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ABSTRACT:We identified a homologue of the molluscan acetylcholine-binding protein (AChBP) in the marine
polychaete Capitella teleta, from the annelid phylum. The amino acid sequence of C. teleta AChBP
(ct-AChBP) is 21-30% identical with those of known molluscan AChBPs. Sequence alignments indicate
that ct-AChBP has a shortened Cys loop compared to other Cys loop receptors, and a variation on a
conserved Cys loop triad, which is associated with ligand binding in other AChBPs and nicotinic ACh
receptor (nAChR) R subunits. Within the D loop of ct-AChBP, a conserved aromatic residue (Tyr or Trp) in
nAChRs and molluscan AChBPs, which has been implicated directly in ligand binding, is substituted with an
isoleucine. Mass spectrometry results indicate that Asn122 and Asn216 of ct-AChBP are glycosylated when
expressed using HEK293 cells. Small-angle X-ray scattering data suggest that the overall shape of ct-AChBP
in the apo or unliganded state is similar to that of homologues with known pentameric crystal structures.
NMR experiments show that acetylcholine, nicotine, and R-bungarotoxin bind to ct-AChBP with high
affinity, with KD values of 28.7 μM, 209 nM, and 110 nM, respectively. Choline bound with a lower affinity
(KD = 163 μM). Our finding of a functional AChBP in a marine annelid demonstrates that AChBPs may
exhibit variations in hallmark motifs such as ligand-binding residues and Cys loop length and shows
conclusively that this neurotransmitter binding protein is not limited to the phylum Mollusca.

Nicotinic acetylcholine receptors (nAChRs)1 and the structu-
rally related GABAA and GABAC, serotonin 5-HT3, and glycine
receptors are well-studied members of the Cys loop ligand-gated
ion channel superfamily in the central and peripheral nervous
system (1, 2). These receptors are comprised of homo- or
heteropentamers of homologous subunits, with an extracellular
N-terminal ligand binding domain. In the presence of an agonist,
these receptors undergo a conformational change in the extra-
cellular domain that leads to channel opening in the pore
domain (3). Each subunit can be subdivided into two principal
domains: extracellular and transmembrane. The extracellular
domain (ECD) carries the acetylcholine (ACh) binding site at
the subunit interface, and the transmembrane ion pore domain
(IPD) delineates an axial cation-specific channel (4, 5). These

topologically distinct domains are allosterically coupled to each
other. Consequently, nAChRs possess the structural elements
necessary to convert a chemical signal, typically a local increase
in extracellular ACh concentration, into an electrical signal
mediated by the opening of the ion channel.

The three-dimensional structure of the Cys loop receptor ECD
was unknownuntil the identification and structure determination
of the acetylcholine-binding protein (AChBP) from the snail
Lymnaea stagnalis [ls-AChBP (6)]. AChBP is a pentameric
protein that is secreted from glia cells in the central nervous
system of this freshwater snail, where it has been proposed to
modulate synaptic transmission, although a recent study raises
doubts about the synaptic localization of AChBP in vivo (7).
AChBP was then subsequently identified in the molluscs Aplysia
californica [ac-AChBP (8)] andBulinus truncatus [bt-AChBP (9)].
All three of these proteins come from organisms within the same
class of mollusc, namelyGastropoda. Recently, another mollusc,
the abalone (Haliotis discus hannai), was shown to have a
functional homologue of AChBP (10). Notably a homologue
of AChBP from the pearl oyster Pinctada fucata, involved in the
control of the morphology of nacre lamellae, appears to bind
calcium carbonate (11). To date, the only isolated and function-
ally characterized AChBPs have come frommolluscs. This trend
has raised questions about the existence of nonchannel homo-
logues of AChBP throughout the other phyla of metazoans, such
as the protostome phylaArthropoda andAnnelida. The presence
of an AChBP in specific phyla (but not others) may shed light on
phylum-specific mechanisms of regulating neurotransmitter
levels, or the evolutionary history of the protein. Furthermore,
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the identification of AChBPs in other phyla besides mollusk and
analysis of their sequence and structure will provide information
about critical residues for agonist binding of ACh or other
molecules of therapeutic medical interest, such as nicotine. The
finding of a functional AChBP in the annelid phylum, such as the
one we have reported here, adds a new chapter to the study of
AChBPs and broadens what is known about the distribution of
AChBPs in the animal kingdom.

