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Summary

Nicotinic acetylcholine receptors are prototypes for
the pharmaceutically important family of pentameric
ligand-gated ion channels. Here we present atomic
resolution structures of nicotine and carbamylcholine
binding to AChBP, a water-soluble homolog of the
ligand binding domain of nicotinic receptors and their
family members, GABA,, GABA., 5HT; serotonin, and
glycine receptors. Ligand binding is driven by enthalpy
and is accompanied by conformational changes in the
ligand binding site. Residues in the binding site con-
tract around the ligand, with the largest movement in
the C loop. As expected, the binding is characterized
by substantial aromatic and hydrophobic contribu-
tions, but additionally there are close contacts be-
tween protein oxygens and positively charged groups
in the ligands. The higher affinity of nicotine is due to
a main chain hydrogen bond with the B loop and a
closer packing of the aromatic groups. These struc-
tures will be useful tools for the development of new
drugs involving nicotinic acetylcholine receptor-asso-
ciated diseases.

Introduction

Nicotinic acetylcholine receptors (nAChRs) and the
structurally related GABA,, and GABA, 5HT; serotonin,
and glycine receptors are well studied, pharmacologi-
cally important ligand-gated ion channels (LGICs) in the
central and the peripheral nervous system (Karlin, 2002;
Le Novere and Changeux, 2001). They consist of homo-
or heteropentamers of homologous subunits, with an
N-terminal ligand binding domain and a C-terminal
transmembrane domain. The extracellular ligand bind-
ing domains contain a conserved disulfide pair that
forms a so-called Cys-loop, which gives rise to the alter-
nate name of Cys-loop receptors. These domains form
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2-5 binding sites at selected subunit interfaces. In re-
sponse to agonist binding, a single ion channel is
opened. LGICs are involved in important aspects of
brain functioning, and disease and mutations in these
receptors lead to diseases such as congenital myasthe-
nia gravis, epilepsy, alcohol abuse (hnAChRs, GABA,Rs),
or startle syndrome (glycine receptors) (Vafa and Scho-
field, 1998). Specifically, NAChRs mediate nicotine ad-
diction in tobacco smokers.

Nicotinic receptors are, besides their endogenous li-
gand acetylcholine, reactive to chemically diverse phar-
maceuticals and naturally occurring compounds such
as nicotine, alcohol, and various toxins. The ligand bind-
ing site is characterized by the presence of aromatic
and hydrophobic residues that are contributed by two
neighboring subunits and a disulphide bond between
two adjacent cysteine residues. The principal subunit
provides residues from loops A, B, and C, whereas resi-
dues within loops D, E, and F come from the complemen-
tary subunit.

Acetylcholine binding protein (AChBP) is a water-solu-
ble protein produced in molluscan glia cells. It functions
in modulating the synaptic transmission of acetylcholine
(Smit et al., 2001). Because of its high sequence similar-
ity to all LGICs (15%-28% identity), the crystal structure
of AChBP (Brejc et al., 2001) is the established model
for the extracellular domain of the pentameric LGICs
(Cromer et al., 2002; Karlin, 2002; Reeves and Lummis,
2002; Sine, 2002; Sixma and Smit, 2003), and homology
models have been generated to analyze receptor-ligand
interactions (Le Novere et al., 2002; Schapira et al.,
2002). Lymnaea stagnalis AChBP has pharmacological
properties similar to the homomeric a7 subtype of the
nAChRs, with relatively weak affinity for acetylcholine
and ~10-fold higher affinity for nicotine (Hansen et al.,
2002; Smit et al., 2001). Here we have determined the
crystal structures of AChBP in complex with the nAChR
agonists carbamylcholine and nicotine. Both ligands
bind at the same position and cause similar local confor-
mational changes within the protein. We have applied
isothermal titration calorimetry to determine the affinity
of both ligands for AChBP. This allows a thermodynamic
analysis of ligand binding to a nAChR homolog. In com-
bination with the atomic resolution binding data, this
provides a major step forward in the understanding of
the ligand binding parameters of nicotinic acetylcho-
line receptors.

