A-AChBP structure, the architecture of the
binding pocket is reminiscent of a resting state of the
nAChR (Unwin, 2005) with low affinity for the nicotinic
ligands. In contrast, the agonist-elicited closure of loop C is
associated with substantial reorganization of the recognition
determinants, for example, Gln186, Tyr188, Glul93, and
Tyr195; this results in a binding pocket configuration that
perhaps reflects a ligand-induced open channel or desensi-
tized state of the nAChR. At two of the five-subunit interfaces
in the ImI-A-AChBP complex, loop F adopts two alternative
conformations, indicating that this region also displays
significant conformational flexibility when antagonists
are bound.

Ligand selectivity

The aromatic nest rich in Tyr and Trp residues that charac-
terizes the ligand-binding site of AChBP and the nAChR
emphasizes the importance of cation-n interactions to stabi-
lize the cation of the nicotinic ligands (Lester et al, 2004).

Figure 5 Conformational fit mechanism and ligand selectivity. (A) Top views of the ImI-bound (red loops C) and EPI-bound A-AChBP
pentamers (blue loops C) showing the distinctive conformations for the antagonist and agonist complexes. (B) Overlay of loop C in apo A-
AChBP (gray) and the ImlI (red), MLA (green), and EPI complexes (blue); the bound EPI molecule is shown in light gray. The curved arrow
denotes opening and closure of loop C upon antagonist and agonist binding. (C) Overlay of the A-AChBP-bound antagonists Iml (red) and MLA
(green). The surfaces of the (+) and (—) faces of the subunit interface are shown in yellow and cyan, respectively. The common competitive
binding site is at the center (labeled II); the two peripheral nonoverlapping sites are distinguished by ImI Trp10 (I) and the MLA N-phenyl

succinimide moiety (III).
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Although several cation-n interactions are observed in the
A-AChBP and L-AChBP complexes, the secondary amine in
EPI and tertiary amines in LOB and MLA are located within
~1.0A of the Trpl47 carbonyl oxygen; this association
contributes charge compensation to the cation (Figures
3B-D and 4B-D). In the ImI complex, the Arg7 backbone
amide, distant by only 2 A from the amine centroid position
in the alkaloid ligands, serves as the cation (Figures 3A and
4A). Hence, the multiple ligand-bound A-AChBP structures
largely support the previous assumption that a partial nega-
tive charge of the Trpl47 carbonyl oxygen, mediated via
the invariant Asp85, may favor interaction with the common
cationic ammonium of the nicotinic ligands (Celie et al,
2004).

This comparative analysis also permits identification of the
structural determinants required to accommodate specifically
these chemically diverse ligands. It has been suggested that
the ligand may access the binding pocket from either the
apical side or the ‘membrane’ side of loop C (Brejc et al,
2001). The structure of the MLA-A-AChBP complex reveals
an unpredicted binding pocket, well removed from Trp147 at
the ‘membrane’ side of the agonist-binding site and loop C.
This pocket accommodates the MLA N-phenyl succinimide
moiety (Figures 3B, 4B, and 5C). In turn, the structure of the
ImI-A-AChBP complex identifies a second binding region,
located on the apical side of loop C, which accommodates ImI
Trpl0 and neighboring residues (Figures 3A, 4A, and 5C).
The residues that line these two distant functional sites are
weakly conserved within the nAChRs and may confer sub-
type selectivity. In apo A-AChBP with its open loop C, these
pockets at the subunit interface are freely accessible from the
outside (Figure 2), whereas in the agonist complexes (closed
loop C) access is impaired by the close proximity of the
invariant Tyr188 and Lys143 residues (located on the ‘mem-
brane’ side) and the tight packing of the Cys190-Cys191
disulfide (apical side) that act as barriers that isolate
the competitive binding site (Figures 3C, D and 4C, D). In
the LOB complex, subtle reorientations of side chains
near the binding pocket, as seen for Tyr93, displaced by
one of the LOB phenyl moieties, are required to accommodate
a specific ligand (Figures 3C and 4C).