EXPERIMENTAL PROCEDURES

Identification of ct-AChBP and Homology Modeling.
The cDNA encoding the Capitella teleta homologue of AChBP
(GenBank accession number EY637248) was a kind gift from R.
Savage (WilliamsCollege,Williamstown,MA).AHis tag andV5
epitope were appended to the C-terminus of the protein. CHO
cells were transfected and harvested using TALON cobalt beads.
A homology model for the C. teleta AChBP (ct-AChBP) was
generated using the SwissModel server using Protein Data Bank
(PDB) entry 1I9B for the L. stagnalis AChBP as the query. A
dimer was created using the SwissModel server, and the ligand
ACh was inserted on the basis of its predicted location in the
ligand binding pocket in our R7 nAChR model (PDB entry
1OL4) after structural alignment with our ct-AChBP model.
Protein Purification. The gene for AChBP from C. teleta

was cloned into vector pBUDCE4.1 (Invitrogen); the gene was
inserted using theKpnI andXhoI sites, whichwere introduced by
PCR. The stop codon was removed during the polymerase chain
reaction (PCR) so that the C-terminus would acquire the V5 and
His tags from the vector for Western identification and purifica-
tion, respectively. The pBUDCE4.1-AChBP vector was trans-
fected into HEK293-f cells grown in DMEM (GIBCO)
containing 10% fetal bovine serum (Hyclone). A stable cell line
was selected using 400 μg/mL Zeocin (Invitrogen). Once estab-
lished, the HEK293-f-AChBP cells were adapted for growth in
Freestyle 293 medium as a suspension culture in the presence of
Zeocin. Cells were removed from the conditioned medium by
centrifugation at 342g for 5min. Themedimwas then clarified by
centrifugation at 34000g for 10 min. The His-tagged AChBP was
batch loaded overnight onto 2 mL of cobalt Talon matrix
(Clontech) per liter of medium in the presence of 10 mM
imidazole (Sigma) at 10 �C. The Talon matrix was collected
and packed into a 10 mm � 20 cm Bio-Rad econo-column. The
Talon columnwas washed with 3 column volumes of wash buffer
[50 mM Hepes (pH 7.5), 300 mM NaCl, and 10 mM imidazole],
and the protein was eluted with wash buffer containing 250 mM
imidazole. Fractions (1 mL) were collected during the elution,
and all fractions containing protein as determined by the Pierce
Coomassie protein assay were pooled and concentrated for
injection onto a Suderdex 200 column (GE Healthcare). The
Superdex 200 column was developed using PBS buffer [25 mM
potassium phosphate (pH 7.5) and 150 mM NaCl]. Approxi-
mately 1 mg of pure AChBP was produced per liter of cultured
medium used.
Mass Spectrometry. Gel bands were excised manually and

digested with trypsin (Promega), chymotrypsin, or GluC (both
from Roche) for 8 h in an automated fashion with a Progest
robotic digester (Genomic Solutions). LC-ESI-MS was per-
formed using a nanoAcquityUPLC system in-line with aWaters-
Micromass Q-Tof Premier mass spectrometer (Waters). Chro-
matographic analyses were performed using a 3 μm, 100 μm �
100 mm, Atlantis dC18 column (Waters) and a flow rate of
300 nL/min. A C18 trapping column (180 μm � 20 mm, 5 μm

particle size) was positioned in-line of the analytical column and
upstream of a microtee union used as a junction and a vent for
trapping. Trapping was performed for 3 min at a flow rate of
5 μL/min, using the initial solvent composition. Briefly, a 2 μL
aliquot of the AChBP in-gel digest was loaded onto the column.
Peptides were eluted using a linear gradient from 98% solvent A
[0.1% formic acid in water (v/v)] and 2% solvent B [0.1% formic
acid in acetonitrile (v/v)] to 40% solvent B over 90 min. Mass
spectrometer settings for the MS analysis were as follows:
capillary voltage of 2.8 kV, cone voltage of 20 V, collision energy
of 5.0 V, and source temperature of 80 �C. Themass spectra were
recorded over the mass range of 200-2000 Da. MS/MS data
were acquired in a data-dependent mode, using collision energies
based on the mass and charge state of the candidate ions or a
collision energy ramp from 30 to 40 V. The mass spectrometer
was externally calibrated using the fragment ions of Glu-fibrino-
gen peptide 23.
Nuclear Magnetic Resonance. The ligand binding charac-