Results and Discussion

Structure Analysis

The crystal structures of AChBP with nicotine (2.2 A),
carbamylcholine (2.5 A), and HEPES (2.1 A) were solved
from different preparations of protein and crystallized
in different space groups (Table 1). The data quality was
such that noncrystallographic symmetry constraints
were required during refinement, for regions that were
structurally invariant between subunits (55%-75%). Be-
cause of the high redundancy (10-20 subunits per asym-
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Table 1. Crystallographic Parameters

Table 2. Thermodynamic Parameters of AChBP-Ligand Interaction

HEPES Carb? Nic? Ligand Ky (nM) AH (kcal mol ™) —TAS (kcal mol ™)
Space group P4,2,2 P4;2,2 P2,2,2 Car 7575 * 431 -13.4 £ 0.4 6.46 = 0.57
Resolution (A) 50-2.1 50-2.5 50-2.2 Ach® 823 + 40 -12.5 = 0.1 4.23 + 0.32
Redundancy 13.4 12.8 8.0 Nic® 45.2 + 2.3 -14.5 £ 0.2 4.52 = 0.14
Rierge (¥ 1.1 12.3 9.4 . . .
| /(rel w (%) 10 (1.3) 13 2.8) 9(1.7) Isothermal titration calorimetry was performed in 100 mM NaCl and
g : . 25 mM sodium phosphate buffer (pH 8.0).
0,

Complete (%) 99 (99) 96 (98) 86 (38) «Carbamylcholine,
Refinement ®Acetylcholine.

- °Nicotine.
Resolution (A) 12-2.1 12-2.5 12-2.2 lcotine
Reflections 127,031 76,092 184,182
Atoms 18,194 16,488 34,792
R factor (%) 23.6 22.8 22.4 Ligand Binding
Riree (%) 28.4 26.4 26.5 . . .

As expected, the ligands are bound in the interface be-

Rms bonds (%) 0.012 0.015 0.015 t bunits (Fi 1 f . Ari 2000:
Rms angle () 1.32 1.46 1.46 ween subunits (Figure 1; for reviews, see Arias, ;

a2Carbamylcholine bound to AChBP.
®Nicotine bound to AChBP.

metric unit), the resulting structures are convincing but
do not optimally address subtle changes between sub-
units.

In the nicotine bound structure, the ligand has well-
resolved electron density in all 20 subunits in the asym-
metric unit. In contrast, carbamylcholine could only be
built in 3 of the 10 sites. It is apparent from the electron
density maps that the other sites are not completely
empty. These subunits probably contain solute mole-
cules, but due to the limited resolution we have not been
able to resolve them. The three sites with carbamylicho-
line bound agree well with each other and indicate that
there is only a single binding mode. The other subunits
resemble the HEPES bound conformation. The lower
number of sites filled with carbamylcholine compared
to nicotine may be due to the lower affinity of carbamyl-
choline for AChBP (Table 2) or to the variation in crystalli-
zation condition (see Experimental Procedures).

Both structures are compared to a high-resolution
HEPES bound structure (2.1 A), since ligand-free crys-
tals did not yield interpretable data. A HEPES molecule
was resolved in 3 of the 5 binding sites of each pentamer,
but the orientation of HEPES in one site is distinct from
the other two (see Supplemental Figure S1 at http://www.
neuron.org/cgi/content/full/41/6/907/DC1). Both
HEPES orientations had previously been observed
(Brejc et al., 2001; Sixma and Smit, 2003), but only at
this resolution could they be resolved. A fourth binding
site has an ammonium sulfate molecule bound, whereas
density in the fifth site could not be resolved.

Corringer et al., 2000; Karlin, 2002; Sine, 2002). They
make contact on the principal (+) side with residues
from loops A, B, and C that are particular to a subunits
in nicotinic receptors. The complementary (—) binding
side delivers the more variable modulating residues in
loops D and E, as found in, for example, the v and &
subunits in the muscle receptor. The ligands are com-
pletely buried by the protein. There are more direct con-
tacts with the principal side (Figure 2), burying about 75
and 70 A%for nicotine and carbamylcholine, respectively,
than from the complementary side, which buries 50 and
36 A2, respectively.

