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ABSTRACT: This study sought primarily to locate the acetylcholine (ACh) binding site in the vesicular
acetylcholine transporter (VAChT). The design of the study also allowed us to locate residues linked to
(a) the binding site for the allosteric inhibitor vesamicol and (b) the rates of the two transmembrane
reorientation steps of a transport cycle. In more characterized proteins, ACh is known to be bound in part
through cation-π solvation by tryptophan, tyrosine, and phenylalanine residues. Each of 11 highly
conserved W, Y, and F residues in putative transmembrane domains (TMDs) of rat VAChT was mutated
to A and a different aromatic residue to test for loss of cation-π solvation. Mutated VAChTs were expressed
in PC12A123.7 cells and characterized with the goal of determining whether mutations widely perturbed
structure. The thermodynamic affinity for ACh was determined by displacement of trace [3H]-(-)-trans-
2-(4-phenylpiperidino)cyclohexanol (vesamicol) with ACh, and Michaelis-Menten parameters were
determined for [3H]ACh transport. Expression levels were determined with [3H]vesamicol saturation curves
and Western blots, and they were used to normalizeVmax values. “Microscopic” parameters for individual
binding and rate steps in the transport cycle were calculated on the basis of a published kinetics model.
All mutants were expressed adequately, were properly glycosylated, and bound ACh and vesamicol.
Subcellular mistargeting was shown not to be responsible for poor transport by some mutants. Mutation
of residue W331, which lies in the beginning of TMD VIII proximal to the vesicular lumen, produced 5-
and 9-fold decreased ACh affinities and no change in other parameters. This residue is a good candidate
for cation-π solvation of bound ACh. Mutation of four other residues decreased the ACh affinity up to
6-fold and also affected microscopic rate constants. The roles of these residues in ACh binding and transport
thus are complex. Nine mutations allowed us to resolve the ACh and vesamicol binding sites from each
other. Other mutations affected only the rates of the transmembrane reorientation steps, and four mutations
increasedthe rate of one or the other. Two mutations increased the value ofKM up to 5-fold as a result
of rate effects with no ACh affinity effect. The results demonstrate that analysis of microscopic kinetics
is required for the correct interpretation of mutational effects in VAChT. Results also are discussed in
terms of recently determined three-dimensional structures for other transporters in the major facilitator
superfamily.

Storage of acetylcholine (ACh)1 by synaptic vesicles is
mediated by the vesicular acetylcholine transporter (VAChT),
which is driven by proton-motive force generated by V-
ATPase (1-3). Alfonso et al. (4) were the first to clone
VAChT. Predicted sequences now are available for many
species (5-12). Hydropathy analysis indicates that VAChT
contains 12 putative transmembrane domains (TMDs), with

N- and C-termini exposed to the cytoplasm. The location of
the ACh binding site is unknown.

After discovering a synthetic receptor with a strong affinity
for ACh (13), Doughertyet al. (14) proposed a novel model
for binding sites that are selective for ACh and choline. They
hypothesized that electron-rich aromatics can effectively and
selectively solvate the quaternary ammonium functional
group through cation-π interaction (binding of an organic
cation toπ-electrons in aromatic rings). The interaction is a
complex phenomenon involving charge-dipole, charge-quad-
rupole, charge-induced dipole,π-polarization, and other
effects (15). Tryptophan, tyrosine, and phenylalanine side
chains can engage in this interaction. The magnitude and
generality of the effect have been established by computation
(16, 17), gas-phase measurements (18, 19), and characteriza-
tion of model receptors in water (20, 21).

Several relevant crystal structures and chemical studies
of proteins are available. The Fab fragment McPC603 binds
phosphocholine using the face of a tryptophan to contact the
choline headgroup (22). ACh esterase (AChE, EC 3.1.1.7)
often is considered the foremost example of cation-π
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solvation in biological systems. Virtual docking of ACh with
the active site of AChE places the quaternary ammonium
group in van der Waals contact with a tryptophan (23).
Results from both X-ray crystallography and photoaffinity
labeling using a number of quaternary ammonium ligands
assign phenylalanine to the “anionic subsite” of the active
site and tryptophan to the “peripheral anionic site” of AChE
(24). A soluble molluscan protein related to the nicotinic
ACh receptor has aromatic residues lining the ACh binding
site (25). Moderate-resolution structure, photoaffinity label-
ing, and unnatural amino acid methodology have revealed
that the nicotinic ACh receptor contains a number of aromatic
residues engaged in cation-π solvation of ACh (26-28).
On the basis of structural analysis and site-directed mu-
tagenesis, Schiefneret al. (29) described interaction between
the quaternary ammonium group of the substrate betaine and
the indole groups of three tryptophans in the binding pocket
of ABC transporter ProU fromEscherichia coli.

Thus, structural and chemical results make it clear that
tryptophan, tyrosine, and phenylalanine residues might be
located in the ACh binding site of VAChT. It is likely that
such residues are conserved. Moreover, binding sites for
transporter substrates are expected to be located in TMDs
(30). A large number of aromatics in putative TMDs of
VAChT are conserved. Many of these are likely to be
important to protein folding and not the ACh binding site.
How can such residues be eliminated from the list of
candidates? VAChT is closely related to vesicular mono-
amine transporters 1 and 2 (VMATs), which have substrates
containing a primary or secondary amine. Cation-π solva-
tion is much less effective for primary and secondary amines
than for quaternary amines (31). Thus, VMATs probably will
not conserve aromatic residues at positions corresponding
to those binding the quaternary ammonium of ACh in
VAChT.

This hypothesis led to a focus on conserved aromatics in
putative TMDs of VAChT that are not conserved in VMATs.
VAChT was mutated at these residues and transiently
expressed. Relevant properties of the mutants were deter-

mined, and the results are reported and interpreted in this
paper.

MATERIALS AND METHODS

Materials. The PC12A123.7 mutant pheochromocytoma
PC12 cell line (32) was obtained from L. Hersh (University
of Kentucky, Lexington, KY). This cell line is deficient in
both type I and type II cAMP-dependent PKA activity, and
choline acetyltransferase (33) and VAChT (34) activities are
barely detectable. PC12A123.7 cells contain synaptic-like
microvesicles to which VAChT is targeted (35).

Mutagenesis.Rat VAChT cDNA subcloned into the
expression vector pcDNA3.1D/V5-His-TOPO without a
poly-H tag was obtained as a gift from D. T. Bravo. Primers
for mutagenesis were synthesized commercially (Table 1).
Site-directed mutagenesis was performed using the Quik-
Change mutagenesis kit (Stratagene, La Jolla, CA). Mu-
tagenesis was performed according to the manufacturer’s
instructions. Wild-type and mutant plasmids were purified
from XL1Blue cells (Stratagene) using a DNA purification
kit (Qiagen, Valencia, CA). Wild-type and mutated VAChTs
were sequenced using the Thermo Sequenase radiolabeled
terminator cycle sequencing kit (USB, Cleveland, OH).