teristics of the putative AChBP were surveyed using NMR
saturation transfer difference (STD) experiments in which var-
ious neurotransmitters (100 μM) were evaluated (12, 13). Sam-
ples contained 10 μM AChBP in 100% D2O and 25 mM
phosphate (pH 7.0). All NMR samples used either the reference
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (Cambridge
Isotope Laboratories, Andover, MA) or d6-trimethylsilylpropio-
nate (TMSP) (Isotec, Miamisburg, OH) for chemical shift and
concentration. All experiments were performed on a 500 MHz
Varian INOVANMR spectrometer with a cold probe. Each line
broadening experiment was conducted using Varian’s presat
experiment with a spectral width of 14.0 ppm, 14K points, and
64 scans. The STD experiments were conducted using Varian’s
satxfer1Dexperiment,with 0.88ppmas theon frequency, 30.14ppm
as the off frequency, and an acquisition time of 0.5 s. The survey
STD experiments for determining binding qualitatively used 1K
scans. The ligand competition experiments used 1K scans for
nicotine, 4K scans for R-bungarotoxin, and 16K scans for
acetylcholine.

The choline dissociation constant was calculated on the basis
of measurements of shift or line width as a function of the choline
concentration, which was assumed to vary proportionally with
the fraction of bound choline according to

δobs ¼ δ0 þ pBδB ð1Þ

¼ δ0 þ δB
PT þLT þKD -

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPT þ LT þ KDÞ2 - 4PTLT

q

2LT

where PT is the total protein monomer concentration, LT is the
choline concentration, and δ0 and δB are the uncomplexed
and protein-complexed values, respectively, for the shift or line
width.

The binding affinities of nicotine, acetylcholine, and R-bun-
garotoxin were determined using STD displacement (12, 13). The
ligand competition experiment extends the range of KD values
accessible to the STD experiment (14). Because of the overlap of
the N(CH3)3 peaks of choline and acetylcholine, the choline CH2

resonances were used as the displacement probes upon addition
of acetylcholine, while the N(CH3)3 STD peak intensity of
acetylcholine was used in the nicotine titration studies. The
NCH3 resonance of nicotine was used in the R-bungarotoxin
ligand competition study. The data were analyzed utilizing the
nonlinear least-squares fitting subroutines of Mathematica
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(Wolfram Research, Champaign, IL) based on the expression
given by Wang (15) for the fraction of reporter ligand bound in
the presence of a second, competing ligand, L2:

I

I0
¼ pBðL1=L2Þ

pBðL1Þ ð2Þ

with pB(L1), as defined in eq 1, given by

pBðL1Þ ¼
PT þL1T þKD1 -

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPT þ L1T þ KD1Þ2 - 4PTL1T

q

2L1T

and

pBðL1=L2Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiða2 - 3bÞp

cosðθ=3Þ- a

3KD1 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiða2 - 3bÞp

cosðθ=3Þ- a
h i ð3Þ

where
a ¼ KD1 þL1T þKD2 þL2T - PT

b ¼ KD1ðL2T - PTÞþKD2ðL1T - PTÞþKD1KD2

cos θ ¼ 9ab- 2a3 þ 27KD1KD2PT

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 - 3bÞ3

q ð4Þ

FIGURE 1: (A)Aminoacid alignment of ct-AChBPwithotherAChBPs and the extracellular domainof nAChRsubunits (humanR4 andR7).The
shortened Cys loop ofAChBP is highlighted by asterisks. Residues deemed important for agonist binding are designated with a plus sign; a single
black horizontal line lies atop the Cys loop, and a double gray horizontal line lies atop the C loop. The glycosylated Asn122 is designated by an
italic letter G, and the caret designates the position of Gln149. The AChBPs listed are ls-AChBP fromL. stagnalis, bt-AChBP fromB. truncatus,
ac-AChBP from A. californica, pf-AChBP from P. fucata, and ct-AChBP from C. teleta. (B) Radial (neighbor-joining) tree based on a Clustal
alignment of amino acid sequences of indicatedCys loop receptors. (C) Variation of a conserved amino acid triad found in ct-AChBP. TheC loop
region from a homology model of ct-AChBP is colored green, Tyr194 brown, Glu203 red, and Gln at position 149 in CPK format.
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where L1T and L2T are the total concentrations of the reporter
and competing ligand, respectively, KD1 and KD2 are the corres-
ponding dissociation constants, and PT is the total protein
concentration (15). To determine the binding constant of acet-
ylcholine, a sample containing 100 μMcholine and 5 μMAChBP
was titrated with acetylcholine in the appropriate concentration
range. Since choline was determined to be stoichiometrically
displaced by nicotine as a result of the large difference in the
dissociation constants, it was found to be unsuitable for the
determination of the nicotine KD value; to obtain sufficient
nonlinearity, acetylcholine (100 μM) was used as the reporter
ligand for determination of the nicotine KD value. The
R-bungarotoxin binding constant was determined by the displa-
cement of 50 μM nicotine using 5 μM AChBP. The standard
errors of the estimated KD values of the parameters of the model
were derived using a standard first-order asymptotic covariance
matrix (16).
SAXS Data Acquisition and Processing. SAXS (small-

