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ABSTRACT: This research investigated the roles of 7 conserved ionic residues in the 12 putative
transmembrane domains (TMDs) of vesicular acetylcholine transporter (VAChT). Rat VAChT in wild-
type and mutant forms was expressed in PC12A123.7cells. Transport and ligand binding were characterized
at different pH values using filter assays. The ACh binding site is shown to exhibit high or low affinity
(Kd values are≈10 and 200 mM, respectively). Mutation of the lysine and aspartate residues in TMDs II
and IV, respectively, can decrease the fraction of sites having high affinity. In three-dimensional structures
of related transporters, these TMDs lie next to each other and distantly from TMDs VIII and X, which
probably contain the binding sites for ACh and the allosteric inhibitor vesamicol. Importantly, mutation
of the aspartate in TMD XI can create extra-high affinities for ACh (Kd ≈ 4 mM) and vesamicol (Kd ≈2
nM compared to≈20 nM). Effects of different external pH values on transport indicate a site that must
be protonated (apparent pKa ≈ 7.6) likely is the aspartate in TMD XI. The observations suggest a model
in which the known ion pair between lysine in TMD II and aspartate in TMD XI controls the conformation
or relative position of TMD XI, which in turn controls additional TMDs in the C-terminal half of VAChT.
The pH effects also indicate that sites that must be unprotonated for transport (apparent pKa ≈ 6.4) and
vesamicol binding (apparent pKa ≈ 6.3) remain unidentified.

Vesicular acetylcholine transporter (VAChT,1 SLC18A3)
exchanges luminal protons for cytoplasmic acetylcholine
(ACh) and concentrates ACh inside synaptic vesicles. The
driving force is provided by V-ATPase, which pumps protons
into the vesicles (1, 2). The experimentally determined,
macroscopic parameters that describe ACh transport areKM

andVmax. The macroscopic parameter for equilibrium binding
of ACh is the dissociation constantKACh. KM and KACh

describe different types of apparent affinity, so it is not
surprising that KM is 10-100-fold smaller thanKACh,
depending on the species of VAChT and pH (2). The large
difference inKM andKACh values is key to the calculation
of the microscopic constants presented below.

Transport is potently inhibited by the compound (-)-trans-
2-(4-phenylpiperidino)cyclohexanol (vesamicol), which binds
with equilibrium dissociation constantKV to an allosteric site
in VAChT (3). Although vesamicol is a synthetic compound,
characterization of its binding is useful because the binding
site is tightly linked to function.

A kinetics model for individual steps in the transport cycle
is illustrated in Figure 1. Transport begins by binding of ACh
on the outside, with equilibrium dissociation constantKACho,
and a proton on the inside. Transmembrane reorientation then
exposes bound ACh to the inside and bound proton to the
outside with rate constantk1. Both ligands are released. A
second proton binds inside, after which the empty substrate
binding site and bound proton reorient to the outside in the
rate-limiting step k2. The second proton is released to
complete the cycle. Parameters such asKACho, k1, andk2 are
termed microscopic because they underlie and determine the
values of macroscopic parameters. Vesamicol inhibits trans-
port by forming two types of dead-end complex, one with
the substrate binding site facing outside and one facing inside
(4).

The mathematical relationships between macroscopic and
microscopic parameters for VAChT have been derived (5),
and estimates for values of the microscopic parameters have
been made (6). The relationships simplify toKACho ≈ KACh,
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FIGURE 1: Microscopic kinetics model of the VAChT transport
cycle and vesamicol (V) binding. Proton efflux is not shown.
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k2 ≈ Vmax/Bmax, and k1 ≈ KAChok2/KM. The values of
microscopicKvs andKvi are nearly equal to each other and
will be taken equal to macroscopicKv (5). Thus, important
microscopic parameters can be calculated from available
measurements (7). Such an analysis is required for correct
interpretation of mutational effects.

VAChT is closely related to vesicular monoamine trans-
porter (VMAT) in physiological function, requirement for
proton antiport, amino acid sequence, substrate kinetics, and
existence of an inhibitory pharmacology. For this reason,
observations obtained from study of VAChT and VMAT
often are considered together in attempts to understand the
transport mechanisms (2). Such aggregation will be used here
as well.

VAChT and VMAT belong to the major facilitator
superfamily (MFS) (8). Three-dimensional structures recently
were obtained for three MFS transporters. The proton
symporter lactose permease (9), the glycerol 3-phosphate
phosphate antiporter (10), and the oxalate formate antiporter
(11, 12) contain the 12 helical transmembrane domains
(TMDs) predicted by consensus hydropathy analysis. All
three transporters have similar patterns for TMD packing
consistent with conservation of supersecondary structure in
the MFS.

VAChT contains 7 conserved ionic residues in 12 putative
TMDs. Such residues might be involved in binding of
ligands, proton translocation, or stabilization of three-
dimensional conformations. They are five aspartates, a lysine,
and a histidine (Figure 1). If these residues play major roles
in binding and transport, those functions should depend on
pH. Indeed,Torpedoand rat VAChT, and several isoforms
and species of VMAT, all exhibit similar pH dependencies
(2). An appropriate regression fit will yield an apparent pKa

value for each protonatable residue controlling the measured
function. For VAChT and VMAT, the pH dependence of
only a single mutation has been published (13), and a
functional pKa value has not been definitively assigned to
any residue.

In important foundational work, Hersh and colleagues
analyzed changes in the properties of VAChT at a single
pH value after mutation of the ionic residues in TMDs (14,
15). The work reported here extends that research. Major
but orderly changes in the properties of mutants are revealed
that provide important clues to the VAChT mechanism.

MATERIALS AND METHODS

Cell Line.The PC12A123.7 cell line, which is derived from
a line often used for study of neurosecretion, was obtained
as a generous gift from L. B. Hersh (Lexington, KY). It
expresses negligible endogenous VAChT (16). Cells were
grown as described (17).

Mutagenesis and Transient Expression.The cDNA for
wild-type rat VAChT was obtained as a generous gift from
A. Roghani (Lubbock, TX). It was subcloned into the
expression vector pcDNA3.1D/V5-His (Invitrogen, Carlsbad,
CA) without the attached poly-His tag. Mutations were
introduced, vector DNA was isolated, and cells were trans-
fected as described (17). Cells were harvested after∼72 h
and homogenized in 0.32 M sucrose and 10 mM HEPES
adjusted to pH 7.4 with KOH [supplemented with fresh 0.1
mM phenylmethanesulfonyl fluoride (Sigma, St. Louis, MO)

and complete protease inhibitor cocktail (Roche, Mannheim,
Germany)]. For pH studies, the HEPES concentration was
1 mM. Homogenate was centrifuged, and postnuclear
supernatant containing synaptic-like microvesicles (18) was
quick-frozen and stored at-80 °C until used. After thawing,
it was treated with 100µM diethyl p-nitrophenyl phosphate
(paraoxon) and assayed for protein (19).