Transient Expression. PC12A123.7 cells were maintained at
37 °C in an atmosphere of 10% CO2 in complete Dulbecco’s
modified Eagle’s medium nutrient mixed 1:1 with Ham’s
F-12 medium. The culture medium was supplemented with
5% heat-inactivated horse serum, 10% fetal bovine serum,
100 units/mL penicillin, and 100µg/mL streptomycin. Wild-
type and mutated VAChT cDNAs were transiently trans-
fected into PC12A123.7 cells by electroporation as described
previously (36). The parent vector (Invitrogen, Carlsbad, CA)
was transfected in parallel as a negative control. Briefly, cells
were detached with trypsin, washed, and resuspended in cold
phosphate-buffered saline (PBS) at a cell density of∼6 ×
107 cells/mL. Resuspended cells were mixed with DNA (50-
100 µg), electroporated at 0.2 kV and 1.4 mF, and replated
in the medium described above. Transfected cells were
harvested 72 h after electroporation.

Table 1: Primers Used for Mutagenesisa

mutant primerb

Y50A 5′-GGACAACATGTTGGCCATGGTCATCGTGCCCATTGTTCC-3′
Y50F 5′-GGACAACATGTTGTTCATGGTCATCGTGCCCATTGTTCC-3′
Y175A 5′-GCCTTTGCAGAAGACGCTGCCACGCTCTTCGCTGCGCG-3′
Y175F 5′-GCCTTTGCAGAAGACTTT GCCACGCTCTTCGCTGCGCG-3′
F191A 5′-CCTGGGCTCGGCCGCCGCGGACACGTCTGG-3′
F191Y 5′-CCTGGGCTCGGCCTACGCGGACACGTCTGG-3′
F220A 5′-GGCGTGGCGCTAGCCGCCATTAGCTTTGGAAGCC-3′
F220Y 5′-GGCGTGGCGCTAGCCTACATTAGCTTTGGAAGCC-3′
F223A 5′-CTAGCCTTTATTAGCGCCGGAAGCCTAGTGGCGCC-3′
F223Y 5′-CTAGCCTTTATTAGCTACGGAAGCCTAGTGGCGCC-3′
F307A 5′-CATTCCCCTTGCGGCCCTCGAGCCCACC-3′
F307Y 5′-CATTCCCCTTGCGTACCTCGAGCCCACC-3′
W331A 5′-GGGAGATGGGCATGGTTGCCCTGCCGGCTTTCGTGCC-3′
W331F 5′-GGGAGATGGGCATGGTTTTCCTGCCGGCTTTCGTGCC-3′
F335A 5′-GGTTTGGCTGCCGGCTGCCGTGCCACACGTGTTAGG-3′
F335Y 5′-GGTTTGGCTGCCGGCTTACGTGCCACACGTGTTAGG-3′
Y343A 5′-CACGTGTTAGGCGTCGCCCTCACCGTGCGCCTGG-3′
Y343F 5′-CACGTGTTAGGCGTCTTCCTCACCGTGCGCCTGG-3′
Y428A 5′-GCCATAGCTGACATCTCCGCTTCTGTGGCCTACGCGCTCGG-3′
Y428F 5′-GCCATAGCTGACATCTCCTTT TCTGTGGCCTACGCGCTCGG-3′
Y432A 5′-CCTATTCTGTGGCCGCCGCGCTCGGGCCC-3′
Y432F 5′-CCTATTCTGTGGCCTTCGCGCTCGGGCCC-3′

a Forward primers are listed.b The mutant codon is underlined and in boldface.
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Preparation of Postnuclear Supernatants.Vesicle-contain-
ing postnuclear supernatants were prepared as described
previously (36). Briefly, transfected cells were harvested,
washed with cold PBS, and resuspended in homogenization
buffer [10 mM N-(2-hydroxyethyl)piperazine-N′-2-ethane-
sulfonic acid (HEPES) adjusted to pH 7.4 with KOH and
0.32 M sucrose] supplemented with protease inhibitors. Cells
were broken in a Potter-Elvehjam homogenizer until 95%
of them took up trypan blue as determined by microscopic
examination (three to six strokes), and the resulting suspen-
sion was centrifuged at 800g for 10 min. The protein
concentration in the postnuclear supernatant was estimated
with the Bradford protein assay (Bio-Rad, Hercules, CA).
The supernatant was incubated with 100µM diethyl p-
nitrophenylphosphate (paraoxon, Sigma-Aldrich, St. Louis,
MO) for 30 min at 23°C to inhibit AChE activity, divided
into portions, quick-frozen, and stored at-80 °C until it
was used.

SDS-Polyacrylamide Gel Electrophoresis and Western
Blot Analysis.Expression of wild-type and mutated VAChT
was monitored by Western blot analysis as described by Kim
et al. (37) with some modifications. Fifty micrograms of
protein was diluted to 500µL with homogenization buffer
containing complete protease inhibitor cocktail (Roche,
Nutley, NJ) and pelleted by centrifugation at 100000g for 2
h at 4°C. The pellet was resuspended in 200µL of 1× SDS
sample buffer (New England BioLabs, Beverly, MA) con-
taining 0.42 M dithiothreitol. Proteins were separated by
electrophoresis on a 10% SDS-polyacrylamide gel and
blotted onto an Invitrolon PVDF membrane (Invitrogen)
using a semidry electrotransfer apparatus (E&K, Saratoga,
CA). The membrane then was blocked with Tris-buffered
saline (TBS) containing 2.5% nonfat milk and 0.05% Tween
20 for 1 h at 23°C, followed by incubation with polyclonal
goat antibody raised against the N-terminus of human
VAChT (Santa Cruz Biotechnology, Santa Cruz, CA).
Membranes were rinsed and incubated for 1 h with horserad-
ish peroxidase-conjugated donkey anti-goat IgG (Santa Cruz
Biotechnology) at 23°C. Electrochemiluminescent (ECL)
detection was performed using a standard kit (Santa Cruz
Biotechnology) as instructed by the manufacturer.

Vesamicol Binding Assay.Vesamicol binding was carried
out according to the method of Kimet al. (37) with some
modifications. The postnuclear supernatant (100µg of
protein) was mixed with uptake/binding buffer (UBB) [110
mM potassium tartrate, 20 mM HEPES (pH 7.4 with KOH),
and 1 mM ascorbic acid] to yield a final volume of 200µL
containing the stated concentration of [3H]vesamicol. Incuba-
tion was continued for 30 min at 37°C. Polyethylenimine-
coated glass fiber filters (type GF/F, Whatman, Clifton, NJ)
were prewashed with cold UBB using vacuum-assisted
filtration. Two 90 µL portions of the vesicular suspension
at each concentration of [3H]vesamicol were filtered, and
unbound radioactivity was removed immediately from each
sample with four 1 mL washes with ice-cold UBB. Radio-
activity bound to the filters was estimated by liquid scintil-
lation spectrometry in 3.5 mL of Bio-Safe II (Research
Products International, Mt. Prospect, IL). Nonspecific binding
was assessed in the presence of radiolabeled ligand and 4
µM unlabeled vesamicol (36). Data for duplicates were
averaged. The equationsBns ) m × Ves + b andBt ) Bns

+ (Bmax × Ves)/(Kv + Ves), whereBns is the amount of

nonspecifically bound vesamicol,m is the slope of nonspe-
cific binding, Ves is the concentration of [3H]vesamicol,b
is the intercept for nonspecific binding,Bt is the total amount
of bound vesamicol,Bmax is the concentration of specific
vesamicol binding sites, andKv is the vesamicol dissociation
constant, were simultaneously fit to averaged data. The fitted
level of nonspecific binding was subtracted from data before
plotting.