On the principal side, the ligands make extensive aro-
matic contacts with the Trp143 side chain (Galzi et al.,
1991; Zhong et al., 1998) and some with Tyr192 (Middle-
ton and Cohen, 1991; O’Leary and White, 1992). Tyr185
contributes aromatic contacts to the choline binding
as expected (Middleton and Cohen, 1991; O’Leary and
White, 1992; Sine et al., 1994), but hardly interacts with
nicotine, which explains why a mutation at this site af-
fects nicotine binding much less than acetylcholine
binding (Galzi et al., 1991). There are no aromatic con-
tacts to Tyr89, but its hydroxyl group has a close contact
with the ligand. This interaction is consistent with the
strongly reduced affinity for acetylcholine and carbamyl-
choline of Tyr to Phe mutant nAChR’s at this position
(Sine et al., 1994). The close proximity of Tyr89 to the
trimethylammonium group in carbamylcholine explains
why labeling with acetylcholine mustard specifically al-
kylates the equivalent Tyr93 in the Torpedo o subunit
(Cohen et al., 1991). The vicinal disulfide is in contact
with the ligands, mostly through Cys187 with carbamyl-
choline and through Cys188 with nicotine. These con-
tacts clarify why the vicinal disulfide could not be re-
duced after agonist binding (Damle and Karlin, 1980).

Figure 1. Pentameric AChBP Bound to Nic-
otine

(A) Schematic representation of AChBP with
nicotine (pink) bound. One subunit in yellow,
one in blue, view with membrane at the bot-
tom in nAChRs.

(B) Orthogonal view of (A), toward the mem-
brane in nAChRs.
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Figure 2. Nicotine and Carbamylcholine Binding to AChBP
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(A) The nicotine binding site shown in stereo, ligand in ball-and-stick, with electron density (SigmaA weighted) superimposed, and residues
in the binding site in yellowish (principal side) and blueish (complementary side).
(B and C) The opened-up binding site is shown as surface representation for the principal side (B) and the complementary side (C), respectively,

with underlying side chains in coloring scheme of (A).

(D) Schematic ligand interactions of nicotine showing hydrogen bonds and van der Waals contacts.
(E-H) Carbamylcholine binding is shown in stereo (E), surface representation in opened-up binding site (F, G), and schematic figure (H).
() The interacting atoms (cut-off 3.9 A) are tabulated. Contacts are shown when present in the majority of subunits, in brackets when present

less than half the subunits. Distances are shown if less than 3.3 A.

On the complementary side, Trp53 makes limited aro-
matic contacts to nicotine, as suggested by mutagene-
sis studies (Xie and Cohen, 2001). Leu112 and Met114
contribute hydrophobic contacts to the binding of both
ligands, while Arg104 only contacts carbamylcholine.

In addition to these hydrophobic and aromatic con-
tacts, two hydrogen bonds contribute significantly to
the binding of nicotine. The first hydrogen bond is be-
tween the pyridine N1 through a bridging water molecule
to the main chain of residues Leu102 and Met114 (Figure
2). There has been much debate about the optimal in-

ternitrogen (N-N) distance in the nicotinoid pharmaco-
phore for maximal binding affinity (Glennon and Dukat,
2000). The observed N1-N2 distance of 4.4 + 0.1 Aand
N2-water distance of 6.7 = 0.1 A in our structure are
close to the optimal N-N distances of 4.6 and 6.3 A that
have been proposed for these compounds (Abreo et al.,
1996). Based on the structure, we suggest that some
ligands with the longer N-N distance could position their
second nitrogen in the place of the water molecule, to
make direct contact with the protein main chain.

The second nicotine hydrogen bond is between the
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pyrrolidine N2 and the carbonyl group of Trp143. This
carbonyl group is buried by carbamylcholine as well,
with a short contact (3.1 A) to the C2 atom of the posi-
tively charged choline group. Such short carbonyl-cho-
line contacts occur frequently in the Cambridge Crystal
Structure database (CSD) and are determined by the
electrostatic nature of the CH and O atoms, as well
as their neighboring atoms (Taylor and Kennard, 1982).
Apparently, the positively charged nitrogen N1 in carba-
mylcholine lowers the electron density around the C2H
atoms, which then facilitates the interaction with the
carbonyl oxygen to form a CH-O hydrogen bond. Thus,
for both nicotine and carbamylcholine, the Trp143 car-
bonyl group is important for contacting the positively
charged group of the ligand.

Upon analysis of this carbonyl group, we noted that
it is stabilized by a hydrogen bond between the 143/
144 peptide bond NH and the negatively charged Asp85
side chain (Figure 3). This aspartate is conserved
throughout the LGIC superfamily and it clearly has a
structural role. In addition, however, it may polarize the
Trp143 carbonyl oxygen to provide a partial negative
charge that favorably interacts with the positively
charged group in the ligand. The compensation of nico-
tinic ligand charge has been extensively debated. One
option is that this is accomplished by cation-pi interac-
tions with aromatic side chains (Zhong et al., 1998). In
the structure, these are mainly contributed by Trp143,
although residues Tyr192 and either Tyr185 or Trp53
may contribute. However, we suggest that the observed
interaction with the partially charged carbonyl of Trp143
may also contribute to charge compensation.

