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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 catior-or 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 catiwrsolvation. Mutated VAChTs were expressed

in PC121237 cells and characterized with the goal of determining whether mutations widely perturbed
structure. The thermodynamic affinity for ACh was determined by displacement of #dé{)-trans
2-(4-phenylpiperidino)cyclohexanol (vesamicol) with ACh, and Michadlienten parameters were
determined forjH]JACh transport. Expression levels were determined witlj\jesamicol saturation curves

and Western blots, and they were used to normalizg 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—s 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
increasedhe rate of one or the other. Two mutations increased the valk® afp 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 (AChhy synaptic vesicles is  N- and C-termini exposed to the cytoplasm. The location of
mediated by the vesicular acetylcholine transporter (VAChT), the ACh binding site is unknown.
which is driven by proton-motive force generated by V-  After discovering a synthetic receptor with a strong affinity
ATPase 1(—3). Alfonso et al. (4) were the first to clone  for ACh (13), Doughertyet al. (14) proposed a novel model
VAChT. Predicted sequences now are available for many for binding sites that are selective for ACh and choline. They
species%—12). Hydropathy analysis indicates that VAChT hypothesized that electron-rich aromatics can effectively and
contains 12 putative transmembrane domains (TMDs), with selectively solvate the quaternary ammonium functional

group through cationz interaction (binding of an organic
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Table 1: Primers Used for Mutagenésis

mutant primet

Y50A 5-GGACAACATGTTGGCCATGGTCATCGTGCCCATTGTTCC-3
Y50F 5-GGACAACATGTTGITCATGGTCATCGTGCCCATTGTTCC-3
Y175A 5-GCCTTTGCAGAAGAGSCTGCCACGCTCTTCGCTGCGCG3
Y175F B8-GCCTTTGCAGAAGACITT GCCACGCTCTTCGCTGCGCG-3
F191A 53-CCTGGGCTCGGCGCCGCGGACACGTCTGG-3

F191Y 8-CCTGGGCTCGGCTACGCGGACACGTCTGG-3

F220A 53-GGCGTGGCGCTAGCGCCATTAGCTTTGGAAGCC-3

F220Y 3-GGCGTGGCGCTAGCCTACATTAGCTTTGGAAGCC-3

F223A 8-CTAGCCTTTATTAGCGCCGGAAGCCTAGTGGCGCC-3
F223Y 8-CTAGCCTTTATTAGCTACGGAAGCCTAGTGGCGCC-3
F307A 5-CATTCCCCTTGCGCCCTCGAGCCCACC-3

F307Y B3-CATTCCCCTTGCEACCTCGAGCCCACC-3

W331A 5-GGGAGATGGGCATGGTIGCCCTGCCGGCTTTCGTGCC-3
W331F 3-GGGAGATGGGCATGGTMTCCTGCCGGCTTTCGTGCC-3
F335A 53-GGTTTGGCTGCCGGCECCGTGCCACACGTGTTAGG-3
F335Y 3-GGTTTGGCTGCCGGCTACGTGCCACACGTGTTAGG-3
Y343A 5-CACGTGTTAGGCGTEGCCCTCACCGTGCGCCTGG-3
Y343F 8-CACGTGTTAGGCGTATCCTCACCGTGCGCCTGG-3

Y428A 5-GCCATAGCTGACATCTCGCTTCTGTGGCCTACGCGCTCGG-3
Y428F 8-GCCATAGCTGACATCTCATT TCTGTGGCCTACGCGCTCGG-3
Y432A 5-CCTATTCTGTGGCGCCGCGCTCGGGCCC-3

Y432F 83-CCTATTCTGTGGCATCGCGCTCGGGCCC-3

aForward primers are listed. The mutant codon is underlined and in boldface.