Acetylcholine Dissociation Constant. The ACh dissociation
constant was estimated by assessing the competition between
ACh and binding of tracer [3H]vesamicol. Dry ACh chloride
(1.63 g, Sigma-Aldrich) was rapidly dissolved in paraoxon-
treated UBB and brought to 4.00 mL in a volumetric flask
to make a 2.25 M stock solution. Aliquots of the postnuclear
supernatant containing 250µg of protein were mixed with
paraoxon-treated UBB and different concentrations of un-
labeled ACh and incubated for 10 min at 37°C. After this,
a final [3H]vesamicol concentration of 5 nM was added, and
incubation was continued for 10 min at 37°C. Bound
radioactivity in two 90µL portions at each concentration of
ACh was determined by filtration as described above. The
level of nonspecific binding was determined in the presence
of 4 µM unlabeled vesamicol. Data for duplicates were
averaged. Use of trace [3H]vesamicol means the IC50 value
for displacement will be essentially equal to the equilibrium
dissociation constantKACh. Thus, the equationsBns ) b and
Bt ) b + B0KACh

H/(KACh
H + AChH) were fit simultaneously

to data for nonspecific and total binding, respectively, where
Bns is the amount of nonspecifically bound [3H]vesamicol,
b is the intercept for nonspecific binding of slope 0,Bt is
the total amount of bound [3H]vesamicol,B0 is the amount
of specifically bound [3H]vesamicol in the absence of ACh,
KACh is the ACh dissociation constant,H is the Hill
coefficient, and ACh is the concentration of ACh. To test
the necessity of an adjustable Hill coefficient, the software
S-Plus (Insightful Corp., Seattle, WA) was used to perform
the likelihood ratio test (38, 39). The fitted level of
nonspecific binding was subtracted from data before plotting.

Acetylcholine Transport Assay.Transport was assessed in
a manner similar to that of Kimet al. (37) with some
modifications. [3H]ACh (76-82 mCi/mmol, Perkin-Elmer,
Wellesley, MA) was diluted with unlabeled ACh to make a
25 mCi/mmol stock solution. The postnuclear supernatant
(250 µg of protein) was mixed with paraoxon-treated UBB
to a final volume of 200µL containing 10 mM Mg2+ATP,
2 mM MgCl2, 1 mM EDTA, and the stated concentration of
[3H]ACh. Transport was allowed to proceed for 10 min at
37 °C. It was terminated by diluting a 90µL portion into 1
mL of ice-cold paraoxon-treated UBB in duplicate. Diluted
samples were filtered and washed, and bound radioactivity
was solubilized in 0.35 mL of 1% SDS. Filters were
incubated with occasional shaking for 1 h, after which 3.5
mL of scintillation cocktail was added, and radioactivity was
quantitated as previously described. The level of nonspecific
transport was determined in the presence of 4µM unlabeled
vesamicol. Data for duplicates were averaged. The equations
Vns ) m × ACh + b andVt ) Vns + (Vmax × ACh)/(KM +
ACh), whereVns is the amount of nonspecific transport,m
is the slope of nonspecific transport, ACh is the concentration
of [3H]ACh, b is the intercept for nonspecific transport,Vt

is the total amount of ACh taken up,Vmax is the maximal
amount of specific transport, andKM is the Michaelis-
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Menten constant for ACh transport, were simultaneously fit
to averaged data. The extent of specific transport was
obtained by subtracting the calculated extent of nonspecific
transport from the experimentally determined extent of total
uptake. The extent of specific transport was divided byBmax

for the same preparation of postnuclear supernatant to obtain
the number of molecules of ACh taken upper molecule of
transporter over the time period of the experiment. “Normal-
ized” data then were fit with a rectangular hyperbola to
estimate values of normalized turnoverVmax/Bmax and KM.

For those mutants showing little transport, errors associated
with Vmax and KM are too large to permit regression to
separated values. The data also usually did not exhibit
saturation. In these cases, theVmax/KM ratio was fit to the
level of total transport using the equationsVns ) m × ACh
+ b andVt ) Vns + ratio × ACh, where ratio) Vmax/KM.
The extent of specific transport was normalized as described
above to estimateVmax/Bmax/KM, which is the apparent
second-order rate constant for transport at ACh concentra-
tions much lower thanKM.

Immunofluorescence.Cells were grown on collagen-coated
glass coverslips (Becton Dickinson, Franklin Lakes, NJ) and
fixed with 4% paraformaldehyde and 0.1% glutaraldehyde
in PBS for 30 min at 4°C. Blocking was performed for 1 h
at 23°C in immunofluorescence (IF) buffer [PBS (pH 7.4)
containing 0.02% saponin (Sigma-Aldrich) and 5% donkey
serum (Jackson Immunoresearch Laboratories, West Grove,
PA)]. Cells were incubated with primary antibodies [1:50
for VAChT and 1:100 for synaptophysin (SYPH)] diluted
in IF buffer for 1 h at 23°C, washed three times for 10 min
each in IF buffer, incubated for an additional 1 h with the
appropriate secondary antibodies diluted in IF buffer, and
washed again three times for 10 min each. To detect the
VAChT primary antibody (Santa Cruz Biotechnology), the
secondary antibody (1:100 dilution) was a donkey anti-goat
antibody conjugated to Cy2 (Jackson Immunoresearch
Laboratories). For the antibodies to SYPH (Santa Cruz
Biotechnology), donkey anti-rabbit antibodies (1:200 dilu-
tion) conjugated to Cy3 were used (Jackson Immunoresearch
Laboratories). After being washed, the coverslips were
mounted onto glass slides, and the staining was then
visualized with a Bio-Rad 1024 MRC laser scanning confocal
system coupled to a Nikon Diaphot microscope with an oil
immersion objective (60×). The appropriate set of filters and
laser lines was used to avoid bleed-through between red and
green fluorescence. Images were processed using Lasersharp
(Bio-Rad) and Adobe Photoshop (Adobe Systems, Inc.,
Mountain View, CA).

Statistical Analysis.Isotherms for ACh displacement and
vesamicol binding and the saturation curve for ACh trans-
port were determined for the wild type and every mutant.
Values for macroscopic parameters describing the outcomes
of these assays were estimated by regression using Scientist
(MicroMath Research, St. Louis, MO). To test reproducibility
and obtain sufficient numbers of replicates to determine
whether mutants differ from the wild type in an assay
property, each type of assay was conducted two or more
times on each VAChT species, except as noted (footnote g
in Table 3). The more abnormal a mutant appeared, the more
times it was assayed. Replicate values for macroscopic
parameters were averaged, and standard deviations for the
replicates were used to estimate the standard deviation of

the mean according to eq 1.

whereY is the mean of replicate values for a macroscopic
parameter (for example,KM), σY is the estimated standard
deviation associated withY, A, B, ..., etc., are the replicate
values for the parameter,n is the number of replicates, and
σA, σB, ..., etc., are the standard deviations corresponding to
A, B, ..., etc., respectively.