Western Blot Analysis.Expression was monitored by
western blot analysis as described (20). The primary antibody
recognizes the N-terminus (Santa Cruz Biotechnology, Santa
Cruz, CA).

Vacuum-Assisted Filtration.The filter assay for bound [3H]-
ACh or [3H]vesamicol (Perkin-Elmer Life Sciences Inc.,
Boston, MA) has been described (17). Briefly, two 90 µL
portions from a 200µL incubation are mixed with separate
1 mL portions of ice-cold uptake binding buffer (UBB)
composed of 110 mM potassium tartrate, 1 mM ascorbic
acid, and 20 mM HEPES adjusted to pH 7.4 with KOH.
The diluted portions are rapidly and quantitatively filtered,
using vacuum assistance, through poly(ethylenimine)-coated
glass microfiber filter circles (GF/F, 1.3 cm diameter, from
Whatman, Maidstone, England) prewetted with UBB. Each
filter immediately is washed with three 1 mL portions of
ice-cold UBB. Radioactivity bound to the filter is determined
by liquid scintillation spectrometry. Nonspecific uptake of
radioligand is determined in the presence of 4µM unlabeled
vesamicol hydrochloride during incubation (except as noted).
Specific uptake is the difference between total (absence of
unlabeled vesamicol) and nonspecific uptake and is plotted
in most of the figures.

Saturation CurVes for Vesamicol Binding. [3H]Vesamicol
binding was determined by mixing postnuclear supernatant
(100 µL) containing 100 µg of protein (unless stated
otherwise) with 100µL of UBB containing twice the
indicated final concentration of [3H]vesamicol. Samples were
incubated for∼30 min at 23°C. Specifically bound [3H]-
vesamicol was determined as described above. Appropriate
equations were fitted to the averages of the duplicates by
nonlinear regression to obtain the concentration of vesamicol
binding sites (Bmax) andKv.

Equilibrium Displacement CurVes for ACh. The indicated
concentration of unlabeled ACh chloride was competed
against a trace concentration of [3H]vesamicol (5 nM, unless
stated otherwise). Postnuclear supernatant (50µL) containing
200µg of protein (unless stated otherwise) was mixed with
100µL of UBB containing 100µM paraoxon and twice the
indicated final concentration of unlabeled ACh. Fifty mi-
croliters of UBB containing 100µM paraoxon and 20 nM
[3H]vesamicol was added, and the mixture was incubated
for 10 min at 37°C. Specifically bound [3H]vesamicol was
determined as described above. Appropriate equations were
fitted to the averages of the duplicates by nonlinear regression
to obtain high- and low-affinity dissociation constants for
ACh (KAChHA andKAChLA).

Saturation CurVes for ACh Transport.Postnuclear super-
natant (50µL) containing 200µg of protein (unless stated
otherwise) was mixed with 50µL of UBB containing 100
µM paraoxon. Transport was initiated by the addition of 100
µL of UBB containing 100µM paraoxon, 10 mM ATP, 4
mM MgCl2, and twice the final concentration of [3H]ACh.
The mixture was incubated at 37°C for 10 min before
filtration. Appropriate equations were fitted to the averages
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of the duplicates (normalized toBmax for the same prepara-
tion) by nonlinear regression to obtain maximal transport
(Vmax) and the Michaelis-Menten constant (KM).

Immunofluorescence.Poorly transporting mutants were
analyzed for proper subcellular targeting as described (20).
Briefly, transfected cells plated onto collagen-coated glass
coverslips were stained with primary goat anti-rat VAChT
and rabbit anti-rat synaptophysin (Santa Cruz Biotechnol-
ogy). The secondary antibodies were donkey anti-goat
antibody conjugated to Cy2 dye for VAChT and donkey anti-
rabbit antibody conjugated to Cy3 dye for synaptophysin.
Washed coverslips were mounted in 5%n-propyl gallate in
glycerol and viewed using a laser scanning confocal micro-
scope (Bio-Rad Model 1024, Hercules, CA).

pH Profiles for Vesamicol Binding and ACh Transport.
A buffer system of constant osmolality was developed for
the pH range 5.5-10.0. A solution of 2-(N-morpholino)-
ethanesulfonic acid/HEPES/3-[(1,1-dimethyl-2-hydroxyethy-
l)amino]-2-hydroxypropanesulfonic acid, each at 99.6 mM,
and containing 4 mM dithiothreitol is pH 4.5 and 291 mOsm/
kg. A similar solution of 2-(N-morpholino)ethanesulfonic
acid /HEPES/3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hy-
droxypropanesulfonic acid, each at 58.3 mM, and containing
4 mM dithiothreitol was adjusted to pH∼10.5 with KOH
to obtain 306 mOsm/kg. The low- and high-pH solutions
were mixed with each other to obtain intermediate values
(pH buffer). Use of different compounds for buffering did
not change the pH profiles. Postnuclear supernatant (50µL)
containing 200-500µg of protein in 0.33 M sucrose and 1
mM HEPES at pH 7 and 380 mOsm/kg was added to 50µL
of pH buffer. Incubation for 10 min at 37°C for [3H]ACh
transport or 23°C for [3H]vesamicol binding was initiated
by the addition of 100µL of a solution containing 119 mM
potassium tartrate and either (i) 10 mM ATP, 4 mM MgCl2,
and 2 mM [3H]ACh or (ii) 10 nM [3H]vesamicol (except
for concentrations stated to be different). The pH of solutions
i and ii was adjusted to∼7.0 with KOH, and the pH of each
incubation was measured shortly before filtration.

Statistical Analysis.Regression was performed using
Scientist (MicroMath Research, St. Louis, MO) to obtain
macroscopic parameters( one standard deviation (σ). The
results include calculation of a Model Selection Criterion
(based on the Akaike Information Criterion), which estimates
goodness of fit adjusted for the number of degrees of
freedom. An experiment for each assay type was performed
at least twice for each mutant (except as noted). Replicate
values for fitted parameters were averaged as described (20).

Calculations.The k1 value was computed for a mutant
only if the value of at least one of the parameters in the
calculation differed more than 3 propagatedσ and a factor
of 2 or more from that of wild type. Otherwise, the value of
k1 was taken as wild type even if the result of ak1 calculation
was different from that of wild type. Thek2, KAChHA, and
KM values for the mutant, and not for wild type, were used
in the calculation, even if the value of a parameter for a
mutant was not different from that for wild type. Calculations
with fully propagated estimates of errors were carried out
as described (20).

RESULTS

The ionic residues in predicted TMDs were mutated,
usually to several other amino acids, and all mutants were

characterized for ligand binding and transport properties.
Poorly transporting mutants also were characterized for
subcellular targeting. The binding and transport data were
used to calculate microscopic constants for the transport
cycle. Unusual behaviors, how they were accommodated
experimentally, and overall conclusions from each type of
measurement are described in Results. The results then are
grouped for each sequence position in the Discussion. Finally,
an Overview is presented.