The mode of binding of Iml reveals that the critical Asp5-
Pro6-Arg-7 triad, rather than Trpl0 (Maslennikov et al,
1999), is the primary region that targets A-AChBP (Figures
3A and 4A), a finding consistent with the low conformational
flexibility of these residues in solution. We would anticipate
that substitution of ImI Pro6 or Ala9 by a residue with a larger
side chain as found in ImII would drastically impair ImI
binding, whereas the binding contribution of Trpl0 would
be less sensitive to mutation. Based on these structural
criteria, a-conotoxin Epl should bind A-AChBP; this would
be consistent with data on binding to the a7 receptor (Nicke
et al, 2004). To some extent, this rationale could apply to
a-conotoxin PnIB, whereas a-conotoxin MII should not be a
potent blocker, as found for MI (Table I). Overall, the crystal-
line ImI-A-AChBP complex provides a suitable template for
designing synthetic peptides for further characterization of
nAChR subtypes, and highlights the absolute requirement of
a a3y helical region within loop I of the a-conotoxin to confer
nAChR antagonism.

Previous structural analysis of the Cbtx-L-AChBP complex
along with unpublished mutagenesis data led us to examine
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whether the lower affinity of Cbtx for A-AChBP (Table I)
could be enhanced, to approach that found for L-AChBP,
by a His197Phe substitution that may eliminate electrostatic
repulsion on the external face of loop C (Bourne et al, 2005).
In contrast to the large and flat Cbtx molecule, the smaller
and globular ImI molecule binds deeper in the binding
pocket, and residues that line the pocket are primary candi-
dates for mutation. Docking of ImI onto L-AChBP, by super-
imposing the L-AChBP and A-AChBP coordinates from their
respective Cbtx and ImI complexes, does not reveal steric
occlusion except for a small overlap between ImI Trpl0 and
the side chain of L-AChBP GIn78. It therefore appears that
ligand selectivity arises from subtle differences between
L-AChBP and A-AChBP such as electrostatic repulsion, most
particularly with residues in loop F at the (—) face of the
subunit interface. Based on their structural similarity, the 3
helical turn in ImlI and the tip of loop II in Cbtx have been
proposed to exhibit similar spatial organization upon binding
to the a7 receptor, with the ImI Trp10/Arg7 and Cbtx Phe29/
Arg33 pairs mimicking each other and being deeply anchored
within the binding pocket (Tsetlin, 1999). However, compara-
tive analysis of the respective complexes shows that these
structural determinants are separated by 7 A and rotated by
50° from each other. Hence, the toxins may orient differently
in targeting distinct nAChR subtypes.

Concluding remarks

The structure of apo A-AChBP reveals several features not
evident in those of the Hepes-bound L-AChBP and A-AChBP.
First of all, the radial extension of loop C creates a portal for
ligand access. Such a conformation in the absence of a bound
cationic ligand may better resemble a resting state of the
nAChR than the open conformation previously observed for
Cbtx-bound L-AChBP. This structure provides a lead template
for drug-design studies.

Nicotinic agonists bind within a discrete site, as seen for
the LOB- and EPI-A-AChBP and nicotine- and carbamylcho-
line-L-AChBP complexes. They elicit loop C closure, and this
may be an essential feature of a conformational change
linked to channel opening in the nAChR. Nicotinic antago-
nists primarily use distinct nonoverlapping regions of the
subunit interface for stabilization of their complexes.
Consistent with their disparate structures and modes of
association, they either fit to the apo conformation of loop
C (MLA-A-AChBP complex) or further distend it radially
(ImI-A-AChBP complex) or tangentially (Cbtx-L-AChBP
complex), suggesting that loop C extension may be a com-
mon feature for most competitive antagonists. Accor-
dingly, loop C extension and closure may be the distinguish-
ing feature between agonist and antagonist complexes
with the nAChR.

Materials and methods

Protein expression and purification

A-AChBP, flanked with an N-terminal FLAG epitope numbered
(—8)DYKDDDDKL(0), was expressed from chemically synthesized
cDNA (Hansen et al, 2004) as a soluble exported protein from stable
HEK293S cells lacking the N-acetylglucosaminyltransferase I
(GnTI™) gene (Reeves et al, 2002) and selected for G418 resistance.
Culture media containing A-AChBP (6-8 mg/1) were collected at 24-
36-h intervals and stored at 4°C with 0.02% NaN;. A-AChBP was
purified on immobilized anti-FLAG antibody (Hansen et al, 2002),
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dialyzed against 50 mM Tris, pH 7.4, 150 mM NaCl, 0.02% NaNs,
and concentrated to 18 mg/ml by ultrafiltration (YMS50 Centricon
unit). Mass spectrometry analyses yielded a monoisotopic mass
of 27254 Da, that is, 3.9% higher than the theoretical mass, and
indicated the presence of a single heptasaccharide MansGlcNAc,
linked to Asn74. Gel filtration FPLC on prepacked Superdex-200
(Amersham Biosciences) showed a single peak corresponding to
a pentamer of subunits.