To assess whether a parameter value (KACh, Kv, KM, Vmax/
Bmax, Vmax/Bmax/KM, k2, andk1) for a mutant differs from that
for the wild type, eq 2 was used.

where ∆Z is the difference between the values of the
parameter for the wild type and mutant, 3σ∆Z is 3 times the
propagated standard deviation associated with∆Z, ZWT and
ZMUT are the values of the parameter for the wild type and
mutant, respectively, andσZWT andσZMUT are the propagated
standard deviations associated withZWT andZMUT, respec-
tively. If the interval∆Z ( 3σ∆Z contains 0 (null interval),
then the mutant and wild-type values for the parameter are
considered the same within error. Otherwise, they are
different. A mutant was not considered notably different from
the wild type unless a parameter valuealsowas at least 2-fold
different. Values of macroscopic parameters meeting both
criteria are shown in boldface in Tables 2 and 3, except for
Bmax, the variation of which is not intrinsically interesting
in the current work.

RESULTS

Site-Directed Mutagenesis, Transient Expression, and
Vesicle Preparation.Ten conserved W, Y, and F residues
in putative TMDs of rat VAChT are not conserved in closely
related VMATs (Figure 1). Each such residue in rat VAChT
was mutated to alanine and a different aromatic residue. One
Y conserved in VAChT and VMATs was mutated as a
control, for a total of 22 mutants produced. The mutants were
transiently expressed in a variant of PC12 cells that (a)
expresses essentially no endogenous VAChT and (b) contains
synaptic-like microvesicles to which VAChT is targeted (34,
35). Expressing cells were homogenized and centrifuged to
prepare the postnuclear supernatant containing VAChT in
microvesicles.

Wild-type and mutant transporters were characterized by
Western blot analysis (Figure 2). They all migrated as diffuse
bands with an apparent molecular mass of approximately
85 kDa (arrow). This value is greater than that predicted for
the polypeptide (56.5 kDa) because of glycosylation. Thus,
all of the mutants were properly glycosylated and not
apparently differentially degraded by proteases. Expression
levels of mutants estimated from staining intensity often
differed from that of wild-type VAChT. The differences are
likely to be due to changes in mRNA stability and/or the
success of protein folding during insertion into the endo-
plasmic reticulum (40).

Y ( σY ) A + B + ...
n

(
xσA

2 + σB
2 + ...

n
(1)

∆Z ( 3σ∆Z ) (ZWT - ZMUT) ( 3xσZWT

2 + σZMUT

2 + ...
(2)

11166 Biochemistry, Vol. 43, No. 35, 2004 Ojedaet al.



Vesamicol Saturation CurVes.Vesamicol inhibits VAChT
by binding to an allosteric site on the outside of the vesicle
(41-46). It has nanomolar affinity and can be used in
radioactive form to titrate the amount and affinity of mutant
VAChT. Knowledge of the amount of VAChT present in a
preparation of the postnuclear supernatant is required to
normalize the rate of [3H]ACh transport to the expression
level. Representative data are shown in Figure 3, and
parameters for saturation curves fitted to such data for wild-
type and all mutated VAChTs are listed in Table 2. TheKv

value for the wild type is 14.3( 0.5 nM. Conservative and
nonconservative mutations had little effect on vesamicol
affinity (less than 2-fold) with the exception of the F335A
mutation, which increased the dissociation constant to 38.4
( 3.1 nM.Bmax values obtained for different mutants differed
greatly from each other but were approximately reproducible
(Table 2). They correlated with different expression levels
observed by Western blot analysis.

ACh Dissociation Constant.ACh inhibits binding of
[3H]vesamicol, even though ACh and vesamicol bind to
nonidentical sites (see below). The phenomenon can be used
to determine whether a mutation alters equilibrium affinity
for ACh. If it does, the mutation alters the structure of the
ACh binding site. Representative data for displacement of
trace [3H]vesamicol by unlabeled ACh are shown in Figure
4, and parameters for displacement curves fitted to such data

for the wild type and all mutated VAChTs are listed in Table
2. Different expression levels do not affect the accuracy of
determinedKACh values. The data for the wild type and all
mutants, with the exception of Y428F, which were scattered,
were best fit with a Hill coefficient of<1, as justified by
the likelihood ratio test. In a representative data set, the
critical value of the test statistic was much below 0.05 (p
value ) 0.002). A possible origin for a nonunitary Hill
coefficient is discussed later.

Approximately two-thirds of the mutations had no sig-
nificant or notable effect on the affinity for ACh (KACh )
14.7( 0.8 mM for the wild type). Approximately one-third
did and are listed in boldface. Alanine mutations of F220
and Y432 decreased affinity (KACh ) 81.7 ( 5.7 and 45.3
( 8.5 mM, respectively). Alanine mutations of W331, Y343,
and Y428 also decreased affinity (KACh ) 130( 18, 92.0(
6.8, and 67.1( 5.7 mM, respectively). Conservative muta-
tion to F at the latter three sites resulted in affinities
intermediate between those of the alanine mutants and wild
type. None of the mutations increased the affinity for ACh.

Transport of [3H]ACh. These data are required to deter-
mine whether a mutation that affects the ACh binding site
has only a local effect or a widespread effect on the structure

FIGURE 1: Mutated residues (shaded) in rat VAChT. The Roman numeral of the putative TMD containing the residue (TMD #) and the
Arabic number of the residue in the rat sequence (Rat residue #) are shown at the top. Sequences at the sites of mutation are shown for nine
species of VAChT (Caenorhabditis elegansNCBI protein accession number P34711,DrosophilaNCBI protein accession number O17444,
great pond snailLymnaea stagnalisNCBI protein accession number AAO83850,Ciona intestinalisNCBI protein accession number BAB85860,
zebrafishDanio rerio NCBI protein accession number P59845, marine rayTorpedoNCBI protein accession number P81721, mouse NCBI
protein accession number O35304, rat NCBI protein accession number Q62666, and human NCBI protein accession number Q16572).
Consensus sequences (more than two-thirds identical) for VMAT1 and VMAT2 are shown below the VAChT alignments. A residue position
in VMATs not exhibiting consensus is denoted with a dash.

FIGURE 2: Western blot analysis of wild-type and mutant rat
VAChTs. Membranes in approximately 50µg of the postnuclear
supernatant were analyzed. All VAChTs appeared as diffuse bands
with a molecular mass of 85 kDa due to glycosylation (white arrow).
Mass standards are given at the left.

FIGURE 3: Vesamicol saturation curves. The postnuclear supernatant
was incubated at the indicated concentrations of [3H]vesamicol and
then filtered and washed. Data are for representative experiments
using wild-type (9), F335A (b), F220Y (2), and Y428A ([)
VAChT. Transfection efficiency in individual experiments varied
significantly.
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of VAChT. Such data also will identify mutants that alter
only transport rates and not binding of ACh or vesamicol.
Representative data are shown in Figure 5. Parameters for
regression fits for the wild type and all mutated VAChTs
are listed in Table 3 for (a)Vmax/Bmax and KM for data
exhibiting saturation and (b)Vmax/Bmax/KM for data not
exhibiting saturation. TheVmax/Bmax/KM ratio is the only
transport parameter that can be estimated by regression for
most mutants that transport poorly. For VAChTs that
transport adequately, the ratio is estimated by calculation
using fitted values ofVmax/Bmax and KM. Vmax/Bmax/KM,
whether obtained by regression or calculation, is the apparent
second-order rate constant describing the rate of transport
at subsaturating concentrations of ACh. It measures catalytic

efficacy. Vmax in all cases was normalized to the extent of
vesamicol binding (Bmax) to correct for different expression
levels. Wild-type VAChT transported ACh with a fittedKM

value of 1.02( 0.09 mM, a fittedVmax/Bmax value of 21.1
( 0.5 min-1, and a calculatedVmax/Bmax/KM value of 21.0(
1.9 mM-1 min-1.