Western Blot Analysis.All mutants were glycosylated and
not significantly proteolyzed (Figure 2). They all expressed
adequately, although replicate transfections for the same
mutant often gave somewhat different levels of expression.

Saturation CurVes for Vesamicol Binding.Total and
nonspecific binding by D398A, which gave the smallest ratio
of these measurements, is shown in Figure 3A. Precision is
excellent even for this worst case. Specific binding for this
mutant and other interesting mutants is shown in Figure 3B.
The concentrations of [3H]vesamicol and VAChT were
adjusted as necessary to determine very high or low affinity.
Single rectangular hyperbolas fit all data sets well, which
means that a single type of vesamicol binding site was
present in each case (Table 2). TheBmax values for mutants
and wild type varied over∼4-fold range, except for D398E
and D398A, which had quite low values.

The very low affinities exhibited by D398E and D398A
raised the possibility that much of the specifically bound [3H]-
vesamicol dissociated during the assay and was not detected.
Accordingly, the dissociation rates at 23°C and ice tem-
perature were determined (data not shown). As surmised,
they were fast. The result meansBmax values obtained for
D398E and D398A are large underestimates. The conclusion
is confirmed by the similar intensities of staining in western
blots for D398E, D398A, and wild type (Figure 2). TheBmax

problem does not extend to other mutants.

Equilibrium Displacement CurVes for ACh. This type
curve is determined by using unlabeled ACh to compete
against a trace concentration of [3H]vesamicol for binding.
Trace is defined as severalfold less thanKv for the particular
mutant. The procedure can yield a dissociation constant
(KACh) but not aBmax value. After data sets for K131H and
K131A were fitted with standard, hyperbolic curves, visual
inspection clearly revealed that they were not well described
by the fits (Figure 4A). The data are reproducible, and
deviations from hyperbolic fits demonstrate that each of these
displacements has at least two components, namely, high
and low affinity. The components must arise from at least
two forms of the ACh binding site and not two forms of the
vesamicol binding site, as all [3H]vesamicol saturation curves
are monophasic. As justified in the Discussion for wild type,
each of the data sets for K131H and K131A was fitted with
the sum of two hyperbolic displacements having adjustable

FIGURE 2: Western blots of wild-type and mutant rat VAChTs.
Mock transfection did not contain the VAChT insert. VAChT runs
as a diffuse band at about 85 kDa.
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relative amplitudes (eq 1). In the equation, “fraction bound

vesamicol” is the fraction of specifically bound [3H]vesa-
micol remaining in the presence of ACh,FHA is the fraction
of transporter having high affinity for ACh, 1- FHA is the
fraction of transporter having low affinity,KAChHA andKAChLA

are the high- and low-affinity dissociation constants, respec-
tively, and the ACh concentration is given in millimolar. The
two-component equation fitted each data set very well and
is sufficient to describe displacement (Table 2).

All remaining data sets were fitted with two-component
equations, and the results were compared statistically to those
of the one-component fits obtained by settingFHA in eq 1 to
1. Preferred fits for interesting mutants are shown in Figure
4B,C, and fitted parameter values for all mutants are listed
in Table 2.

Saturation CurVes for ACh Transport.Total and nonspe-
cific transport by K131A, which gave one of the smallest
ratios of these measurements, is shown in Figure 5A.
Precision is good even for this near-worst case. Specific
transport for this mutant and other interesting mutants is
shown in Figure 5B. Single rectangular hyperbolas fit all
data sets well, which means that a single type of functional
transport site was present in each case. To account for
variation in the amount of transport due to different expres-

sion levels, transport was normalized toBmax. It is not
necessary to normalizeKM values.

Monophasic transport means, absent a coincidence inKM

values very unlikely to occur for all mutants, that transport
is due to the form of VAChT having either high or low
affinity for ACh, but not to both forms. Because the
differences between high and low affinities are large (often
>50-fold), very little ACh is bound to the low-affinity form
at theKM concentration of ACh. It is unlikely that the low-
affinity form transports significantly.

Normalization to FHA. The above analysis argues that
transport also should be normalized to the fraction of the
ACh binding site that is high affinity, whereFHA is either 1
for the mutants exhibiting one-component displacement by
ACh or a fraction between 0 and 1 for mutants exhibiting
two-component displacement [fully normalized isVmax/
(BmaxFHA), Table 3]. The calculation of microscopic param-
eters must be modified to be consistent. Thus,KACho ≈
KAChHA, k2 ≈ Vmax/(BmaxFHA), andk1 ≈ k2KAChHA/KM.

Changes in Microscopic Constants.If the value ofKACho,
k2, or k1 for a mutant wasg3σ and g2-fold different from
that of wild type, or if the value ofFHA wasg3σ different
from that of wild type, the change was considered significant
and notable. For such cases, the fold change, whether
increased or decreased, and the direction of change for the
mutant are listed in Table 4.

Immunofluorescence.Mutants that showed little transport
were analyzed for subcellular distribution by immunofluo-
rescence (Figure 6). All such mutants showed a pattern
similar to that of wild type. Thus, the failure of some mutants
to transport was not due to improper trafficking.

pH-Binding Profiles for Vesamicol. The data sets for
binding of trace concentrations of [3H]vesamicol at different
pH values approximate bell-shaped curves in all cases (Figure
7). A bell shape means that a site with a relatively acidic
pKa value, which we arbitrarily call pK1, must be unproto-
nated for vesamicol binding. Also, a different site with a
relatively basic pKa value, which we arbitrarily call pK2, must
be protonated for vesamicol binding. We asked whether any

FIGURE 3: Saturation curves for [3H]vesamicol binding. Frame A: Total (s) and nonspecific (- -) binding to D398A was determined in
0-4000 nM [3H]vesamicol and 0-4000 nM [3H]vesamicol plus 40µM unlabeled vesamicol, respectively. At theKv concentration, total
and nonspecific binding of vesamicol corresponded to 2100 and 845 cpm, respectively, accumulated for 20 min. Frame B: Specific binding
is plotted for wild-type (9) or mutant VAChT [D425K at pH 7.4 (O), D425K at pH 8.6 (b)] in 0-400 nM [3H]vesamicol. Due to high
affinity, D425H (0) was characterized with only 4µg of postnuclear supernatant in 0-20 nM [3H]vesamicol. Due to low affinity, D398E
(/) and D398A (×) were characterized in 0-4000 nM [3H]vesamicol. Fitted parameter values for all mutants are listed in Table 2.

Table 1: Ionic Residues in TMDs of VAChTa

TMDb I II IV VI VIII X XI

rat AA no.c D46 K131 D193 D255 H338 D398 D425
rVAChTd LDN SKA ADT FDA PHV VDT ADI
rVMAT1 e LDN SKA SSV LDG AYL VDS ADV
rVMAT2 e LDN SKA SSV LDG SYL VDS ADV

a Mutated residues are in boldface.b Putative TMDs are numbered
from the N- to C-terminus with Roman numerals.c Numbers for
mutated residues in the rat sequence.d Flanking residues are in regular
font. e Corresponding residues in rat VMAT1 and VMAT2.

fraction bound vesamicol) FHA(1 - ACh
KAChHA + ACh) +

(1 - FHA)(1 - ACh
KAChLA + ACh) (1)
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of the mutations alter pK1 or pK2. Mutations that do so are
linked structurally to the vesamicol binding site.