solvation in biological systems. Virtual docking of ACh with  mined, and the results are reported and interpreted in this
the active site of AChE places the quaternary ammonium paper.
group in van der Waals contact with a tryptoph&3)(
Results from both X-ray crystallography and photoaffinity MATERIALS AND METHODS
labeling using a number of quaternary ammonium ligands Materials. The PC12'237 mutant pheochromocytoma
assign phenylalanine to the “anionic subsite” of the active PC12 cell line 82) was obtained from L. Hersh (University
site and tryptophan to the “peripheral anionic site” of AChE of Kentucky, Lexington, KY). This cell line is deficient in
(24). A soluble molluscan protein related to the nicotinic both type | and type 1l cAMP-dependent PKA activity, and
ACh receptor has aromatic residues lining the ACh binding choline acetyltransferas83) and VAChT @4) activities are
site 25). Moderate-resolution structure, photoaffinity label- barely detectable. PCA237 cells contain synaptic-like
ing, and unnatural amino acid methodology have revealed microvesicles to which VAChT is targete@5).
that the nicotinic ACh receptor contains a number of aromatic ~ Mutagenesis.Rat VAChT cDNA subcloned into the
residues engaged in catiom solvation of ACh 26—28). expression vector pcDNA3.1D/V5-His-TOPO without a
On the basis of structural analysis and site-directed mu- poly-H tag was obtained as a gift from D. T. Bravo. Primers
tagenesis, Schiefnet al. (29) described interaction between for mutagenesis were synthesized commercially (Table 1).
the quaternary ammonium group of the substrate betaine andSite-directed mutagenesis was performed using the Quik-
the indole groups of three tryptophans in the binding pocket Change mutagenesis kit (Stratagene, La Jolla, CA). Mu-
of ABC transporter ProU fronfescherichia coli tagenesis was performed according to the manufacturer’s
Thus, structural and chemical results make it clear that instructions. Wild-type and mutant plasmids were purified
tryptophan, tyrosine, and phenylalanine residues might befrom XL1Blue cells (Stratagene) using a DNA purification
located in the ACh binding site of VAChT. It is likely that kit (Qiagen, Valencia, CA). Wild-type and mutated VAChTs
such residues are conserved. Moreover, binding sites forwere sequenced using the Thermo Sequenase radiolabeled
transporter substrates are expected to be located in TMDsterminator cycle sequencing kit (USB, Cleveland, OH).
(30). A large number of aromatics in putative TMDs of Transient ExpressiariPC12\1237 cells were maintained at
VAChT are conserved. Many of these are likely to be 37°C in an atmosphere of 10% G@ complete Dulbecco’s
important to protein folding and not the ACh binding site. modified Eagle’s medium nutrient mixed 1:1 with Ham’s
How can such residues be eliminated from the list of F-12 medium. The culture medium was supplemented with
candidates? VAChHT is closely related to vesicular mono- 5% heat-inactivated horse serum, 10% fetal bovine serum,
amine transporters 1 and 2 (VMATS), which have substrates 100 units/mL penicillin, and 108g/mL streptomycin. Wild-

containing a primary or secondary amine. Catiansolva- type and mutated VAChT cDNAs were transiently trans-
tion is much less effective for primary and secondary amines fected into PC12:237 cells by electroporation as described
than for quaternary amine81). Thus, VMATSs probably will previously 86). The parent vector (Invitrogen, Carlsbad, CA)

not conserve aromatic residues at positions correspondingwas transfected in parallel as a negative control. Briefly, cells
to those binding the quaternary ammonium of ACh in were detached with trypsin, washed, and resuspended in cold
VAChHT. phosphate-buffered saline (PBS) at a cell density-6fx