One-half of the mutants exhibited no significant or notable
effect on the values of macroscopic transport parameters.
One-half did and are listed in boldface. Y50A and F220A
mutants exhibited severely inhibited transport (0 mM-1 min-1

Table 2: Macroscopic Parameters for Equilibrium Binding of ACh
and Vesamicola

KACh
b Hc Kv

d Bmax
e

wild type 14.7( 0.8 0.75( 0.02 14.3( 0.5 10.1( 0.1
Y50A 15.4( 1.5 0.67( 0.03 13.3( 1.1 10.8( 0.2
Y50F 13.5( 4.2 0.78( 0.10 17.4( 2.0 10.1( 0.2
Y175A 20.3( 3.4 0.76( 0.06 14.5( 1.1 9.81( 0.16
Y175F 15.4( 2.3 0.78( 0.06 12.6( 0.7 8.54( 0.11
F191A 15.2( 1.5 0.85( 0.06 35.6( 7.7 10.7( 0.6
F191Y 17.0( 2.4 0.76( 0.06 14.9( 1.5 10.3( 0.3
F220A 81.7( 5.7 0.79( 0.03 19.1( 1.7 16.4( 0.3
F220Y 21.5( 2.0 0.89( 0.06 26.3( 3.7 6.91( 0.25
F223A 14.8( 1.3 0.80( 0.04 14.2( 0.8 5.81( 0.06
F223Y 14.6( 1.1 0.93( 0.04 10.5( 0.6 4.68( 0.06
F307A 11.2( 1.1 0.93( 0.06 17.0( 1.4 3.53( 0.06
F307Y 11.4( 1.7 0.82( 0.07 16.4( 1.9 2.80( 0.06
W331A 130( 18 0.96( 0.10 14.8( 2.1 4.98( 0.12
W331F 74.5( 6.9 0.84( 0.05 20.8( 1.5 11.0( 0.2
F335A 15.6( 2.1 0.95( 0.08 38.4( 3.1 5.02( 0.09
F335Y 26.2( 1.4 0.74( 0.02 14.4( 0.6 6.39( 0.06
Y343A 92.0( 6.8 0.83( 0.03 25.8( 1.7 18.4( 0.4
Y343F 76.7( 6.0 0.83( 0.04 23.6( 1.2 19.9( 0.3
Y428A 67.1( 5.7 0.89( 0.05 8.03( 1.02 2.56( 0.06
Y428F 49.4( 4.9 1.13( 0.09 22.1( 1.7 3.93( 0.08
Y432A 45.3( 8.5 0.86( 0.10 16.1( 0.9 7.77( 0.09
Y432F 32.3( 6.2 0.86( 0.10 15.5( 1.1 10.5( 0.2

a Values are given to three significant figures( one standard
deviation. Parameter values at least three propagated standard deviations
away from that of the wild type (calculated with eq 2)and 2-fold
different are in boldface.b ACh dissociation constant (in mM).c Hill
coefficient for ACh binding.d Vesamicol dissociation constant (in nM).
e Maximal binding at a saturating vesamicol concentration (pmol of
VAChT/mg). Transfection efficiency for individual experiments differed
significantly. The standard deviations are values averaged according
to eq 1.

FIGURE 4: ACh affinity. Trace [3H]vesamicol was displaced by
the indicated concentrations of unlabeled ACh at equilibrium. Data
are for representative experiments using wild-type (9), F220A (b),
Y343A (2), and W331A ([) VAChT.

FIGURE 5: ACh transport at indicated concentrations of [3H]ACh.
Data were divided by theBmax value determined for the same
preparation of the postnuclear supernatant, and the level of
nonspecific binding was removed before plotting. Data are for
representative experiments using wild-type (9), Y50A (b), F307A
(2), and F335A ([) VAChT.

Table 3: Macroscopic Parameters for ACh Transporta

KM
b Vmax/Bmax

c Vmax/Bmax/KM
d

wild type 1.02( 0.09 21.1( 0.5 21.0( 1.9
Y50A nde nde 0.533( 0.025f

Y50F 0.74( 0.18 11.8( 0.8 17.1( 3.4
Y175A 0.57( 0.13g 17.8( 1.0g 31.2( 7.3g

Y175F 0.95( 0.27g 19.7( 1.6g 20.7( 6.1g

F191A 0.94( 0.10 33.6( 0.9 35.3( 3.8
F191Y 0.72( 0.14 21.2( 0.8 29.3( 5.1
F220A nde nde 0.370( 0.109f

F220Y 1.06( 0.12 28.8( 0.8 31.0( 4.7
F223A 0.98( 0.30 28.3( 1.4 33.5( 6.1
F223Y 1.18( 0.15 36.8( 1.2 32.1( 4.1
F307A 5.34( 0.83 68.1( 5.4 10.1( 1.5
F307Y 2.54( 0.65 38.8( 3.0 17.4( 3.3
W331A nde nde 2.29( 0.33f

W331F 2.30( 0.28 23.2( 2.9 7.05( 0.81
F335A 2.79( 0.42 62.1( 3.0 23.9( 2.7
F335Y nde 14.3( 3.4f 1.22( 0.12f

Y343A 0.78( 0.15 20.6( 0.8 26.3( 4.6
Y343F 1.05( 0.18 24.4( 1.0 23.4( 3.4
Y428A nde 9.26( 2.02 2.36( 0.64f

Y428F nde 10.7( 1.6 2.66( 0.62f

Y432A nde 4.82( 1.07 1.07( 0.16f

Y432F nde 43.3( 12.2 9.93( 2.16f

a Values are given to three significant figures( one propagated
standard deviation. Parameter values at least three propagated standard
deviations away (calculated with eq 2)and 2-fold different from that
of the wild type are in boldface.b Michaelis-Menten constant (in mM).
c Maximal transport at saturating ACh concentrations normalized to
Bmax values taken from Table 2 (in min-1), which is equivalent to the
microscopic rate constantk2. d Apparent second-order rate constant for
transport at subsaturating ACh concentrations calculated fromc/b if
both are available or obtained from a linear fit to transport data (in
mM-1 min-1). e Not determined because of excessive data scatter due
to poor transport.f Obtained from a linear fit to transport data.g Results
from one determination.
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< Vmax/Bmax/KM < 1 mM-1 min-1). W331A, F335Y, Y428A/
F, and Y432A mutants exhibited strongly inhibited transport
(1 mM-1 min-1 < Vmax/Bmax/KM < 3 mM-1 min-1). F307A,
W331F, and Y432Y mutants exhibited moderately inhibited
transport (7 mM-1 min-1 < Vmax/Bmax/KM < 11 mM-1

min-1). However, this conventional measure of catalytic
efficacy does not provide a comprehensive view, as F307A
and F335A mutants exhibited 3-fold increased values for
Vmax/Bmax. An increasedVmax/Bmax combined with an in-
creasedKM to produce a moderately reduced or normal value
for Vmax/Bmax/KM for these mutants. Overall, a wide variety
of effects on macroscopic transport parameters was ob-
served. The effects are interpreted mechanistically in the
Discussion.