To estimate pK1 and pK2 values, each data set was fitted
with eq 2, which is a standard equation for bell profiles.
BpHindvesamicolis the “pH-independent” amount of [3H]vesa-
micol binding to the optimally protonated state favored by
intermediate pH, 10-pH is the proton concentration, 10-pK1

is K1, and 10-pK2 is K2. The value ofBpHindvesamicolis not of
interest, as it depends on the concentration of vesamicol used
and theKv value for the particular mutant. Moreover, values
for pK1 and pK2 are phenomenological and might be shifted

from generic values by microenvironments, specific interac-
tions with other residues, or a coupled equilibrium. Such
shifts would not preclude recognition of an altered pH profile,
but their potential presence requires that caution be exercised
when interpreting a change caused by a mutation.

Fits to all of the data sets resulted in a consensus value
for pK2 of ∼9.1. This value was obtained in separate
experiments measuring the pKa for the protonated amine in
vesamicol (unpublished results from pH titration of the
ultraviolet spectrum of vesamicol). A pK2 event centered in
vesamicol per se cannot be altered by mutation of VAChT,

Table 2: Equilibrium Binding of Vesamicol and ACha

mutant TMD Bmax
b Kv

c KAChHA, KAChLA
d FHA, 1 - FHA

e

WT 18.2( 0.2 22.1( 0.8 10.8( 0.7 0.89( 0.03
194( 84 0.11( 0.03

D46E I 17.6( 0.4 12.9( 1.3 26.4( 6.3 0.74( 0.13
267( 178 0.26( 0.13

D46N 20.4( 0.4 20.0( 1.2 15.3( 5.7 0.72( 0.32
65.5( 54.6 0.28( 0.33

K131A II 12.5( 0.2 19.4( 0.7 10.3( 1.5 0.49( 0.02
542( 94 0.51( 0.02

K131H 11.6( 0.2 13.1( 0.9 12.5( 2.5 0.29( 0.02
1116( 170 0.71( 0.03

D193E IV 46.2( 1.2 26.5( 2.1 8.74( 4.5 0.34( 0.08
230( 43 0.76( 0.08

D193A 21.1( 0.5 11.3( 0.5 64.7( 4.0 1
D193N 13.6( 0.2 37.6( 1.6 17.1( 0.4 1
D255E VI 17.4( 0.4 17.4( 1.3 14.8( 0.5 1
D255A 32.6( 1.0 12.8( 0.64 29.2( 3.7f 1
D255N 21.9( 0.6 19.4( 1.9 9.63( 1.4 0.79( 0.10

57.8( 24.4 0.21( 0.10
H338Y VIII 17.7 ( 0.2 32.0( 1.1 9.25( 0.93 0.95( 0.03

1310( 4040 0.05( 0.03
D398E X 3.20( 0.18g 455( 65 17.9( 1.7h 1
D398A 3.19( 0.23g 691( 140 22.8( 2.5h 1
D425H XI 17.8( 0.4 1.69( 0.11i 4.15( 0.34j 1
D425K 15.9( 0.3 126( 6 256( 21 1
D425Kk 15.1( 0.7 14.8( 2.9 107( 11 1

a Parameter values were obtained from experiments of the sorts shown in Figures 3 and 4 at pH 7.4, except as noted. Values are given to three
significant figures( σ. Except forFHA, a parameter value at least 3 propagatedσ from that of wild typeand 2-fold different is in boldface. For
FHA, only a difference of 3 propagatedσ was required.b Maximal specific binding of vesamicol (pmol/mg).c Wild type and all mutants exhibit a
single dissociation constant for vesamicol (nM).d The dissociation constants for the statistically preferred monophasic or biphasic fit to displacement
of trace [3H]vesamicol by ACh (mM). For mutants with two entries, the biphasic fit was preferred. For mutants with one entry, the monophasic fit
was preferred and the value is taken asKAChHA. e The fraction of transporter with high (FHA) or low (1 - FHA) affinity for ACh. f Results from one
determination.g Rapid dissociation of bound [3H]vesamicol causes a large underestimate forBmax. h Obtained by displacement in 50 nM [3H]vesamicol.
i Obtained with 4µg of postnuclear supernatant per 200µL incubation to avoid significant depletion of free [3H]vesamicol.j Obtained with 4µg
of postnuclear supernatant per 200µL incubation and 1 nM [3H]vesamicol to avoid excessive saturation of mutant.k pH 8.6.

FIGURE 4: Equilibrium displacement curves for ACh. Trace [3H]vesamicol was displaced by 0-400 mM nonradioactive ACh. Specifically
bound [3H]vesamicol is normalized to 1 at zero ACh. Frame A: Single-component (dashed line) and two-component (continuous line) fits
for wild type (9), K131A (2), and K131H (4). Frame B: The statistically preferred fit is shown for wild type (9), D46E ([), and D193E
(]). Frame C: The preferred fit is shown for wild type (9), D425K (O), D425 at pH 8.6 (b), and D425H (0). Assay for D425H used only
1 nM [3H]vesamicol and 4µg of postnuclear supernatant. Fitted parameter values for all mutants are listed in Table 2.
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and it is not of biological interest. Thus, pK2 in eq 2 was
held at 9.1 for a final round of regression fits to obtain pK1

values (Table 5).

The σ estimates for many values of pK1 in Table 5 are
unrealistically small. This outcome might have occurred
because (i) errors in pH were significant, possibly due to
lipid fouling of the glass electrode used to measure pH,
whereas errors in the independent variable are assumed to
be insignificant in standard regression, and (ii) errors in pH
measurements were normally distributed, which means errors
in the derived proton concentrations used for the fits are log-

FIGURE 5: Saturation curves for [3H]ACh transport. Frame A: Total (s) and nonspecific (- -) transport by K131A is shown. At theKM
concentration, total and nonspecific transport of ACh corresponded to 410 and 250 cpm, respectively, accumulated for 20 min. Frame B:
Specific transport was divided byBmax and then plotted. Single hyperbolas representing Michaelis-Menten kinetics were fitted to data sets
for wild type (9), D255A (b), H338Y (×), D255N (O), D46N ([), K131A (4), and D425H (0). Fully normalized parameter values for
all mutants are listed in Table 3.