angle X-ray scattering) data were collected at beamline X9 at the
National Synchrotron Light Source (BrookhavenNational Labora-
tory, Upton, NY). The wavelength of the beam was 0.85 Å.
Protein was dialyzed into a 10 mM phosphate/300 mM NaCl
buffer (pH 7.0) for SAXS analysis and was treated with PNGase
F to remove any N-linked glycans. Protein and buffer samples
were exposed for 90 s at 25 �C in a quartz flow cell at a flow rate of
28 μL/min. The recorded intensities of the sample were circularly
averaged and scaled to produce a relative scattering intensity (I)
as a function of momentum transfer vector, q [q= (4π sin θ)/λ],
after subtraction of buffer scattering contributions. SAXS data
were collected for three protein concentrations [3.8, 2.85, and
1.9 mg/mL for the apoprotein (Figure 1 and Figure S1 of the
Supporting Information)]. Background subtraction, averaging,
and scaling were conducted using the Primus software pack-
age (17). The three-dimensional shape of ct-AChBP was con-
structed from the SAXS data using GASBOR22IQW (18), by
calculating the distribution of linearly connected 1.9 Å spheres
that best fit the scattering data. Each calculation was repeated at
least five times with different random starting points for the
Monte Carlo optimization algorithm. A P5 symmetry constraint
was used; in the absence of this restraint, models did not
consistently converge to similar structures. From these runs,
the predicted structure with the lowest deviation of the calculated
scattering profile from experimental data was used for inter-
pretation. CRYSOL (19) was used to compare the SAXS-based
models with the atomic structure obtained from X-ray crystal-
lographic data, and the structures were superimposed using
SUPCOMB13 (20).

RESULTS

Identification of the C. teleta AChBP. Novel AChBPs
have been identified using an in silico homology-based screening
approach. We took advantage of the fact that the known
molluscan AChBPs have a much more hydrophilic Cys loop
than nicotinic ACh receptors (nAChRs), an expected property
given that the Cys loop of AChBP does not interact with the
hydrophobic transmembrane regions that are not present in
AChBP. We identified a novel AChBP candidate from C. teleta,
a marine polychaete known to be tolerant of stressful conditions,
and often found in polluted waters. The C. teleta AChBP
homologue (ct-AChBP) was identified by performing a BLAST
search (tBLASTN) against the non-rat, non-human EST

(Expressed Sequence tag) nucleotide database at NCBI using
the L. stagnalis AChBP as the query sequence.

A hydrophobic signal sequence on the N-terminus of the
ct-AChBP clone (GenBank accession number EY637248) was
observed: the Signal Sequence prediction server SignalP 3.0
predicts that a 217-amino acid protein is secreted after cleavage.
This sequence is shown in the alignment in Figure 1A. The
ct-AChBPsequencewas 28-30%identical to thoseof themolluscan
AChBPs from Lymnaea and Aplysia but only 21% identical to
that of the Bulinus AChBP and 25% identical to that of the rat
R7 nAChR. The radial tree showing the relationships among the
various known AChBPs and nAChRs is shown in Figure 1B. Of
particular note is the fact that the ct-AChBP sequence has only
eight amino acids between the cysteines of the Cys loop, the
shortest of any AChBP or Cys loop receptors identified to date.
In addition, ct-AChBPhas a variation of a conservedLys-Tyr-Asp