Subcellular Localization.VAChT mutants might not
transport because they do not reach an acidic compartment.
To test for a change in trafficking caused by a mutation,
VAChT (Figure 6a,d) and SYPH (Figure 6b,e), a marker
for synaptic vesicles and microvesicles, were visualized by
immunofluorescence. The cells were not purposely dif-
ferentiated into neuronal-like morphology, but occasionally,
a successfully transfected cell spontaneously flattened and
developed processes. In such cells, much punctuate staining
of wild-type VAChT was near the plasma membrane in the
cell body and processes and substantially colocalized with
staining for SYPH. However, a significant amount of VAChT
staining also was in cytoplasm where only a small amount
of SYPH staining was located. Cytoplasmic staining probably
arises from newly synthesized VAChT in transit to plasma
membrane and microvesicles. All VAChT mutants had
subcellular staining patterns similar to that of the wild type.
Thus, they were targeted in a manner similar to that of the
wild type.

DISCUSSION

KM, Vmax/Bmax, andKACh are macroscopic parameters that
characterize aggregate properties of active transport and
equilibrium binding of ACh, respectively. They do not tell
us much about how VAChT works. Figure 7 shows a more
informative model for the microscopic kinetics of VAChT
(47). Such a model designates each step in the transport
cycle. The cycle begins with binding of cytoplasmic ACh
to outwardly oriented “site 2” with equilibrium dissociation
constantKACho and protonation of inwardly oriented “site
1”. Loaded VAChT translocates bound ligands across the
membrane with a rate constantk1. It then releases ACh to
the inside and the proton to the outside. Unloaded, internally
oriented site 2 binds a proton, after which VAChT translo-
cates the proton across the membrane in the rate-limiting
step with a rate constantk2. The proton is released to the
outside of the vesicle to complete the transport cycle (3).
Parameters associated with each reaction arrow are termed
microscopic.

The mathematical relationships between macroscopic and
microscopic parameters for the model have been derived (3),
and estimates for all parameter values have been obtained

FIGURE 6: Subcellular localization of VAChT mutants. Wild-type (a-c) or Y50A mutant (d-f) VAChT immunoreactivity is green, and
SYPH immunoreactivity, which is a marker of synaptic-like microvesicles, is red. VAChT is present in the cell body, near the plasma
membrane, and in processes and colocalizes with SYPH in the processes and near plasma membrane (c and f). Nontransfected cells or
omission of primary or secondary antibodies resulted in the expected absence of fluorescence (data not shown).

FIGURE 7: Proposed microscopic kinetic mechanism for VAChT.
Two-headed arrows indicate equilibrium, whereas one-headed
arrows indicate a rate step. The subscripts o and i indicate outside
(cytoplasmic) and inside (luminal) locations, respectively. A
transport cycle starts with VAChT species To and proceeds
clockwise.
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(46). Because the values of microscopic parameters in
additive relationships differ by large factors, the expressions
simplify to KACh = KACho, Vmax = k2Bmax, andKM = (KAChok2)/
k1. In other words, macroscopicKACh is set primarily by
microscopicKACho, macroscopicVmax is set primarily by
microscopick2 (and macroscopicBmax), and macroscopicKM

is set primarily by microscopicKACho, k2, and k1. The
expressions can be rearranged to compute values fork2 and
k1, as shown in eqs 3 and 4, for which errors are propagated.

Separated values forVmax/Bmax and KM could not be
estimated for some mutants because of poor transport.
Instead, the ratioVmax/Bmax/KM was estimated. Assuming that
the approximations leading to eqs 3 and 4 are valid in such
mutants,Vmax/Bmax/KM = k1/KACh. After rearrangement

The value ofk2 cannot be estimated for poorly transporting
mutants that do not exhibit saturation of transport.

KACh is simultaneously macroscopic and microscopic, and
no transformation of its value is required to obtain micro-
scopicKACho. Kv is assumed to be simultaneously macro-
scopic and microscopic, as vesamicol binds to inwardly and
outwardly oriented VAChT with similar affinities (46, 48).
Potential changes in acid dissociation constants were ignored
in the current work, as no mutations were introduced at ionic
groups and the pH was held constant.

Because the mathematical treatment that relates macro-
scopic and microscopic kinetics is complex, yet critical to
microscopic structure-function analysis, an intuitive, hy-
drodynamic mimic of transporter function has been devised
(47). This was possible because computer simulation dem-
onstrates that resting VAChT is distributed predominantly
among the species shown along the top of Figure 7, and
transporting VAChT is distributed predominantly among the
species shown along the bottom. The mimic illustrates why
(a) the values ofKACh and KM in the rat wild type differ
from each other by∼14-fold in the current study and (b)
mutations affecting different microscopic steps affect mac-
roscopic properties of VAChT in certain ways.

Values of KACh, KM, Vmax/Bmax, and Vmax/Bmax/KM for
mutants that differ from those for the wild type (boldface in
Tables 2 and 3) were analyzed with eqs 2-5. The mutant to
wild-type ratios of microscopic parameters were computed
with propagated errors in a manner analogous to eq 3 (except
thatVmax ( σVmax was replaced by the value of a microscopic
parameter( σ for a mutant andBmax ( σBmax was replaced
by the value of the same microscopic parameter( σ for the
wild type). Ratios of at least 2-fold that also are at least three

propagated standard deviations from 1 as computed in a
manner analogous to eq 2 are listed in Table 4. An up or
down arrow indicates the direction of change for the value
of the mutant parameter.

The goal of this approach is to identify, more precisely
than is possible by analysis of macroscopic parameters alone,
the roles that mutated residues play in VAChT function. For
example, microscopic analysis reveals that two of the three
microscopic parameters determiningKM are rate constants.
Thus, mutations affecting the value ofKM cannot be assumed
to be at the ACh binding site. They might be distant from
the binding site but affect one of the rate constants. Mutations
affecting the ACh binding site can be recognized with
certainty only if they affectKACh.

Of course, conclusions about kinetics data depend on the
validity of the underlying kinetics model. If the kinetics
model utilized here should in the future be proved to be
erroneous, the data reported here might have to be re-
interpreted. Kinetics analyses do not depend on knowledge
of the three-dimensional structure of the transporter.

Mutations have been divided into four groups in Table 4:
a group having only decreased ACh affinity, a group having
both decreased ACh affinity and an effect on at least one of
the microscopic rate steps, a group having no effect on ACh
affinity but an effect on at least one of the rate steps, and a
group exhibiting full wild-type behavior.