Table 3: Macroscopic Parameters for ACh Transporta

mutant Vmax/(BmaxFHA)b KM
c mutant Vmax/(BmaxFHA) KM

WT 15.5( 0.9 0.77( 0.12 D255E 7.05( 0.47 1.67( 0.29
D46E 16.8( 3.9 0.76( 0.15 D255A 12.8( 0.64 1.71( 0.19
D46N 5.74( 2.63 2.72( 0.81 D255N 7.56( 1.22 1.21( 0.34
K131A 4.31( 0.52 1.26( 0.40 H338Y 8.93( 0.52 1.92( 0.25
K131H 20.2( 3.40 1.95( 0.69 D398E <35.6( 3.3d 1.86( 0.65
D193E 21.3( 5.17 1.57( 0.25 D398A nte nt
D193A 11.3( 0.5 0.91( 0.12 D425H 1.55( 0.32 3.90( 2.17
D193N 17.8( 0.6 0.51( 0.04 D425K nt nt

a Values required to compute table entries were obtained from Table 2 and experiments of the sort shown in Figure 5 at pH 7.4. Entries are given
to three significant figures( σ. An entry value at least 3 propagatedσ away from that of wild typeand 2-fold different is in boldface.b Vmax

normalized to the fraction ofBmax binding ACh with high affinity (BmaxFHA), in units of pmol of ACh (pmol of VAChT)-1 min-1. This result is
equivalent tok2. c Michaelis-Menten constant in mM.d An overestimate due to underestimate ofBmax caused by rapid dissociation of bound
[3H]vesamicol.e No transport was observed.

Table 4: Changes in Microscopic Parametersa

mutant KACho
b FHA

c Kvs/vi
d k2

e k1
f mutant KACho FHA Kvs/vi k2 k1

D46E WT WT WT WT WT D255A WT WT WT WT WT
D46N WT WT WT 2.9V 6.7V D255N WT WT WT 2.0V 3.6V
K131A WT 1.8V WT 3.9V 6.2V H338Y WT WT WT WT 5.1V
K131H WT 3.1V WT WT WT H338Ag ndh nd .WT nd nd
D193E WT 2.6V WT WT WT D398E WT WT 21v nd nd
D193A 6.0v WT WT WT 3.7v D398A WT WT 31v nti nt
D193N WT WT WT WT WT D425H 2.6V WT 13V 10V nd
D255E WT WT WT 2.2V 3.5V D425K 24v WT 5.7v nt nt

D425Kj 10v WT 4.9kV nd nd
a Values for microscopic parameters were computed as described in the text for pH 7.4, except as noted. For values notably different from wild

type, fold change is shown with an arrow indicating the direction of change. For example, thek2 value for D46N was 2.9-fold smaller than for wild
type. b Equilibrium dissociation constant for ACh binding to the outwardly oriented, high-affinity binding site.c Fraction of binding sites having
high affinity for ACh. d Kvs/vi representsKvs andKvi (Figure 1), which are assumed to be equal toKv. e Rate determining in steady-state transport
for the fraction of sites exhibiting high affinity for ACh.f Calculated only for mutants yielding values forVmax/(BmaxFHA) andKM. g Taken from ref
15. h Not determined.i No transport.j pH 8.6. k For protonated vesamicol (pK2 ) 9.1) binding to optimally protonated mutant and wild type using
pK1 values obtained from Table 5.

bound vesamicol)
BpHindvesamicol

1 + 10-pH

10-pK1
+ 10-pK2

10-pH

(2)
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normally distributed (21). Moreover,σ does not account for
a shift in apparent pKa value due to competition between
protons and the nonnegligible concentration of [3H]vesamicol
that was used to determine each curve. For these reasons,
the threshold for a meaningful difference between values of
pK1 was increased to 1.2 units. This threshold is intuitive
but representative of variability in replicate experiments, and
in all cases it is greater than 3 propagatedσ. Only one mutant
differed from wild type by more than the threshold.

pH-Transport Profiles for ACh.The data sets for transport
of nonsaturating concentrations of [3H]ACh at different pH
values approximate single bell-shaped curves in most cases
(Figure 8A). A site with a relatively acidic pKa value, which
we arbitrarily call pK3, must be unprotonated for transport.
A different site with a relatively basic pKa value, which we
arbitrarily call pK4, must be protonated for transport. The
deprotonation and protonation requirements could occur at
any step in the transport cycle, and mutations that alter pK3

or pK4 are structurally linked to a transport step.
To estimate values for pK3 and pK4, each data set

approximating a bell shape was fitted with eq 3. The
parameters are of the same types as those in eq 2. Similarly
to pK1, values for pK3 and pK4 are phenomenological and

might be shifted from generic values. The threshold for a
significant difference from wild type again was set at 1.2
units, and none of the differences reached the threshold
(Table 5).

K131A in TMD II exhibited a pH-transport profile
composed of two overlapping bells (Figure 8B). This unusual
profile is reproducible. The data were fitted by regression
models that assumed (i) pK3 and pK4 are independently
adjustable for each bell (four adjustable pKa values), (ii) pK3

is the same but adjustable and pK4 is independently adjustable
for each bell (three adjustable pKa values), or (iii) pK3 is
fixed at the wild-type value and pK4 is independently

FIGURE 6: Immunofluorescent staining of VAChT and synaptophysin in synaptic-like microvesicles. PC12A123.7 cells transiently expressing
VAChT were stained green for VAChT and red for synaptophysin. Yellow indicates colocalization. Frame A is wild type. Frame B is
D398A. Other mutants that transported poorly stained similarly.

FIGURE 7: pH-binding profiles for [3H]vesamicol. Bell-shaped
curves were fitted to specific binding data for wild type (9), D46N
([), K131A (2), D398E (/), and D425K (O). Due to low affinity,
the profile for D398E was obtained in 50 nM [3H]vesamicol for
total binding and in 50 nM [3H]vesamicol plus 40µM unlabeled
vesamicol for nonspecific binding. Fitted pKa values for all mutants
are listed in Table 5.

Table 5: pKa Values for Vesamicol Binding and ACh Transporta

mutant TMD pK1
b pK3

c pK4
d

WT 6.28( 0.03 6.42( 0.12 7.56( 0.12
D46E I 6.11( 0.10 6.56( 0.26 7.22( 0.28
D46N 6.36( 0.07 6.38( 0.10 8.41( 0.11
K131A II 5.89( 0.11 6.42 (fixed at

WT value)
6.10( 0.20

9.23( 0.26
K131H 6.22( 0.12 6.29( 0.11 7.80( 0.11
D193E IV 6.40( 0.11 6.15( 0.14 7.85( 0.14
D193A 7.20( 0.17 6.36( 0.13 8.12( 0.14
D193N 7.37( 0.21 6.27( 0.10 8.44( 0.10
D255E VI 6.26( 0.07 6.09( 0.16 7.87( 0.20
D255A 6.36( 0.05 6.27( 0.10 8.39( 0.10
D255N 6.85( 0.08 6.20( 0.14 8.25( 0.21
H338Y VIII 6.90 ( 0.10 6.12( 0.07 8.31( 0.08
D398E X 7.12( 0.07e 6.68( 0.21 7.40( 0.22
D398A 7.44( 0.09e ntf nt
D425H XI 6.30( 0.24 ndg nd
D425K 8.96( 0.10 nt nt

a Fitted values were obtained from experiments of the sorts shown
in Figures 7 and 8. They are given to three significant figures( σ.
b The site that must be unprotonated to bind vesamicol.c The site that
must be unprotonated to transport nonsaturating ACh.d The site that
must be protonated to transport nonsaturating ACh.e Obtained in 50
nM [3H]vesamicol.f No transport.g Not determined due to insufficient
transport.