Ligand binding

Ky’s for the high-affinity ligands (values <100nM) were deter-
mined from the ratio of dissociation to association rates by
monitoring intrinsic Trp quenching with stopped-flow spectro-
fluorometry, while the low-affinity ligands (values > 100 nM) were
measured by equilibrium fluorescence quenching (Hansen et al,
2004).

Crystallization and data collection

The peptidic a-conotoxin Iml, from Conus imperialis venom, was
from the American Peptide Co. The organic ligands MLA and LOB
were from Tocris and EPI from Sigma-Aldrich. Formation of the four
A-AChBP complexes used a 1.1-fold molar excess of ligand and 1 h
incubation at room temperature. Crystallization was achieved by
vapor diffusion either at 18°C using a protein-to-well ratio of 1:1 in
1 ul hanging drops, or at 20°C using a protein-to-well ratio of 2:1 in
nanoliter sitting drops setup with automated crystallization TECAN
Genesis and Cartesian robots (Sulzenbacher et al, 2002). The well
solutions were: for apo A-AChBP, 12-14% PEG-4000 (Fluka), 0.1 M
sodium citrate, pH 5.6, 20% isopropanol, 5% glycerol; for the ImI
complex, 11-14% PEG-4000, 0.1 M Tris, pH 7.5, 0.4 M MgCl,; for
the MLA complex, 21-22% PEG-4000, 0.1 M Tris, pH 7.5, 0.4M
MgCl,; for the EPI complex, 18-22% PEG-3350 (Nextal Biotech.),
0.1M Tris, pH 7.5, 0.2M sodium citrate, and the crystals were
improved by macroseeding; for the LOB complex, 25% PEG-4000,
0.1M Hepes, pH 7.5. The crystals were flash-cooled in liquid
nitrogen after successive short soaks into well solutions supple-
mented with 18-23% PEG and 3-5% glycerol. Data were processed
with HKL2000 (Otwinowski and Minor, 1997) or Mosflm (Leslie,
1992), and all further computing carried out with the CCP4 program
suite (CCP4, 1994), unless otherwise stated.

Structure determination and refinement
The five structures were solved by molecular replacement with
AMoRe (Navaza, 1994), using, as search model, the structure
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of Hepes-bound L-AChBP (PDB code 1UX2; Celie et al, 2004) for
the apo A-AChBP structure, and the latter for each of the four
complexes. The initial electron density maps were improved
considerably using the automatic rebuilding procedure as imple-
mented in ARP/wWARP (Perrakis et al, 1999) and manual adjustment
with the graphics programs Xtalview v4.1 (McRee, 1992) and
TURBO-FRODO (Roussel and Cambillau, 1989). All structures were
refined with REFMAC (Murshudov et al, 1997) using the maximum
likelihood approach and incorporating bulk solvent corrections,
anisotropic F,ps versus Fe, scaling, and TLS refinement with each
subunit defining a TLS group. Random sets of reflections were set
aside for cross-validation purposes. NCS restraints were applied
for refinement of the MLA, EPI, and LOB complex structures.
Automated solvent building was performed with ARP/wWARP. Data
collection and refinement statistics are reported in Table II.

The final apo A-AChBP and MLA, LOB, and EPI complex
structures comprise residues His1-Arg207/Arg208 in all five
subunits. A partially ordered PEG molecule occupies the binding
pocket in all five apo A-AChBP subunits. The final ImI complex
structure comprises A-AChBP residues His1-Arg208 and Iml
residues Glyl-Cys12 in all five subunits and bound toxins. In all
structures, most of the N-terminal FLAG epitope is clearly visible in
most subunits, but weak electron density is associated with surface
loop Asn15-Met19. A well-ordered GlcNAc moiety linked to Asn74
is visible in a single subunit in the apo and the Iml complex
structures. The stereochemistries of the structures were analyzed
with PROCHECK (Laskowski et al, 1993); no residues were found in
the disallowed regions of the Ramachandran plot. Figures 2 and 5
were made with ViewerLite (Accelyrs) and Figures 3 and 4 with
PyMOL (DeLano Scientific LLC). Atomic coordinates and structure
factors have been deposited with the Protein Data Bank (cf. Table II
for accession codes).
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