This hypothesis led to a focus on conserved aromatics in 107 cells/mL. Resuspended cells were mixed with DNA{50
putative TMDs of VAChT that are not conserved in VMATs.  100uQ), electroporated at 0.2 kV and 1.4 mF, and replated
VAChT was mutated at these residues and transientlyin the medium described above. Transfected cells were
expressed. Relevant properties of the mutants were deterharvested 72 h after electroporation.
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Preparation of Postnuclear Supernatarit&sicle-contain- nonspecifically bound vesamicat is the slope of nonspe-
ing postnuclear supernatants were prepared as describedific binding, Ves is the concentration of{]Jvesamicol,b
previously 86). Briefly, transfected cells were harvested, is the intercept for nonspecific bindinB, is the total amount
washed with cold PBS, and resuspended in homogenizationof bound vesamicolBnax is the concentration of specific
buffer [10 mM N-(2-hydroxyethyl)piperazin®&¥-2-ethane- vesamicol binding sites, arig, is the vesamicol dissociation
sulfonic acid (HEPES) adjusted to pH 7.4 with KOH and constant, were simultaneously fit to averaged data. The fitted
0.32 M sucrose] supplemented with protease inhibitors. Cells level of nonspecific binding was subtracted from data before
were broken in a Potter-Elvehjam homogenizer until 95% plotting.
of them took up trypan blue as determined by microscopic  Acetylcholine Dissociation Constarithe ACh dissociation
examination (three to six strokes), and the resulting suspen-constant was estimated by assessing the competition between
sion was centrifuged at 8@0for 10 min. The protein  ACh and binding of tracefH]vesamicol. Dry ACh chloride
concentration in the postnuclear supernatant was estimated1.63 g, Sigma-Aldrich) was rapidly dissolved in paraoxon-
with the Bradford protein assay (Bio-Rad, Hercules, CA). treated UBB and brought to 4.00 mL in a volumetric flask

The supernatant was incubated with 100! 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 &80 °C until it
was used.

SDS-Polyacrylamide Gel Electrophoresis and Western
Blot Analysis Expression of wild-type and mutated VAChT

to make a 2.25 M stock solution. Aliquots of the postnuclear
supernatant containing 25 of protein were mixed with
paraoxon-treated UBB and different concentrations of un-
labeled ACh and incubated for 10 min at 3Z. After this,

a final [PH]vesamicol concentration of 5 nM was added, and
incubation was continued for 10 min at 3. Bound
radioactivity in two 9QuL portions at each concentration of

was monitored by Western blot analysis as described by Kim ACh was determined by filtration as described above. The

et al. (37) with some modifications. Fifty micrograms of
protein was diluted to 50@L with homogenization buffer
containing complete protease inhibitor cocktail (Roche,
Nutley, NJ) and pelleted by centrifugation at 100§@6r 2

h at 4°C. The pellet was resuspended in 2000f 1x SDS
sample buffer (New England BioLabs, Beverly, MA) con-
taining 0.42 M dithiothreitol. Proteins were separated by
electrophoresis on a 10% SBgolyacrylamide gel and
blotted onto an Invitrolon PVDF membrane (Invitrogen)

level of nonspecific binding was determined in the presence
of 4 uM unlabeled vesamicol. Data for duplicates were
averaged. Use of tracéHq]vesamicol means the kgvalue

for displacement will be essentially equal to the equilibrium
dissociation constar€ach. Thus, the equatior8,s = b and

B: = b + BoKacr/(Kach™ + AChH) were fit simultaneously

to data for nonspecific and total binding, respectively, where
Bns is the amount of nonspecifically bounéH]vesamicol,

b is the intercept for nonspecific binding of slopeR),is

using a semidry electrotransfer apparatus (E&K, Saratoga,the total amount of boundifijlvesamicol,By is the amount

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 incubatedifd with horserad-

of specifically boundjH]vesamicol in the absence of ACh,
Kach is the ACh dissociation constantl 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

ish peroxidase-conjugated donkey anti-goat IgG (Santa Cruznonspecific binding was subtracted from data before plotting.

Biotechnology) at 23C. Electrochemiluminescent (ECL)

Acetylcholine Transport AssaVransport was assessed in

detection was performed using a standard kit (Santa Cruza manner similar to that of Kinmet al (37) with some

Biotechnology) as instructed by the manufacturer.
Vesamicol Binding AssaY.esamicol binding was carried
out according to the method of Kirt al. (37) with some
modifications. The postnuclear supernatant (10§ 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 200
containing the stated concentration #fifvesamicol. Incuba-
tion was continued for 30 min at 3. Polyethylenimine-
coated glass fiber filters (type GF/F, Whatman, Clifton, NJ)
were prewashed with cold UBB using vacuum-assisted
filtration. Two 90 uL portions of the vesicular suspension
at each concentration ofH]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 Il (Research
Products International, Mt. Prospect, IL). Nonspecific binding

modifications. $HJACh (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 ug of protein) was mixed with paraoxon-treated UBB
to a final volume of 20Q:L containing 10 mM Mg"ATP,