Comparison of Affinities

Superposition of AChBP bound by nicotine and carba-
mylcholine shows that these ligands bind similarly, with
their nitrogen atoms at almost the same position (Figure
4B). Binding of both ligands is coupled to identical con-
formational changes (Figure 4 and below), but in binding
studies using competition assays (Smit et al., 2001) and
ITC (Figure 5, Table 2), there is a 100-fold difference in
affinity. In agreement with fluorescence data (Hansen
et al., 2002), only a single binding site could be fitted,
indicating that there is no cooperativity in AChBP. Sur-
prisingly, the observed stoichiometry (mol ligand/mol
pentamer) is reproducibly around 2.5 for carbamylcho-
line, 3.0 for nicotine, and 5.0 for acetylcholine. Alterna-
tive fitting models with multiple sites were not able to
explain this. However, it does not affect the more infor-
mative thermodynamic parameters: energy for all three

Figure 3. Contribution of Asp85 to Ligand
Binding

The charge compensation of (A) nicotine (pink
carbons) and (B) carbamylcholine (pink car-
bons) could be aided by the stabilization of
the Trp143 carbonyl oxygen by an Asp85
(green) charged hydrogen bond. The yellow
dashed lines indicate the hydrogen bonds.

ligands binding is mostly supplied by the change in
enthalpy (Table 2). The binding enthalpy reflects the
strength of the interactions (e.g., hydrogen bonds, van
der Waals contact) and because it is easier to model
enthalpy changes, the ligand bound structures may be
particularly useful for drug design.

The gain in enthalpy of nicotine versus carbamylcho-
line binding can be explained by the presence of the
hydrogen bonds to nicotine and to the larger number
of contacts with the protein for nicotine (27 + 3) than
for carbamylcholine (19 = 4). Moreover, the burial of
the Trp143 carbonyl by carbamylcholine is unfavorable,
because it prevents hydrogen bond formation with, for
example, water. Entropy changes are generally com-
posed of two terms: a favorable term that reflects the
desolvation of water molecules upon burial of hydropho-
bic residues and an unfavorable term due to loss of
flexibility upon ligand binding. Because the local confor-
mational changes in AChBP are similar upon binding of
either ligand, the more unfavorable entropy contribution
for carbamylcholine binding is probably due to a
stronger reduction in conformational freedom of carba-
mylcholine itself compared to that of nicotine. All these
effects together may explain the lower affinity for carba-
mylcholine and acetylcholine when compared with nico-
tine. Carbamylcholine binds with 10-fold less affinity
than acetylcholine (Table 2), although it differs only by
the replacement of the NH, group (N6) by a methyl group.
Since the N6 is not involved in hydrogen bonds, a methyl
group would be energetically more favorable in this hy-
drophobic environment.

Ligand binding to nAChRs has been modeled for ace-
tylcholine and nicotine (Le Novere et al., 2002; Schapira
et al., 2002) based on the (HEPES bound) AChBP crystal
structure (Brejc et al., 2001). The acetylcholine models
correspond reasonably well with the experimental car-
bamylcholine position. The nicotine model of Schapira
is particularly good because it includes the hydrogen
bonds, including those of the bridging water molecule.
However, all models lack the rearrangements of the pro-
tein that we observe and therefore the detailed contacts
are incorrect. Thus, these models are not very good in
predicting novel ligand interactions.

In NAChRs there is a variable affinity for these ago-
nists. Alignment of AChBP with nAChRs shows that resi-
dues from the principal subunit involved in ligand bind-
ing are generally conserved, whereas the residues in
the complementary part of the binding site show more
variation. For instance, nicotine binds with very high
affinity to the «,B, receptor subtype. The major differ-
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Figure 4. Structural Comparisons between Ligand and HEPES Bound AChBP
(A) Superposition of the backbone of AChBP with HEPES (purple shades) and nicotine (yellow shades) bound; only the C loop and the F loop

changing conformation substantially. Nicotine is green.

(B) C loop backbone in HEPES bound (purple), carbamylcholine bound (green), and nicotine bound (yellow) structures. Carbamylcholine (green)

and nicotine (pink) shown for their similarity of nitrogen positions.