FIGURE 2: (A) Coomassie-stained SDS-PAGE gel of ct-AChBP:
lane 1, SeeBlue Plus 2 molecular mass marker; lane 2, medium from
ct-AChBP-transfected HEK293 cells; lane 3, pooled fractions of ct-
AChBPafter elution fromthe cobaltTalonmatrix; and lane4, pooled
fractions of ct-AChBP after the Superdex 200 column. A precast
NuPAGE 4-12%Bis-Tris precast gel was run usingNuPAGEMES
SDS running buffer. (B) Western blot analysis of ct-AChBP protein
using anti-V5 antibody: lane 1, positive control, BSA; lane 2,medium
fromCOS cells; lane 3, medium fromCHO cells; and lane 4, medium
from HEK293 cells. A volume of 20 μL was added to each lane. (C)
Homology model of ct-AChBP dimer (red) superimposed on the
dimerof a ratR7nAChRmodel (blue; PDBentry 1OL4). Proteins are
shown in ribbon form; both are colored gray on the negative face.
ACh (stick form) is shown in its predicted position near the C loop.
The C loop, F loop, Cys loop, and N- and C-termini are labeled
accordingly.
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triad (in the β7, β9, and β10 strands, respectively) near the C loop
which is associated with structural changes that accompany
ligand binding (21). Although the Tyr residue at position 194 is
conserved in ct-AChBP and a negatively charged residue
(glutamic acid rather than aspartic acid) is present at position
203, position 149 in ct-AChBP has a Gln residue rather than a
charged Lys residue (Figure 1C). This Gln residue would not be
expected to form the salt bridge with the nearby acidic residue
associated with the closed state (3).
Protein Purification. Efficient secretion of the processed

protein expressed in HEK293 cells was demonstrated via
Western blotting using an antibody against the V5 epitope
(Figure 2B) and confirmed by mass spectral analysis. The ct-
AChBP band, which runs at 35-37 kDa on the SDS gel, is
much larger than the expected 28.9 kDa band from the cleaved
protein, including the C-terminal tags from the vector. This
suggests that during processing of the correctly folded pro-

tein, it is post-translationally modified. The secreted protein
was captured by the cobalt Talon matrix and pulse eluted
using 250 mM imidazole (Figure 2A). We then subjected
the virtually pure ct-AChBP to size exclusion chromatogra-
phy to remove minor contaminants and to exchange it into a
suitable buffer for further study (Figure 2A). A homo-
logy model of ct-AChBP structurally aligned with the R7
nAChR model was created using the SwissModel server
(Figure 2C).
Mass Spectrometry. To characterize the mammalian ex-

pressed AChBP, MALDI-ToF and nanoLC-ESI-QToF mass
spectrometry were employed. Analysis of intact, purified AChBP
by MALDI-ToF mass spectrometry yielded a broad, ill-defined
peak (Figure S2A of the Supporting Information), suggesting the
possibility of a heavily adducted or heterogeneous sample. The
centroid mass of the AChBP ion was approximately 33.5 kDa,
but the predicted mass of the expressed AChBP (with the