2 mM MgCl,, 1 mM EDTA, and the stated concentration of
[®H]ACh. Transport was allowed to proceed for 10 min at
37 °C. It was terminated by diluting a 9€L 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
guantitated as previously described. The level of nonspecific
transport was determined in the presence ekunlabeled
vesamicol. Data for duplicates were averaged. The equations
Vos=m x ACh + b andV; = Vis + (Vmax x ACh)/(Ku +
ACh), whereV,s is the amount of nonspecific transpant,

was assessed in the presence of radiolabeled ligand and 4s the slope of nonspecific transport, ACh is the concentration

uM unlabeled vesamicol3@). Data for duplicates were
averaged. The equatiols = m x Ves+ b andB; = Bys
+ (Bmax x Ves)/K, + Ves), whereB,s is the amount of

of [3H]ACh, b is the intercept for nonspecific transpo,
is the total amount of ACh taken ufmax is the maximal
amount of specific transport, andyv is the Michaelis-
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Menten constant for ACh transport, were simultaneously fit the mean according to eq 1.
to averaged data. The extent of specific transport was

obtained by subtracting the calculated extent of nonspecific /G 24 524
transport from the experimentally determined extent of total Y+o,= A+BF .. T B ™ (1)
uptake. The extent of specific transport was divideBhyx n n

for the same preparation of postnuclear supernatant to obtain

the number of molecules of ACh taken ppr molecule of whereY is the mean of replicate values for a macroscopic
transporter over the time period of the experiment. “Normal- parameter (for exampl&w), oy is the estimated standard
ized” data then were fit with a rectangular hyperbola to deviation associated with, A, B, ..., etc., are the replicate
estimate values of normalized turnO\)érEaJBmax and K. values for the parametem,is the number of replicates, and

For those mutants showing little transport, errors associatedda s, .., €tc., are the standard deviations corresponding to
with Vimax and Ky are too large to permit regression to A B, ..., etc., respectively.
separated values. The data also usually did not exhibit To assess whether a parameter vakig:{, Kv, Ku, Vimal
saturation. In these cases, t¥ga/Ky ratio was fit to the Bmax VmaxdBmadKw, ko, andk;) for a mutant differs from that
level of total transport using the equatiorig = m x ACh for the wild type, eq 2 was used.

+ b andV; = Vs + ratio x ACh, where ratio= Vimad/Kwu.

The extent of specific transport was normalized as described _ _ \/ 2 2
above to estimateVma/Bma/Kv, Which is the apparent AZ £ 305 = (Zyr — Zuur) £3\/0z, "t oz, "t
second-order rate constant for transport at ACh concentra-
tions much lower thaty.

Immunofluorescenc€ells 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 £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 Grovey, . “u o ' mtant and wild-type values for the parameter are

PA)]. Cells were incubated with primary antibodies [1:50 . cijered the same within error. Otherwise. the
i : : . , y are
for VACIT and 1:100 for synaptophysin (SYPH)] diluted different. A mutant was not considered notably different from

in IF buffer for 1 h at 23°C, washed three times for 10 min -, '\ &1 type unless a parameter vahlsowas at least 2-fold

each |n.IF bufer, mcubate_d for. an *”.‘dd'“‘“.”ah with the different. Values of macroscopic parameters meeting both
appropriate §econdary antibodies d'!Uted in IF buffer, and criteria are shown in boldface in Tables 2 and 3, except for
washed again three times for 10 min each. To detect theBmM the variation of which is not intrinsically interesting