(C) Comparison of the principal binding side of the nicotine bound (yellow) and HEPES bound (purple) structure, showing the shifts in the C
loop and Tyr89 side chains. Nicotine (pink) in space-filling representation. The Tyr185-Lys139 hydrogen bond (yellow dashed line) that is

formed upon ligand binding is indicated.

ences between AChBP and «4, in the binding site are
the exchange of Arg104 by Val109, Leu112 by Phe117,
and Met114 by Leu119. These branched side chains
could make better contact with the nicotine carbons.
However, analysis of N AChR mutants including chimeric
receptors indicates that more remote regions also con-
tribute to affinity (Martin et al., 1996; Osaka et al., 1998;
Parker et al., 2001; Prince and Sine, 1996). These effects
could be due to small changes in the relative orientation
of the subunits.

Conformational Changes upon Ligand Binding

Ideally, ligand-induced conformational changes should
be analyzed through comparison with a ligand-free
structure, but we only have the HEPES bound state.
Superposition of the ligand and HEPES bound AChBP

pentamers showed that ligand binding does not alter
the relative orientation of the subunits within each pen-
tamer. A series of local conformational changes com-
pared to the HEPES bound structure that were similar
for all ligand bound sites was observed. Analysis of the
main chain differences with an error-scaled procedure
(Schneider, 2002) indicates that only the C loop makes
significant backbone movements (Figures 4A and 4B).
Although the F loop shows variation in backbone posi-
tion as well, the electron density is too weak to draw
conclusions. In addition to these main chain move-
ments, all side chains in the binding site, with the excep-
tion of Trp143, are rearranged to accommodate binding,
closing in on the ligand (Figure 4C; Karlin, 2002). The
most extensive movements besides the C loop are in
the Tyr89 side chain.
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Figure 5. Calorimetric Data of Ligand Binding to AChBP

The top panels show the raw heat measured over a series of injections of (A) nicotine (100 M) into AChBP (2 uM), (B) acetylcholine (100 1.M)
into AChBP (3 .M), and (C) carbamylcholine (350 M) in AChBP (8 M). Each heat signal is integrated and shown as data point in the bottom
panels. Data points were fitted to a model describing a single set of binding sites and best-fit parameters for nicotine, acetylcholine, and
carbamylcholine binding were calculated using nonlinear least-squares fitting.
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Table 3. Effect of HEPES Binding on AChBP-Nicotine Interaction

Buffer Ky (nM) AH (kcal mol™')  —TAS (kcal mol~")
Phosph® 452 =23 —14.5 = 0.2 4.52 = 0.14

TRIS 64506 —-122=*05 2.43 * 0.51
HEPES 265 *= 21 —8.46 * 0.09 —0.44 * 0.63

Binding of nicotine to AChBP was performed in 100 mM NaCl and
25 mM of the indicated buffer at pH 8.0.
2Sodium Posphate.

There are some additional side chains on the surface
that change conformation in the ligand bound state, but
most of these vary between subunits. However, in both
ligand bound structures, the Lys139 side chain moves
systematically to form a hydrogen bond to the hydroxyl
group of Tyr185 (Figure 4C). The equivalent hydroxyl group
in the nAChR « subunit (Tyr190) is critical for acetylcholine
binding affinity (Sine et al., 1994), channel gating (Galzi et
al., 1991), and desensitization (Sine et al., 1994). The
Lys139-Tyr185 hydrogen bond could be important be-
cause it may affect the ligand affinity, through reorient-
ing the Tyr185 side chain or by stabilizing the C loop
conformation in its binding conformation. However, it
could also play a role in gating the ion channel, because
Lys139 is strictly conserved in the nAChR o subunits
and is located close to the Cys-loop. Formation of the
Lys139-Tyr185 hydrogen bond may transduce a change
in the Cys-loop that could be part of the channel opening
mechanism. Interestingly, the change in the C loop con-
formation leads to an increased similarity of this loop
to the high-affinity peptide (HAP) that has been cocrys-
tallized with a-bungarotoxin (rms of AChBP residues
182-193 and the HAP peptide is 0.47 A compared to
0.76 A previously) (Harel et al., 2001). Extending this to
the a-bungarotoxin position would bring the toxin further
into the binding site and changes the relative orientation
of toxin and receptor. However, this reorientation hardly
affects the contacts between toxin and receptor.