The first group is restricted to mutations of residue W331.
KACho was increased∼9-fold in W331A and was only
partially normalized in W331F. The functional result is
slower uptake at subsaturating ACh concentrations (due to
weaker binding of ACh, not to slower intrinsic rates) and
no change in the uptake rate at saturating ACh (which,
however, occurs only at concentrations of ACh higher than
those for the wild type).In ViVo, this probably would mean
less uptake, as a typical concentration of cytoplasmic ACh
probably is approximately the same as wild-typeKM, or ∼1
mM (1). Because computational studies and the frequency
of occurrence in structurally defined protein-ligand com-
plexes indicate that tryptophan is best suited for cation-π

k2 ( σk2
) (Vmax

Bmax
)[1 ( x(σVmax

Vmax
)2

+ (σBmax

Bmax
)2] (3)

k1 ( σk1
) (k2KACh

KM
)[1 ( x(σk2

k2
)2

+ (σKACh

KACh
)2

+ (σKM

KM
)2]
(4)

k1 ( σk1
)

[(Vmax/Bmax/KM)KACh][1 ( x( σVmax/Bmax/KM

Vmax/Bmax/KM
)2

+ (σKACh

KACh
)2]
(5)

Table 4: Mutant to Wild-Type Ratios of Microscopic Parametersa

mutant KACho
b k2

c k1
d k1

e mutant KACho k2 k1 k1

W331A 8.9v ndf ndf wtg Y50F wtg wtg wtg nah

W331F 5.1v wtg wtg nah Y175A wtg wtg wtg nah

F220A 5.6v ndf ndf 10 V Y175F wtg wtg wtg nah

Y343A 6.3v wtg 8.0 v nah F191A wtg wtg wtg nah

Y343F 5.2v wtg 5.9 v nah F191Y wtg wtg wtg nah

Y428A 4.6v 2.3 V ndf 2.0 V F220Y wtg wtg wtg nah

Y428F 3.4v 2.0 V ndf 2.3 V F223A wtg wtg wtg nah

Y432A 3.1v 4.3 V ndf 6.3 V F223Y wtg wtg wtg nah

Y50A wtg ndf ndf 33 V F307Y wtg wtg wtg nah

F307A wtg 3.2 v 2.1 V nah Y432F wtg wtg ndf wtg

F335A wtg 3.0 v wtg nah

F335Y wtg wtg ndf 10 V

a Ratios are computed from boldface values of parameters listed in
Tables 2 and 3 using eqs 2-5. The up arrow (v) indicates an increase
in the parameter value for the mutant relative to the wild type and the
down arrow (V) a decrease. Values are given to two significant figures.
b Dissociation constant for ToACho (outwardly oriented complex).
c Rate-determining step in steady-state transport.d Calculated from eq
4 for mutants yieldingVmax/Bmax and KM. e Calculated from eq 5 for
poorly transporting mutants yielding only the ratioVmax/Bmax/KM. f Not
determined.g No statistically significant or notable change from the
wild-type value, meaning the ratio is close to 1.h Not applicable.
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solvation, and the W331A/F mutations have no effect on
microscopic rates, W331 is a good candidate for being part
of the ACh binding site.

Mutations producing mixed ACh binding and rate effects
begin in Table 4 with the F220A mutant. This mutant
transported very poorly because of a combined∼6-fold
increase in the value ofKACho and∼10-fold decrease in the
value ofk1. A decrease ink2 also might have occurred, but
this could not be determined.

Y343A/F mutants exhibited 5-6-fold increasedKACho

values, yetKM (andVmax) values were unchanged (Table 3).
The functional result is no change in the uptake rate at any
concentration of ACh.In ViVo, this probably would be a null
mutation. The lack of change inKM occurred because an
∼6-8-fold increase in the value ofk1 offset the increase in
KACho. This example of compensation illustrates the impor-
tance of determining microscopic parameters. If the lack of
change inKM had been used to infer a lack of change in
affinity for ACh, the incorrect conclusion that Y343 is not
linked to the ACh binding site would haVe been reached.
Because the values ofk1 increased and the values ofk2 did
not change, the Y343A/F mutants differentially affected and
thus resolved the microscopic rate steps from each other.

Y428A/F mutants exhibited an∼3-5-fold increase in
KACho. The inability of F at this position to restore wild-type
behavior suggests that the hydroxyl group plays a role in
orienting Y428. These mutants also exhibited an∼2-fold
decrease in values for bothk1 and k2. Y432A behaved
similarly, except thatk1 andk2 values decreased more. The
functional result of these mutations is slower uptake at all
concentrations of ACh.In ViVo, this probably would mean
less uptake. Mutations at Y428 and Y432 do not resolve the
microscopic rate steps from each other.

Residues having mixed ACh binding and rate effects might
be at the ACh binding site, and when ACh binds, they might
trigger a conformational change that is part of a microscopic
rate step. On the other hand, they might be buried in VAChT
at a distance from the ACh binding site, and mutation might
cause a propagated conformational change that disrupts both
ACh binding and rate steps. Simple solid geometry makes
it unlikely that all five of the aromatic residues found here
to be linked to the ACh binding site can engage in cation-π
solvation. Additional work will be required to distinguish
among possibilities for mutants that have mixed ACh binding
and rate effects. All of the mutations reducing ACh affinity
did so by amounts similar to those observed for similar
mutations in nicotinic and muscarinic ACh receptors (49-
51).

Mutations affecting rate steps but not ACh binding begin
in Table 4 with Y50A. This mutant transported very poorly
due to a 33-fold decrease in the value ofk1 (and possibly a
decrease ink2 that could not be determined).

The F307A mutation increased the value ofk2 by ∼3-
fold and decreased the value ofk1 by ∼2-fold. This mutant
thus resolvesk1 andk2 steps from each other. AlthoughVmax/
Bmax andKM increase due to the increase ink2, KM increases
even more due to the decrease ink1 (Table 3). The functional
result is slower uptake at subsaturating ACh concentrations
and faster uptake at saturating ACh (which, however, requires
higher concentrations of ACh).In ViVo, the effect of the
mutation might depend on the activity state of, and thus
cytoplasmic ACh concentration in, the nerve terminus.

Mutation F335A increased the value ofk2 by ∼3-fold and
had no effect on the value ofk1. Vmax/Bmax andKM increased
by the same factor because of this (Table 3). The functional
result is no change in the uptake rate at subsaturating ACh
concentrations and faster uptake at saturating ACh (which,
however, requires higher concentrations of ACh).In ViVo,
this might mean more uptake.

Mutation F335Y had no effect on the value ofk2 and
decreased the value ofk1 by ∼10-fold. The functional result
is slower uptake at subsaturating ACh concentrations and
no change in the uptake rate at saturating ACh (which,
however, requires higher concentrations of ACh).In ViVo,
this probably would mean less uptake.

The A, F, Y substitution sequence at position 335 yielded
a progression in effects on microscopic rate constants that
correlates with molecular volume (52). Thus, for A at this
position,k1 remained at the wild-type value andk2 increased;
for F at this position, both microscopic rates are wild-type
rates, and for Y at this position,k1 decreased andk2 remained
at the wild-type value. The pattern suggests that TMD VIII
has a pivotal role in both of the conformational changes that
occur in the transport cycle. F335A is the only mutant to
affect vesamicol affinity, causing a 2.7-fold decrease (Table
2).

Mutations that affect rate steps but not thermodynamic
affinity for ACh further illustrate the importance of deter-
mining microscopic parameters. F307A and F335A (already
analyzed above for other effects) exhibited increases in the
value ofKM (Table 3) with no change in the value ofKACho

(Table 4). If the increases inKM had been used to infer a
change in ACh affinity,the incorrect conclusion that these
residues are linked to the ACh binding site would haVe been
reached.

All other mutants exhibited wild-type behavior. This
includes Y175A/F. Y175 is conserved in VAChT and
VMATs (Figure 1). Null results for Y175A/F constitute a
negative control, as a residue conserved in VAChT and
VMATs probably is not located at a substrate binding site.