VAChHT primary antibody (Santa Cruz Biotechnology), the .
secondary antibody (1:100 dilution) was a donkey anti-goat In the current work.
antibody conjugated to Cy2 (Jackson Immunoresearch ResyLTS
Laboratories). For the antibodies to SYPH (Santa Cruz
Biotechnology), donkey anti-rabbit antibodies (1:200 dilu-  Site-Directed Mutagenesis, Transient Expression, and
tion) conjugated to Cy3 were used (Jackson Immunoresearchvesicle PreparationTen conserved W, Y, and F residues
Laboratories). After being washed, the coverslips were in putative TMDs of rat VAChT are not conserved in closely
mounted onto glass slides, and the staining was thenrelated VMATSs (Figure 1). Each such residue in rat VAChT
visualized with a Bio-Rad 1024 MRC laser scanning confocal was mutated to alanine and a different aromatic residue. One
system coupled to a Nikon Diaphot microscope with an oil Y conserved in VAChT and VMATs was mutated as a
immersion objective (6Q). The appropriate set of filters and ~ control, for a total of 22 mutants produced. The mutants were
laser lines was used to avoid bleed-through between red andransiently expressed in a variant of PC12 cells that (a)
green fluorescence. Images were processed using Lasershagxpresses essentially no endogenous VAChT and (b) contains
(Bio-Rad) and Adobe Photoshop (Adobe Systems, Inc., synaptic-like microvesicles to which VAChT is targeted,(
Mountain View, CA). 35). Expressing cells were homogenized and centrifuged to
Statistical Analysislsotherms for ACh displacement and prepare the postnuclear supernatant containing VAChT in
vesamicol binding and the saturation curve for ACh trans- microvesicles.
port were determined for the wild type and every mutant.  Wild-type and mutant transporters were characterized by
Values for macroscopic parameters describing the outcomesWestern blot analysis (Figure 2). They all migrated as diffuse
of these assays were estimated by regression using Scientidbands with an apparent molecular mass of approximately
(MicroMath Research, St. Louis, MO). To test reproducibility 85 kDa (arrow). This value is greater than that predicted for
and obtain sufficient numbers of replicates to determine the polypeptide (56.5 kDa) because of glycosylation. Thus,
whether mutants differ from the wild type in an assay all of the mutants were properly glycosylated and not
property, each type of assay was conducted two or moreapparently differentially degraded by proteases. Expression
times on each VAChT species, except as noted (footnote glevels of mutants estimated from staining intensity often
in Table 3). The more abnormal a mutant appeared, the morediffered from that of wild-type VAChT. The differences are
times it was assayed. Replicate values for macroscopiclikely to be due to changes in mRNA stability and/or the
parameters were averaged, and standard deviations for thesuccess of protein folding during insertion into the endo-
replicates were used to estimate the standard deviation ofplasmic reticulum 40).

)
where AZ is the difference between the values of the
parameter for the wild type and mutangia3 is 3 times the
propagated standard deviation associated withZy and
Zyut are the values of the parameter for the wild type and
mutant, respectively, ang,,, andoz,,, are the propagated

standard deviations associated withr and Zyyr, respec-
tively. If the interval AZ £+ 3o,z contains O (null interval),
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T™MD # 1 I v v v Vil vl vilk vl XI XI

Ratresidue # Y50 Y175 F191 F220 F223 F307 W331 F335 Y343 Y428 Y432
Rat LYM DYA AFA AFI SFG AFL VWL AFV VYL SYS AYA
Mouse LYM DYA AFA AFI SFG AFL VWL AFV VYL SYS AYA
Human LYMm DYA AFA AFI SFG AFL AWL AFV VYL SYS AYA
T. californica LYM SYA AFAR AFI SFG AFL TWL AFF VYI SYS AYA
D. rerio LYM NYG AFR AFI SFG AFL VWL AFL VYI SYS AYA

C. intestinalis LYM GFA ALA AFI SFG AFL VWL AFL VYL SYS  A¥S
Drosophila LYM SY¥S AFA AFI SFG AFL VWL AFF VVI SYS  AYA
L. stagnalis LYM SYA AFA AFI SFG AFL CWL SFV VYM SYS AYA

C. elegans LYM SYG AFA AFI SFG AFL IWL PFF VYV SYS AYA
VMATI MLT TY- SFS GGL ALG AIL AFL ASV TNL AFC -FA
VMAT2 LLT SYA SCs GGL AMG AML AFL ASI TNI AFC GYA