In AChBP, we do not observe any changes that could
directly explain the gating process. There is no evidence
for systematic rigid body movements as seen in the
nicotinic receptor (Unwin et al., 2002). Also, the 31/82
loop (Glu43-Asn46), which could contact the M2 helix
in the transmembrane domain, does not show confor-
mational changes (Miyazawa et al., 2003). This may be
because AChBP lacks a transmembrane domain but it
could also be because we use the HEPES bound AChBP
structure for comparison instead of the true “ligand-
free” state. To address whether HEPES binding has an
effect on the conformation of AChBP, we compared
the thermodynamic parameters of nicotine binding to
AChBP in phosphate buffer to those in TRIS and HEPES
buffer. The affinity of nicotine for AChBP is about 6-fold
lower in the presence of HEPES and, like in phosphate
buffer, binding is predominantly determined by the
change in enthalpy (Table 3). However, nicotine induces
almost no entropy changes in the presence of HEPES,
suggesting that HEPES may already alter the conforma-
tion of the “empty AChBP” to some extent. The fact that
we have difficulties in obtaining a ligand-free AChBP
crystal structure also supports the existence of struc-
tural alterations between the HEPES bound and the li-
gand-free state.

Despite the absence of conformational changes that
could provide insight in the molecular mechanism of
ligand-induced gating, these high-resolution structures
reveal agonist binding to a pentameric ligand-gated ion
channel, one of the most important classes of drug tar-
gets. The binding observed in AChBP is most likely com-
pletely identical to that in the o subunits of the nicotinic
receptors and begins to explain the modulatory roles
of the complementary subunits. It resolves the various
models of nicotine and acetylcholine binding and pro-
vides novel explanations for important issues on both
the receptor and the ligand side by addressing hotly
debated issues such as the charge compensation and
the internitrogen distance in the nicotinoid pharmaco-
phore. In the past 2 years the AChBP structure was
found to be very informative for interpreting data on
other members of the superfamily such as the 5HT;,
GABA,, and glycine receptors (Cromer et al., 2002;
Reeves and Lummis, 2002). Most likely, therefore, the
increase in knowledge of ligand binding to the nicotinic
receptors at high resolution will also provide critical in-
formation concerning drug design targeted to other pen-
tameric ion channels.

Experimental Procedures

Protein Preparation

AChBP protein was overexpressed in yeast Pichia pastoris and
purified as described (Brejc et al., 2001). From the crystal structure
of AChBP bound to HEPES, it became apparent that oligosaccha-
rides at Asn66 contribute to crystal contacts between pentamers.
We speculated that removal of these glycosyl groups could alter
the crystal packing. AChBP was incubated o/n with Endo-F1 at
room temperature to cleave off the sugar residues, leaving one
N-acetylglucosamine attached to the asparagine. Deglycosylated
AChBP was subsequently purified by gel filtration (Superdex 200),
and the removal of glycosyl groups causing a reduction in molecular
weight was confirmed by SDS-PAGE (data not shown). A baculovirus
expression system for AChBP was set up to improve protein produc-
tion. The Lymnaea stagnalis AChBP gene including its signal se-
quence was cloned into the pFastbac | vector. Secreted AChBP
was purified by anion exchange (Q-sepharose), gel filtration (Super-
dex 200), and Mono Q-sepharose and concentrated to 10 mg/ml.
Mass spectrometry analysis was performed as described (Smit et
al., 2001) and revealed a single molecular species of Mr 24,848. The
calculated mass is 23,383, suggesting that a core pentasaccharide
of Mr ~1,014 is attached to Asn66. Purity of proteins was estimated
to be >99%, as judged by SDS-PAGE and Coomassie blue staining.
The pentameric state of purified AChBP was confirmed by size
exclusion chromatography, analytical ultracentrifugation (for AChBP
purified from Pichia pastoris), and static light scattering analysis
(for AChBP purified from Sf9 insect cells). No significant differences
in ligand binding affinity were measured between AChBP prepara-
tions purified from insect cells, yeast, and deglycosylated AChBP
when analyzed in a competition assay with [«-'*I]bungarotoxin as
described previously (Smit et al., 2001).