FIGURE 3: (A) Representation of them/z range from 1380 to 1560 of anMS spectrum from a nanoLC-ESI-MS experiment andMS/MS analysis
of the tryptic digest of ct-AChBP. Triply charged ions of the T17 peptide withAsn122modifiedwith theA1 (m/z 1390.34), A1F (m/z 1439.02), A2
(m/z 1487.34), and A2F (m/z 1536.07) types of complex glycans and the respective sodiated adducts. (B) Representation of theMS/MS spectrum
of the A2F-modified T17 peptide from ct-AChBP. Generally, the CID-based fragmentation mechanism provides mostly information about the
glycan structure. This can be seen by the extensive fragmentation of the glycan into its constituent mono-, di-, and trisaccharides, as well as pieces
of the complex glycan remaining on the peptide. In this instance,MS/MSalso provided sparse information about the peptide itself by the presence
of the y6 and y7 ions. (C) Extracted ion chromatogram for the ion atm/z 558.2 for the untreated (top) and PNGaseF-treated (bottom) ct-AChBP.
The presence of this ion in only the PNGase F-treated ct-AChBP sample confirms Asn216 as a site of N-linked glycosylation. (D) MS/MS
spectrum of the ion at m/z 558.2 that, via an extensive y-ion series, confirms the sequence of the peptide as SENGDSTYSR, where the italic D
denotes the former site of glycosylation. (E) Space-filling model of the ct-AChBP homology model dimer. The predicted β-strands are colored
orange, R-helices red, and loops and coils colored blue and white, respectively. The asparagine residue at position 122 is colored black.
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C-terminal vector sequence, including V5 and His tags) is only
28.9 kDa. This disparity between the theoretical and observed
masses and the poorly defined nature of the peak suggested that
the sample could be glycosylated. To test this, the sample was
treated with PNGase F to remove any N-linked glycans. Upon
PNGase treatment, three distinct bands, suggesting two sites of
glycosylation, could be visualized by SDS-PAGE, whereas a
single band was observed without PNGase treatment (Figure S2B
of the Supporting Information). In efforts to identify the types
and locations of the glycans or other posttranslational modifica-
tions, AChBP was digested from the gel with a variety of
enzymes. The proteolytic digests were analyzed by nanoLC-
ESI-MS and MS/MS and yielded 83% sequence coverage.
Interestingly, MS/MS data were obtained on a doubly charged
ion at m/z 360.69, and an extensive y-ion series identified the
peptide as the SNGLMAK sequence (Figure S2C of the Sup-
porting Information).While this peptide is not a strictly predicted
tryptic peptide of AChBP as expressed, it does match a tryptic
peptide of the expected mature form of AChBP as the 20
N-terminal residues are predictedwith a 98%probability by Signal
P software to be proteolytically removed, leaving Ser21 as the
new N-terminus, when the protein is secreted. Additionally, MS/
MS data of a doubly charged ion at m/z 938.55 indicated a
disulfide bond between cysteines 196 and 197 (Figure S2D of the
Supporting Information). Finally, glycosylation at Asn122 was
also observed. Asn122 is a consensus site for glycosylation
following the NX(S/T) motif. The glycan at this site is hetero-
geneous with the most abundant species being the A1, A1F, A2,

and A2F types of complex glycans (Figure 3A). The site and
nature of the glycan were confirmed by MS/MS. As an example
of these data, theMS/MS spectrum of a triply charged ion atm/z
1536.07 is shown in Figure 3B. This ion corresponds to residues
112-132 with an A2F type glycan occupying Asn122. AChBP
contains a second consensus site for glycosylation at Asn216. An
ion at m/z 558.2 with an elution time of approximately 30 min
could be readily observed in the PNGase F-treated sample, but
not in the untreated samples (Figure 3C). As determined by MS/
MS, this ion was found to correspond to SENGDSTYSR, where
Asn216 is replaced with aspartic acid (in italics) upon glycan
cleavage by PNGase F (Figure 3D). Even though the nature of
the glycan at this site could not be determined, the substitution of
the asparagine with aspartic acid upon PNGase F treatment
confirmsAsn216 as a second site of glycosylation. The location of
Asn122 in the E-loop is shown in the ct-AChBP dimer model in
Figure 3E.
Nuclear Magnetic Resonance. Ligand binding preferences

of the putative ct-AChBP were initially characterized by satura-
tion transfer difference (STD) experiments using a mixture of
neurotransmitters, each present at 100 μM(Figure 4). From these
data, it was clear that the ct-AChBP protein exhibits the binding
characteristics expected for an AChBP, with affinity for
choline, acetylcholine, and nicotine, but not for dopamine,
arginine, or glutamate. A comparison of the resonance intensities
(Figure 4B,D) supported the qualitative relations: KD(choline)>
KD(acetylcholine)>KD(nicotine). The relatively low affinity for
choline facilitated the direct determination of its KD value by