Ficure 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 elegandCBI protein accession number P347DtpsophilaNCBI protein accession number 017444,

great pond snallymnaea stagnaliblCBI protein accession number AAO838%llpna intestinalidNCBI protein accession number BAB85860,
zebrafishDanio rerio NCBI protein accession humber P59845, marineTragpedoNCBI protein accession humber P81721, mouse NCBI

protein accession number 035304, 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 VMATSs not exhibiting consensus is denoted with a dash.
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NS
o — £
g ]
55— 3 .
e
el $
43 — =t
3
a 0
FIGURE 2: Western blot analysis of wild-type and mutant rat 0 100 200 300 400
VAChTs. Membranes in approximately 5@ of the postnuclear Vesamicol (nM)

supernatant were analyzed. All VAChTs appeared as diffuse bands

with a molecular mass of 85 kDa due to glycosylation (white arrow). Ficure 3: Vesamicol saturation curves. The postnuclear supernatant

Mass standards are given at the left. was incubated at the indicated concentration$téf\jesamicol and
then filtered and washed. Data are for representative experiments

Vesamicol Saturation Cues.Vesamicol inhibits VAChT {J/SA”(‘:%#V”_?'WF’? -t')' F3f3;.5A @),_F_ZZé)_Y_ dm'l and Y428't°‘ ®) q
by binding to an allosteric site on the outside of the vesicle significéntlr;ns ection efliciency in individual experiments varie
(41-46). It has nanomolar affinity and can be used in
radioactive form to titrate the amount and affinity of mutant for the wild type and all mutated VAChTSs are listed in Table
VAChHT. Knowledge of the amount of VAChT presentin a 2. Different expression levels do not affect the accuracy of
preparation of the postnuclear supernatant is required todetermined<acn values. The data for the wild type and all
normalize the rate offH]JACh transport to the expression mutants, with the exception of Y428F, which were scattered,
level. Representative data are shown in Figure 3, andwere best fit with a Hill coefficient of<1, as justified by
parameters for saturation curves fitted to such data for wild- the likelihood ratio test. In a representative data set, the
type and all mutated VAChTs are listed in Table 2. Kae  critical value of the test statistic was much below 0.5 (
value for the wild type is 14.3 0.5 nM. Conservative and  value = 0.002). A possible origin for a nonunitary Hill
nonconservative mutations had little effect on vesamicol coefficient is discussed later.
affinity (less than 2-fold) with the exception of the F335A  Approximately two-thirds of the mutations had no sig-
mutation, which increased the dissociation constant to 38.4 nificant or notable effect on the affinity for ACHKgcn =
+ 3.1 nM. Bmax values obtained for different mutants differed  14.74 0.8 mM for the wild type). Approximately one-third
greatly from each other but were approximately reproducible did and are listed in boldface. Alanine mutations of F220
(Table 2). They correlated with different expression levels and Y432 decreased affinitf<fch = 81.7 + 5.7 and 45.3
observed by Western blot analysis. + 8.5 mM, respectively). Alanine mutations of W331, Y343,

ACh Dissociation ConstantACh inhibits binding of and Y428 also decreased affinity{cn = 130+ 18, 92.0+
[®H]vesamicol, even though ACh and vesamicol bind to 6.8, and 67.1 5.7 mM, respectively). Conservative muta-
nonidentical sites (see below). The phenomenon can be usedion to F at the latter three sites resulted in affinities
to determine whether a mutation alters equilibrium affinity intermediate between those of the alanine mutants and wild
for ACh. If it does, the mutation alters the structure of the type. None of the mutations increased the affinity for ACh.
ACh binding site. Representative data for displacement of Transport of PHJACh. These data are required to deter-
trace PH]vesamicol by unlabeled ACh are shown in Figure mine whether a mutation that affects the ACh binding site
4, and parameters for displacement curves fitted to such datehas only a local effect or a widespread effect on the structure
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Table 2: Macroscopic Parameters for Equilibrium Binding of ACh €0 A 2
and Vesamicél
Kaci? He K. Bro” 2 ’
A
wildtype 14.7£0.8 0.75:£0.02 14.3:05 10.1+0.1 2 4
Y50A 154415 0.67+£0.03 13.3+1.1 10.8£ 0.2 = s 3 -
Y50F 13.5+4.2 0.78+0.10 17.4+2.0 10.1+ 0.2 % 30 4 -
Y175A 20.3£34 0.76:0.06 145t1.1 9.81+ 0.16 4 *
Y175F 154+ 23 0.78£0.06 12.6£0.7 8.54+ 0.11 =
F191A 152415 0.85+0.06 35.6+7.7 10.7£ 0.6 =
F191Y  17.042.4 0.76:0.06 14.9-15 10.3+0.3 % 15 7
F220A 81.7+5.7 0.79£0.03 19.1+1.7 16.4+ 0.3
F220Y 21520 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 Oqesse—e—— ¢ ¢
F223Y 14.6+1.1 0.93+0.04 10.5-0.6 4.68+ 0.06 0 2 4 6 8 10
F307A 112411 0.93£0.06 17.0£1.4 3.53+0.06 ACh (mM)