Crystallization

Crystals of AChBP grew at room temperature using the hanging
drop method. Recombinant AChBP purified from yeast and insect
cells as well as deglycosylated protein preparations were all used for
crystallization experiments in the presence and absence of ligands.
Crystallization conditions were different for native and ligand bound
protein, but did not depend on protein preparation. Tetragonal crys-
tals (P4,2,2) of native AChBP purified from Pichia pastoris were
grown in a solution of 1.4 M ammonium sulfate, 1% polyethylene
glycol (PEG) 200, and 0.1 M HEPES (pH 7.0). Cell constants are: a =
b = 140.64 A, c = 238.26 A, and 2 pentamers per asymmetric unit
(asu). There were 110 atoms found for HEPES and ammonium sulfate
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molecules. A total of 140 atoms that are part of glycosyl groups
attached to Asn66 could be built in the electron density. All cocrys-
tals were grown using 0.1 M Tris (pH 8.0) instead of HEPES. AChBP
(10 mg/ml) was preincubated with 0.8 mM nicotine or carbamylcho-
line chloride for 2 min before drops were set up. The orthorhombic
crystal form (P2,2,2), a = 232.99 A, b =267.41 A, ¢ = 73.14 A, 4
pentamers per asu) of deglycosylated AChBP bound to nicotine
were grown from 2.1 M ammonium sulfate, 1% PEG200, and 0.1 M
Tris (pH 8.0). Within all 20 ligand binding sites in the asu, a nicotine
molecule could be built (240 atoms in total). Tetragonal crystals
(P4;2,2) of carbamylcholine bound to AChBP purified from Sf9 insect
cells were grown at 2.0 M ammonium sulfate and 0.1 M CAPS (pH
10.5) with cell parameters: a = b = 140.90 A, ¢ = 240.41 A and 2
pentamers per asu. Three carbamylcholine molecules (10 atoms
each) could be built in the electron density. For all three crystals,
the mosaicity was 0.5%.

Structure Solution and Refinement

We collected data at ID14 EH4 at the ESRF (Grenoble, France).
MOSFLM (CCP4, 1994) was used for indexing of data and designing
the optimal data collection strategy. Data were processed and
scaled using DENZO and SCALEPACK (Otwinowski and Minor,
1997).

Programs in the CCP4 suite were used to build and refine the
models. Initial models of native and ligand bound AChBP were built
with the AMORE molecular replacement program (CCP4, 1994), us-
ing the AChBP pentamer (Brejc et al., 2001) as search model. The
structures were rebuilt in O (Jones et al., 1991) and refined with
REFMAC (CCP4, 1994). TLS refinement, defining each subunit as a
domain, was essential. For all structures a tight restraint on noncrys-
tallographic symmetry (NCS) was absolutely required to improve
refinement, indicating that data were not of high quality. Residues
in loop C (180-194) and loop F (151-164) were excluded from NCS
restraints because of variability in main chain and side chain orienta-
tion between the subunits. At the end of refinement, other parts of
the structure were relieved from NCS restraints (see PDB files for
details). To diminish the effect of model bias, nicotine and carbamyl-
choline were positioned in the density at the final stages of refine-
ment. Water molecules were found using the ARP/WARP program
(CCP4, 1994) in combination with REFMAC cycles. Optimized multi-
ple superposition was obtained with LSQMAN. Structure analysis
was performed with Escet (Schneider, 2002) and CCP4 programs
(CCP4, 1994).

Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) experiments were performed
with the VP-ITC MicroCalorimeter (MicroCal, Inc.) at 22°C. Recombi-
nant AChBP purified from Sf9 insect cells was used in all ITC experi-
ments described. Stock solutions of AChBP were prepared by dial-
ysis against the appropriate buffer (25 mM buffer [pH 8.0], 100 mM
NaCl) at 4°C o/n and diluted to 2, 3, and 8 uM for binding to nicotine,
acetylcholine, and carbamylcholine, respectively. Nicotine (0.1 mM),
acetylcholine chloride (0.1 mM), and carbamylcholine chloride (0.35
mM) were solubilized in the same buffer. Titration experiments of
ligand into buffer alone were performed to determine the change in
enthalpy (AH) caused by dilution. This background was subtracted
from AH obtained from ligand-AChBP binding experiments. Cor-
rected data were analyzed using software supplied by the ITC manu-
facturer to calculate association and dissociation constant (K, and
Ky, respectively) and stoichiometry (N). These parameters were ob-
tained for a model describing one set of binding sites, using nonlin-
ear least-squares fitting. Models with multiple (cooperative) binding
sites were applied as well but were not successful in optimizing
fitting parameters to any meaningful value.
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