ACh uptake
Bmax

)
VpHindtransport

1 + 10-pH

10-pK3
+ 10-pK4

10-pH

(3)
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adjustable for each bell (two adjustable pKa values). Model
iii was preferred statistically (eq 4). The result is sensible,

as a mutation is likely to perturb only one of the two residues
responsible for the bell shape, and the profile on the acidic
side resembles that of wild type. Thus, the pK4 event was
split into two events by the mutation, and the fit to the basic
side gave pK4,1 ) 6.10 ( 0.20 and pK4,2 ) 9.23 ( 0.26
(Table 5). The interpretation is discussed below.

DISCUSSION

Wild Type.If data for displacement of trace [3H]vesamicol
by ACh are fitted with a standard hyperbolic fit, theKACh

value obtained is 16.8( 0.7 mM. However, Ojeda et al.
(20) found that inclusion of an adjustable Hill coefficient
gives a significantly better fit consistent with apparent
“negative cooperativity” of 0.75( 0.02. Although the Hill
approach to data fitting is quantitative, it does not provide
information about why a system deviates from simple
behavior.

Apparent negative cooperativity can arise from (i) a
homooligomer that propagates conformational changes among
binding sites and (ii) a mixture of monomers having different
conformations. In case i the amounts of high- and low-
affinity binding must be the same, and in case ii they need
not be the same. Data for K1312A, K131H, and D193E
cannot be fit adequately by any reasonable variation of case
i. Moreover, there is no evidence that VAChT oligomerizes.
The equation describing case ii gave the preferred fit for
eight of the data sets, including that of wild type, compared
to the one-component fit. Thus, 89( 3% of wild-type
VAChT has high affinity (KAChHA ) 10.8 ( 0.7 mM) and
11 ( 3% has low affinity (KAChLA ) 194 ( 84 mM) for
equilibrium binding to ACh. There is no evidence in the
western blots for significant proteolysis of wild type or any
mutant. Intact VAChT apparently accounts for both affinity
forms.

The pH studies confirm three critical types of pKa event
above pH 6 (2). A site with pK1 ≈ 6.3 must be unprotonated
for binding of vesamicol, a site with pK3 ≈ 6.4 must be
unprotonated for transport of ACh, and a site with pK4 ≈
7.6 must be protonated for transport of ACh. The pK1 and
pK3 events could be either (i) the protonated forms acting in
negative functional roles or (ii) the unprotonated forms acting
in positive functional roles. Similarly, the pK4 ≈ 7.6 event
could be either (i) the protonated form acting in a positive
functional role or (ii) the unprotonated form acting in a
negative functional role. Insufficient information is available
to decide between positive and negative roles for each event.
Deprotonation of the charged ammonium center in vesamicol
itself apparently accounts for loss of vesamicol binding at
higher pH.

The site exhibiting pK4 cannot mediate productive proton
efflux, as protonation from the outside would be inhibitory
to proton efflux and thus to transport, not stimulatory. It must
have a structural role. Moreover, if the pK4 event were to
contribute to loss of vesamicol binding at higher pH, the
binding would drop toward 0 twice as steeply as it does.
Thus, pK4 seen in transport has no effect on vesamicol
binding.

Asp-46 in TMD I. Neither D46N nor D46E affects the
fraction of VAChT that binds ACh with high affinity or the
affinities of the ACh and vesamicol binding sites. D46E
exhibits wild-type transport properties. D46N transports with
∼3-fold lower Vmax/(BmaxFHA) but wild-type KM. These
macroscopic parameters reflect 6.7- and 2.9-fold lower values
for k1 andk2, respectively. D46 does not account for any of
the pKa events, and it is not at the ACh or vesamicol binding
site.

Lys-131 in TMD II. In both VAChT and VMAT, this
residue forms an ion pair with D in TMD XI (15, 23).
Computer modeling has confirmed that these K and D
residues can be close to each other (24). In the current study,
K131A and K131H had wild-type affinity for vesamicol.
However, in K131A only 49( 2% has high affinity for ACh
(KAChHA ) 10.3 ( 1.5 mM). In K131H only 29( 2% has
high affinity (KAChHA ) 12.5( 2.5 mM). Because it behaves
similarly to K131A, the mutant K131H probably does not
ion pair. An absence of ion pairing might occur because the
imidazole group of the introduced histidine does not carry a
positive charge at the pH of the measurement (pH 7.4) or
cannot extend far enough to reach D in TMD XI.

FIGURE 8: pH-transport profiles for [3H]ACh. Frame A: Bell-shaped curves were fitted to specific transport data normalized toBmax for
wild type (9), D46E ([), D398E (/), D255E (b), H338Y (×), and D193E (]). Frame B: The sum of two bell-shaped curves was fitted
to specific transport data normalized toBmax for K131A in 3 mM [3H]ACh as described in the text for model iii. Fitted pKa values for all
mutants are listed in Table 5.

ACh uptake
Bmax

) [ VpHindtransport1

1 + 10-pH

10-pK3
+ 10-pK4,1

10-pH
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1 + 10-pH

10-pK3
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The ratios of the amounts of high- to low-affinity binding
in K131A and K131H are∼0.4-1, and in wild type the ratio
is 8. The ratio of ratios (∼11), combined with∆G° ) -RT
ln(Keq) in whichKeq is set to 11, tells us that the high-affinity
form is stabilized∼-1.5 kcal/mol by the K-D ion pair.
Thus, the ion pair is important but not critical to high-affinity
binding by ACh.

K131H exhibits wild-type values forVmax/(BmaxFHA) and
KM. K131A shows reduced but significant transport, with
Vmax/(BmaxFHA) ∼3.6-fold less than for wild type.KM is wild
type. The changes in transport seen for K131A are due to
6.2- and 3.9-fold slowerk1 and k2 rate steps, respectively.

Both mutants show wild-type pH-binding profiles for
vesamicol. Thus, K131 does not account for the pK1 event.
K131H shows wild-type pH-transport profiles. Thus, K131
does not account for the pK3 or pK4 events either. However,
K131A splits pK4 into two values, namely, pK4,1 ≈ 6.1 and
pK4,2 ≈ 9.2 (Figure 8B). A single residue in different
microenvironments likely gives rise to the splitting, as the
functional consequences for protonation are the same (that
is, transport). Presumably both forms of transporter repre-
sented by pK4,1 and pK4,2 bind ACh with high affinity, or
else they could not transport. We defer discussion of which
residue probably gives rise to the pK4 event.