FIGURE 4: NMR characterization of ct-AChBP ligand binding. (A) Expanded region of a reference 1H spectrum of 100 μMacetylcholine (ACh)
and choline (Ch). (B) STD spectrumafter the additionof 10μMct-AChBP.As is apparent from the peak intensity differences, the STD intensities
for acetylcholine are greater than those of choline. (C) Reference 1H spectrum of acetylcholine (ACh), glutamic acid (Glu), dopamine (DA),
arginine (Arg), and nicotine (Nic). (D) STDspectrumafter additionof 10μMct-AChBP, revealing the dominant nicotine resonances, and smaller
acetylcholine resonances. Resonance assignments for the aromatic nicotine peaks and the acetylcholinemethyl groups are indicated. The asterisk
denotes the on-resonance saturation frequency. 1H shift (E) and line width (F) of the choline N(CH3)3 resonance as a function of choline
concentration in the presence of 50 μM ct-AChBP. The buffer used in the NMR studies was 25 mM phosphate (pH 7.0) in 100% D2O.
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direct titration, in which either the shift or the line width of the
N(CH3)3 resonance was monitored. The KD determined using
this approach is dependent on the number of choline binding sites
of the AChBP, and it was initially assumed that there is one
binding site per monomer, or five equivalent binding sites in the
pentamer. A fit of the chemical shift titration data (Figure 4E)
yielded a KD of 153 ( 49 μM and a shift change for the choline
N-methyl protons in the bound state of -0.46 ppm. Since in the
reported crystal structure of the AChBP-carbamylcholine com-
plex (PDB entry 1UV6) not all of the binding sites are occupied,
the calculation was repeated assuming only a single binding site
per pentamer. This assumption resulted in a moderate increase in
the calculated KD, and a predicted shift for the bound N-methyl
protons of -2.65 ppm. This extremely large upfield shift would
be unusual, particularly since it represents an average for three
methyl groups. Hence, the shift data are more consistent with the
single binding site per monomer model. Analysis of the choline
N-methyl line width (Figure 4F) as a function of choline
concentration yielded a similar KD value of 173 ( 56 μM, for a
meanKD for choline of 163( 37 μM.The dependence of the shift
on the protein concentration shown in Figure 4 is consistent with

a ligand in fast exchange. This conclusion is also supported by the
relatively high dissociation constant. For a typical diffusion-
controlled binding interaction of a small protein ligand with a ka
of∼108M-1 s-1 (22-24), the value given above corresponds to a
dissociation rate constant k-1 of 1.6� 104 s-1, consistentwith the
fast exchange limit.

Dissociation constants for acetylcholine (Figure 5A), nicotine
(Figure 5B), and R-bungarotoxin (Figure 5C) were then deter-
mined by ligand competition studies, and the data were analyzed
as described in Experimental Procedures. For the acetylcholine
KD determination, cholinewas used as the reporter ligand; for the
nicotine KD, acetylcholine served as the reporter ligand, and for
the R-bungarotoxin study, the nicotine resonance was observed.
Fitting the data as described in Experimental Procedures yielded
KD values of 28.7 ( 1.7 μM, 209 ( 51 nM, and 110 ( 13 nM,
respectively.
Small-Angle X-ray Scattering (SAXS). AChBP (treated

with PNGase F) was analyzed with small-angle X-ray scattering
(Figure 6) in the absence of ligand (i.e., apo form). Guinier plots
for the apoprotein are linear over a q range of 0.008-0.035 Å,
suggesting samples are monodisperse. Guinier analysis of the
low-q regions indicatesRg values of 36.1( 0.2 Å averaged for the
three concentrations with a Dmax value of 106 Å (for the
apoprotein); no significant changes in Rg values were observed
upon dilution. GASBOR22IQW was used for ab initio shape
construction based on the best fit to the I(q) scattering data
(Figure 6B,C). The apo form of the model (Figure 6B,C) has an
overall shape consistent with the pentameric molluscan AChBPs
determined by crystallography. The calculated Rg value of the
crystal structure differs from the value based on the 1UV6 crystal
structure (Rg=33.4 Å). Additionally, a χ2 value of 5.1 is obtained
by fitting the raw SAXS data to the ligand-bound crystal
structure using CRYSOL (19).

DISCUSSION

Understanding the structural details of binding of ACh and
other agonists such as nicotine to the binding pocket of
nAChRs has been greatly enhanced by the determination of
the high-resolution crystal structure of AChBP, a protein
thought to be secreted into the synapse by the glia of certain
snails (25). Until now, the existence of AChBP in metazoans
had been limited to the phylum Mollusca. One homologue of
AChBP was found in the leechHaementeria ghilianii [included
either in the mollusc phylum or in the annelid phylum,
in different cladistic schemes (26)], but it appears to be
β-subunit-like, suggesting that another protein (i.e., an
R-subunit) would be required for functional assembly, as
opposed to the homopentamer we and others have identified.
The identification of AChBPs in other phyla provides clues
toward understanding the evolutionary history of this protein
(e.g., by providing an outgroup for the various mollusk
AChBPs) and adds to what is known about variation in
the sequence, structure, and function of the AChBP. The
ct-AChBP sequence may also be useful for finding novel
AChBPs in other annelid genomes, such as that of the earth-
worm, Lumbricus, or from other protostome phyla, such as
Arthropoda. We show here that there are functional AChBP
orthologs outside the phylum Mollusca, identified in a poly-
chaete, phylum Annelida, with critical residues in the ligand-
binding domain similar (but not identical) to previously
characterized AChBPs.