The Hill coefficient consistently was less than 1 for
displacement of bound [3H]vesamicol by ACh. The apparent
negative cooperativity was not caused by mutation, as the
wild type and mutants share the phenomenon. It is unlikely
that authentic negative cooperativity arising from a VAChT
oligomer exists, as there is no evidence supporting oligo-
merization of VAChT. The following hypothesis seems to
be reasonable. Immunocytochemistry carried out here and
by other researchers demonstrates that VAChT overexpressed
in PC12 cells is found in several cellular membrane types
(53, 54). Also, a recently developed assay that monitors
transmembrane reorientation of the ACh binding site gives
results consistent with the presence of transporting and
nontransporting VAChT in the type of preparation used here,
plausibly because some of the VAChT is not present in an
acidic compartment (48). Different lipid compositions in
different membrane types might affect the conformation of
the ACh binding site differentially to generate different
affinities that will appear as negative cooperativity. Func-
tional VAChT apparently is homogeneous, as regression to
transport data obtained with expressed rat VAChT and
naturalTorpedoVAChT in synaptic vesicles does not require
a Hill coefficient different from unity (46).
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ACh and choline binding sites tend not to be completely
buried, which reflects the cationic character of the ligand.
However, they are not extensively exposed to water because
of the aromatic component of the cation-π complex (55).
In addition to cation-π solvation, other interactions between
bound ACh and the binding site surely are present, like a
hydrogen bond to the ester carbonyl.

VAChT also transports ACh analogues, including many
that increase the steric bulk around the quaternary nitrogen
(45, 56). Cation-π solvation can adapt to different substrate
shapes through induced fit. Thus, rotations about theâ-carbon
can allow substantial change in the position ofπ-electrons
in aromatic side chains without distortion of the polypeptide
backbone. Similar induced-fit models have been proposed
to explain the ability of AChE (24), liver X receptorâ (57),
and the multidrug resistance protein MRP1 (58) to bind wide
ranges of ligands. In addition, aromatic side chains at the
protein-water interface in other regions of VAChT might
(a) provide a “slide guide” that increases the rate of diffusion
of ACh to its binding site and (b) act as a gate or filter for
ACh (59).

Many of the current results confirm previous conclusions
that the ACh and vesamicol binding sites are not identical
to each other (37, 46). The first is that regression to data for
vesamicol binding does not require a Hill coefficient different
from unity. The second is that eight mutants decreased ACh
affinity without any effect on vesamicol affinity, whereas
one mutant decreased vesamicol affinity without any effect
on ACh affinity.

VAChT is a member of the large, major facilitator
superfamily (MFS) defined by sequence homology (60). The
three-dimensional structures of three MFS proteins recently
were determined: theE. coli lactose permease [LacY, PDB
entry 1pv6 (61)], the Oxalobacter formigenesoxalate trans-
porter [OxlT (62, 63)], and theE. coli glycerol-3-phosphate/
inorganic phosphate antiporter [GlpT, PDB entry 1pw4 (64)].
Supersecondary structures in these transporters are highly
similar. Hirai et al. (65) propose that most prokaryotic and
eukaryotic members of the MFS have a similar packing
scheme for TMDs.

The determined structures contain 12 TMD helices or-
ganized into two halves related by approximate internal

2-fold symmetry. Many of the helices are tilted away from
the perpendicular and contain kinks. All three transporter
structures exhibit a large, putative, central transport channel
that is (a) open on the cytoplasmic face, (b) closed on the
extracytoplasmic face, and (c) lined at different depths by
TMD helices I, II, IV, V, VII, VIII, X, and XI. The substrate
binding site in LacY is composed of residues projecting into
the transport channel from TMDs I, IV, V, VII, and XI, and
in GlpT, it is composed of residues from TMDs I, V, and
VII.

Although the amount of data allowing comparison of TMD
packing in VAChT with that in determined MFS structures
is limited, sequence homology and available ion pairing
inferences are consistent with similar packing relationships
(66). Thus, the structure of LacY, which is the most studied
member of the MFS, will be used here as a template to
localize residues mutated in the current study (Figure 8). The
locations might have to be revised as more becomes known
about VAChT structure.

The three TMDs containing residues implicated in ACh
binding (V, VIII, and XI) line the putative transport channel.
However, TMD VIII is not involved in substrate binding in
determined structures, and it lines the channel only close to
the vesicular lumen. The one VAChT residue implicated
exclusively in ACh binding (W331) is in the beginning of
TMD VIII and thus close to the vesicular lumen. The ACh
binding site probably is located deep in the transport channel,
away from the bulk cytoplasm, for this reason. The vesamicol
binding site probably is located close to but not coincident
with the ACh binding site for the reasons cited above. The
other residue in TMD VIII implicated in ACh binding (Y343)
is linked in addition to thek1 rate step. Because it is located
further along TMD VIII than W331 is, Y343 probably is
proximal to the cytoplasm. In an alternating access model
of transport, thek1 step requires residues proximal to the
cytoplasm to close the transport channel behind bound ACh
as residues proximal to the vesicular lumen open the transport
channel in front of bound ACh. The geometry shown in
Figure 8 accommodates this requirement and rationalizes the
binding and rate effects caused by mutations of W331 and
Y343.

FIGURE 8: Mapping of VAChT mutants into the LacY structure. TMDs are denoted with Roman numerals. The approximate positions of
residues in VAChT yielding ACh affinity, vesamicol affinity, and rate effects when mutated are mapped into the cartoon. A yellow circle
indicates an ACh affinity effect. The red circle indicates a vesamicol affinity effect. A green rectangle indicates ak1 effect, and a blue
rectangle indicates ak2 effect. The figure ignores tilts and kinks in helices and is adapted from Abramsonet al. (61).

11172 Biochemistry, Vol. 43, No. 35, 2004 Ojedaet al.



A number of mutations resolved the microscopic rate steps
from each other, which suggests that different parts of
VAChT control rate steps. These mutations present an
interesting topology. Most mutations slowing thek1 step lie
in symmetrically related TMDs I and VII (Y50A and F307A)
and symmetrically related TMDs V and XI (F220A, Y428A/
F, and Y432A). Most mutations affecting thek2 step lie in
TMDs VII and XI (F307A, Y428A/F, and Y432A). Four
mutations in TMD VIII (F335A/Y and Y343A/F) are linked
to either thek1 or k2 rate step.

In summary, values for microscopic parameters that
characterize major steps in the VAChT transport cycle can
be extracted from macroscopic data. Many of the mutations
are pleiotropic, and microscopic apportionment of changes
to ACh binding and transport rate steps is important to
unraveling true effects. Mutation of residue W331, which
lies in the beginning of TMD VIII proximal to the vesicular
lumen, produced 5- and 9-fold decreased ACh affinity and
no change in other parameters. This residue is a good
candidate for cation-π solvation of bound ACh. Mutation
of four other residues decreased ACh affinity up to 6-fold
and also affected microscopic rate constants. The roles of
these residues in ACh binding and transport thus are
complex. Nine mutations resolved the ACh and vesamicol
binding sites from each other. Other mutations affected only
the rates of the transmembrane reorientation steps, and four
mutations increased the rate of one or the other. Two
mutations increased the value ofKM up to 5-fold due to rate
effects with no effect on ACh affinity.
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