Because intrinsic affinities for ACh and vesamicol do not
change in these mutants, K131 is not at the ACh or vesamicol
binding site per se. The conclusion implies that D in TMD
XI also is not at the ACh or vesamicol binding site.
Disruption of the K-D ion pair surely would have affected
the structure of a binding site in which the D residue of that
ion pair is directly involved.

Asp-193 in TMD IV.The corresponding residue in VMAT
is serine (Table 1). D193N, D193E, and D193A studied here
have wild-type affinity for vesamicol. D193E, but not D193A
and D193N, causes a large decrease inFHA to 34( 8%. In
D193E and D193N, some or all of the binding site for ACh
is high affinity. However, in D193A all of the binding site
exhibits a 6.0-fold decrease in affinity. The three mutants
transport similarly to wild type at the macroscopic level, but
D193A exhibits microscopic compensation. The rate of the
k1 step in this mutant increases 3.7-fold, which cancels the
effect of weaker ACh binding in determining the value of
KM. D193 does not account for any of the pKa events, and it
is not located at the ACh or vesamicol binding site.

Asp-255 in TMD VI.D255E, D255A, and D255N show
wild-type properties for ACh and vesamicol binding. They
exhibit small decreases inVmax/(BmaxFHA) and small increases
in KM values. About 2-4-fold changes ink1 and k2 cause
the macroscopic effects. D255 does not account for any of
the pKa events, and it is not located at the ACh or vesamicol
binding site.

His-338 in TMD VIII. The previous VAChT study by
Hersh and colleagues demonstrated that H338A and H338K
transport ACh well but bind vesamicol poorly. Because the
reverse double mutant H338D/D398H exhibits good vesa-
micol binding, an ion pair between H338 and D398 in TMD
X was hypothesized (15). Computer modeling has demon-
strated that these residues can be close to each other (24).
In VMAT, the corresponding position is conserved Y (Table
1). The H338Y mutant of VAChT was made in the current
study, and this nano-mimic of VMAT was characterized. It
binds vesamicol and ACh with wild-type properties. It

transports with wild-typeVmax/(BmaxFHA) and an elevatedKM

that is associated with a 5.1-fold lower value fork1. The
latter observation suggests that the interaction between TMDs
VIII and X might be more important to thek1 than thek2

step.
As H338Y cannot acquire a positive charge, yet it

substitutes adequately for H338, a positive charge, and thus
an ion pair, is not critical at this position. H338Y might form
a hydrogen bond with D398 that substitutes for an ion pair.
Alternatively, the aromaticity of H and Y side chains might
be important. H338 does not account for any of the pKa

events studied here, and it is not located at the ACh or
vesamicol binding site.

Asp-398 in TMD X.In both VMAT and VAChT, this
residue is very important to transport, although E substitutes
(13, 23). The residue probably carries thek1 proton in VMAT
(2). In the current study, D398E and D398A were character-
ized. Vesamicol binds to both mutants, but with 21- and 31-
fold lower affinities, respectively. Loss of the interaction with
H in TMD VIII seems sufficient explanation for lower
vesamicol affinity, and there is no necessity to invoke direct
participation of D398 in the vesamicol binding site. D398E
and D398A have wild-type affinities for ACh, demonstrating
that D398 is not part of the ACh binding site either.

Consistent with most other mutations at this position,
D398A does not transport. The loss of transport without
change in ACh binding properties confirms that the mutation
causes a specific defect in productive efflux of protons.
D398E is confirmed to transport well, but the transport could
not be normalized to expression level due to an unreliable
value forBmax. Good transport demonstrates that a negative
charge is required at this position, but steric requirements
for that charge are low.

The pH profiles for vesamicol binding to D398E and
D398A show that pK1 is present. Thus, D398 cannot give
rise to the pK1 event. Because D398A does not transport,
pK3 and pK4 values could not be determined. This circum-
stance leaves open the possibility that D398 gives rise to
the pK3 or pK4 event.

Several arguments constrain the possibilities. In the first
argument, we assume that D398 carries thek1 proton
similarly to the corresponding residue in VMAT. As we
already have concluded that the residue accounting for the
pK4 event cannot be critical to productive proton efflux, D398
cannot give rise to the pK4 event. This argument leaves open
the possibility D398 accounts for the pK3 event, but only if
different residues account for the pK1 and pK3 events (a
relationship between D398 and pK1 was ruled out above).

The second argument is generated by the observation that
D398E exhibits wild-type values for pK3 and pK4. The value
for pK3 is significantly higher than for the pKa of generic D
(∼4.0). If it accounts for the pK3 event, D398 resides in a
microenvironment (involving interaction with H in TMD
VIII) that raises its pKa value ∼2.4 units to 6.4. Because
D398E apparently does not interact with H in TMD VIII
(as indicated by weak vesamicol binding), it is in a different
microenvironment. Yet D398E would have to undergo a
similar shift in pKa value as D398 does to generate pK3. This
outcome is unlikely. However, the argument is not rigorous
because a coincidence could occur. The pH-transport profile
for the corresponding E mutant in VMAT differs consider-
ably from that observed here (13).
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In the third argument, if their pKa values are generic, D398
and D398E would be essentially fully unprotonated at all
pH values investigated here, and they would not generate
the pK3 event. Indeed, the site binding thek1 proton in
Torpedovesicles has been assigned pKa ) 4.7 (6). As it likely
acts in thek1 step, D398 probably is the residue responsible
for the pKa ) 4.7 event. This conclusion means D398
probably did not show its pKa in the current work.

Asp-425 in TMD XI.This residue was mutated to H and
K in order to analyze the effects of potentially positively
charged residues. Positive charge would repel the substituted
residue away from K in TMD II and prevent formation of a
compensatory interaction mimicking the K-D ion pair in
wild type. The first observation is that D425H and D425K
are the only mutants to strongly perturbboth the ACh and
vesamicol binding sites. The behavior contrasts with that
exhibited when the ion pair is disrupted by mutation of K in
TMD II, which only decreases the fraction of high-affinity
ACh binding.

The second observation is that D425H binds vesamicol
13-fold tighter than wild type does. The direction and size
of this change are notable. At the standard pH of 7.4, D425K
binds vesamicol 5.7-fold looser than wild type does. At pH
8.6, D425K hasKv ) 14.8 ( 2.9 nM, which is within the
range of normal affinities. However, the value is misleading.
Two corrections must be made to it, using an approach
similar to that given by eq 2, to compute intrinsic affinity.
Because only 0.76 of the vesamicol was protonated and able
to bind mutant, and only 0.30 of the mutant was unprotonated
and able to bind vesamicol (Figure 7), the corrected value
for pH-independentKv is 4.1 nM. The values for D425H
and wild type are 1.5 and 20 nM, respectively, after making
the same types of corrections. D425K unprotonated on the
introduced K binds vesamicol 4.9-fold tighter than wild type
does. Thus, unprotonated K and what is probably unproto-
nated H (so deduced because the pH profile for vesamicol
binding to D425H is the same as to wild type) both yield
mutants havingextra-high affinities forVesamicol! Unpro-
tonated K and H are rather different structurally. These
observations suggest that the increases in vesamicol affinity
arise from a loss of function, namely, loss of the K-D ion
pair, rather than from a gain of function dependent on the
introduced K and H residues.