FIGURE 5: STDdisplacement titrationsof (A) acetylcholine using the
choline N(CH2) resonance (choline concentration of 100 μMand ct-
AChBPconcentrationof 5μM), (B) nicotineusing 100μMacetylcho-
line as the NMR reporter ligand, and (C) R-bungarotoxin (BTX)
using 50μMnicotine as theNMRreporter ligand.NMRstudieswere
performed at 25 �C.
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The NMR-determined KD values for choline and nicotine are
in good agreement with values obtained previously for a glia-
derived AChBP from the mollusc L. stagnalis (25). The value
for ACh binding was ∼6-fold weaker, while the binding of
R-bungarotoxin was found to be 42-fold weaker. This significant
difference in affinity for R-bungarotoxin is not particularly
surprising, given the fact that it exhibits a wide range of KD

values for the three molluscan AChBPs as compared to agonists

such as nicotine or ACh. In this context, it is notable that the
Bulinus AChBP does not bind to R-bungarotoxin (9). The high
affinity for nicotine relative to ACh in ct-AChBP is generally
consistent with observations for molluscan AChBPs (27). The
AChBPs and most nAChRs have an aromatic amino acid
corresponding to the ct-AChBP amino acid at position 64 in
the D loop. In the Capitella AChBP, this residue is substituted
with isoleucine, which would not be expected to extend into the
ligand-binding domain as far as large, aromatic residues such as
Trp or Tyr. The observedKD for ACh of 28.7 μMprovides some
indication that this amino acid substitution, to date found
uniquely in the polychaete AChBP, may be at least partly
responsible for the decrease in the affinity of the protein for the
physiologic ligand acetylcholine.

Structure determination has previously proven to be difficult
for unliganded AChBPs (6); we present here the first low-
resolution model of the apo form of AChBP. SAXS analysis of
the apoprotein shows that ct-AChBP has an overall molecular
envelope similar to those observed for molluscan AChBPs.
However, comparison of the raw SAXS data of the ct-AChBP
apoprotein (in solution) with the crystal structure of nicotine-
bound ls-AChBP [CRYSOL χ2 value = 5.1 (19)] suggests that
some structural differences do exist either between the two
proteins or the two states (apo vs ligand-bound) of the proteins.
These differences may be due to ligand-induced conformational
changes, differences in the solution and crystalline conditions,
or other factors (e.g., the presence of an attached oligosacchar-
ide residue and/or the C-terminal tags). As SAXS analysis is
limited by resolution, it remains to be determined with higher-
resolution structural models of apo forms of AChBPs whether
the differences between the apo and ligand-bound protein
indicate global reorganization of the structure as previously
suggested (3).

Physiologically, AChBPs have been proposed to be glial-
secreted proteins that can affect synaptic transmission directly
by buffering the ACh level of the synapses of snails (25).
Interestingly, a recent study shows that most AChBP expression
in the snail is nonsynaptic (7). Despite extensive structural studies
of these binding proteins, their physiological role remains
unclear. It will be of interest to discover why protostomes such
as annelids and molluscs might rely upon AChBP as a stochio-
metric buffer of ACh, instead of (or in addition to) the enzyme
acetylcholinesterase, which is widely found in metazoans and
plays an important role in regulating synaptic transmission by
reducing ACh levels.
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SUPPORTING INFORMATION AVAILABLE

Two supplemental figures, one showing SAXS data at two
additional protein concentrations (Figure S1) and another show-
ing additional mass spectrometry data (Figure S2). This material
is available free of charge via the Internet at http://pubs.acs.org.

FIGURE 6: SAXS intensity data andP(r) distribution of the apo form
of ct-AChBP. (A) SAXS intensity data for apo ct-AChBP (3.8 mg/
mL), inset with the pairwise length distribution curve for the scatter-
ing particles. The solid red line is the computed SAXS intensity curve
for the 1UV6 crystal structure. (B and C) SAXS structure determina-
tion of the ct-AChBPpentamer in the apo form froman axial (B) and
lateral (C) view of the pentamer. The structure of Lymnaea AChBP
1UV6 (colored by secondary structure, cartoon representation)
is superimposed. SAXS intensity data for other concentrations of
ct-AChBP are shown in Figure S1 of the Supporting Information.
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