The third observation is that, as for vesamicol binding,
the D425H and D425K mutations affect ACh binding in a
complex manner (Table 2). The behavior is not an artifact
caused by changes in the affinity of vesamicol, which was
used as the indicator, because the conditions for the displace-
ments by ACh were adjusted to compensate. The three sets
of displacement data for these mutants are fitted best by the
one-component equation. That behavior means the ap-
proximate isoenergetic relationship between high- and low-
affinity forms created when the ion pair is broken on the K
side is overridden when it is broken on the D side. Also,
D425H exhibits 2.6-foldextra-high affinity for ACh. D425K
binds ACh with low affinity, although binding probably is
tighter at higher pH, similarly to vesamicol binding.

The diversity of residue types at this position showing
normal or extra-high affinity for vesamicol and ACh [includ-
ing D425N and D425E (14)] confirms that D425 is not at
the vesamicol or ACh binding site (this conclusion already
had been reached from results obtained with mutants of K

in TMD II). Instead, position 425 must communicate with
the ligand binding sites by means of propagated conforma-
tional changes. Moreover, theK-D ion pair apparently
blocks potential extra-high affinityfor vesamicol and ACh
under some circumstances.

Transport was severely compromised in both mutants.
D425K did not transport. D425H had∼10-fold lower k2.
Transport by D425H is consistent with a role for D425 in
structure rather than translocation of a proton, which is
similar to its role in VMAT (13, 23).

D425H exhibited a wild-type value for pK1 in vesamicol
binding, which means D425 does not have a role in the pK1

event. However, D425K exhibited pK1 ≈ 9.0. How can such
a large increase in value be explained if the responsible wild-
type residue still is present? A possible answer is that the
introduced lysine blocks binding, presumably by means of
a propagated conformational change, at pH values where it
is protonated. Thus, the mechanisms for the pK1 events in
D425K and wild type probably are different. The value of
the apparent pK1 event in D425K is consistent with
introduced lysine, as it is only about 1 unit lower than pKa

≈ 10 for generic lysine.
The values of pK3 and pK4 could not be determined for

D425K, because of the absence of transport, or for D425H,
because of too little transport. Nevertheless, we conclude
D425 is not likely to account for the pK3 event. Two
arguments support this conclusion. In the first argument, we
note that the D425H mutant presumably must undergo
deprotonation by the pK3 event to transport even a small
amount. The second argument depends on the similarity in
pH dependence between VMAT and VAChT. Because an
uncharged, double mutant at the K-D ion pair of VMAT
transports well (23), the pK3 event in VMAT is unlikely to
involve D in TMD XI. By analogy, the same probably is
true for VAChT.

D425 likely gives rise to the pK4 event. The splitting of
pK4 into two values by K131A (discussed under Lys-131 in
TMD II) is striking and suggests that K131, although not
giving rise to the pK4 event, is strongly linked to it. Ion
pairing of K131 with D425 provides a linkage mechanism.
Loss of ion pairing could allow D425 sufficient conforma-
tional flexibility to distribute between microenvironments that
yield different pKa values. Hydrophobic microenvironments
are consistent with (i) increased pKa values for D425 in wild
type and K131A and (ii) a decreased pKa value for the
introduced lysine in D425K.

OVerView. The findings in this study generally agree with
results of previous studies in VAChT and VMAT. One
interesting finding not already summarized is that mutations
in TMDs I, IV, and VIII differentially affect the values of
the k1 and k2 rate constants, which suggests that different
regions of the amino acid sequence control each transmem-
brane reorientation step in the transport cycle. Also,none
of the investigated residues appears to be located directly in
the ACh or vesamicol binding site.

Where might the ligand binding sites be? Part of the ACh
binding site probably is in TMD VIII deep in the transport
channel toward vesicular lumen, as mutation of conserved
W331 (∼2 helical turns before H338 in TMD VIII)
substantially decreases ACh affinity without effect on any
other microscopic parameter (20). Part of the vesamicol
binding site probably is in TMDs VIII and X. F335A (∼1
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helical turn before H338 in TMD VIII) exhibits decreased
affinity for vesamicol, and C391Y (∼2 helical turns before
D398 in TMD X) does not bind vesamicol, yet it transports
ACh well (20, 25).

All of the residues mutated in this study are definitively
eliminated as the source of the pK1 ≈ 6.3 event in vesamicol
binding. All of the residues, except those in TMDs X and
XI, are definitively eliminated as the source of the pK3 ≈
6.4 event in ACh transport. Although not definitive, con-
siderations based on the results of other work discussed above
make it unlikely that the D residues in TMDs X and XI give
rise to the pK3 event. Thus, the responsible residues remain
unidentified. As the pK1 and pK3 events (i) produce similar
functional consequences, (ii) occur at nearly the same pH
values, and (iii) can arise from only a few remaining
candidates, a single unidentified residue of pKa 6.3/6.4 might
control both ACh transport and vesamicol binding.

All solved structures in the MFS open toward cytoplasm
and show very similar TMD packing (Figure 9). Compact
N- and C-terminal halves, each composed of six helical
TMDs, are related to each other by a pseudo-2-fold axis
perpendicular to the plane of the membrane. A putative
substrate transport channel runs along the pseudo-2-fold axis.
It has been argued that all members of the MFS having 12
TMDs, including VAChT and VMAT, are likely to have
similar TMD packing (24, 26). Accordingly, the residues
mutated here have been mapped very approximately into the
packing model (Figure 9). Should TMD packing in VAChT,
or the locations of ligand binding sites, be shown in the future
to be substantially different from those assumed here, the
following discussion would have to be revised accordingly.

Mutations altering ionic residues in the putative TMDs
cause orderly changes in the ligand binding and transport
properties of VAChT. However, the diversity and magnitude
of effects obtained by mutation of the D residue in the K-D

ion pair are much greater than for any other residue.
Moreover, this residue is tentatively assigned to the pK4 event
in transport. TMD XI apparently plays a special role. The
observations suggest a model in which the K-D ion pair
controls the conformation or relative position of TMD XI,
which in turn controls additional TMDs in the C-terminal
half of VAChT. The model provides an attractive explanation
for how mutations in TMD IV, which lies next to TMD II,
propagate consequences to the distant binding site for ACh.
A mutation in TMD IV might alter the conformation of the
K residue in TMD II, which could transmit the disturbance
through the ion pair and into the C-terminal half of VAChT.
The model also is consistent with the observation that D425E
does not transport, apparently because an important structural
change does not occur (13, 14). These ideas suggest many
new experiments to probe VAChT mechanism.
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