F307Y 11.4+1.7 0.82+0.07 16.4+-19  2.80+0.06

W331A 130+ 18 096+ 0.10 14.8+2.1  4.98+ 0.12 FicUrRE 5: ACh transport at indicated concentrations ${JACh.

W331F 745+6.9 084+005 20815 11.0+0.2 Data were divided by thdy.x value determined for the same
F335A 156421 0.95+0.08 38.4+3.1 5.02+ 0.09 preparation of the postnuclear supernatant, and the level of
F335Y 26.24 1.4 0.74+0.02 14.4-06  6.39+ 0.06 nonspecific binding was removed before plotting. Data are for
Y343A  92.04+6.8 0.83£0.03 258+1.7 18.4+0.4 representative experiments using wild-ty,(Y50A (@), F307A
Y343F  76.7+6.0 0.83+0.04 236+1.2 19.9+03 (a), and F335A #) VAChT.

Y428A 67.1+ 5.7 0.89+0.05 8.03+1.02 2.56+ 0.06

Y428F  494+49 113+0.09 221+17  3.93+0.08 Table 3: Macroscopic Parameters for ACh Transport

Y432A 453+ 85 0.86+:0.10 16.1+0.9 7.77+0.09 b - p

Y432F  32.3+6.2 086+0.10 155+11 105+0.2 Kw Vma/ Bmax Vimax/Bma/Ku

aValues are given to three significant figurels one standard wild type 1.02+0.09 21.1£05 21.0+1.9

deviation. Parameter values at least three propagated standard deviations YS0A nee nee 0.533+ 0.028
away from that of the wild type (calculated with eq &hd 2-fold YS0F 0.74+0.18 11.8+0.8 17.1x34
different are in boldface’? ACh dissociation constant (in mMj Hill Y175A 0.57£0.13 17.8+£1.0 3l.2+ 7'3;
coefficient for ACh binding ¢ Vesamicol dissociation constant (in nM). \F(%?i)i 0.92:& Oiw 197+ 1.8 20.7£6.1
¢ Maximal binding at a saturating vesamicol concentration (pmol of Flle 8?; 812 gfiﬂi gg gggi 251;
VAChT/mg). Transfection efficiency for individual experiments differed F220A 'nG ) n&F ) 0 37.01 0'109

ts(;ggtllﬂiantly. The standard deviations are values averaged according F220Y 1.06+ 012 28.8L 0.8 310+ 4.7
- F223A 0.98+ 0.30 283t 1.4 33,5+ 6.1
F223Y 1.18+ 0.15 36.8+£ 1.2 321+ 4.1
21 F307A 5.34+0.83 68.1+5.4 10.1+1.5
5 F307Y 2.544+ 0.65 38.8+ 3.0 17.4+ 3.3

E W331A nd nct 2.29+0.33

° 7 W331F 2.30+0.28 23.2+2.9 7.05+0.81
g 2 F335A 2.79+ 0.42 62.1+ 3.0 23.9+ 2.7

3 +— . F335Y nd 143+ 34 1.22+0.12
E 1] 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

ks Y428A nc® 9.26+ 2.02 2.36+ 0.64

5 Y428F n¢ 10.7+ 1.6 2.66+ 0.62

3 = Y432A nct 4.82+1.07 1.07+0.16

o e ’. Y432F n¢ 43.3+12.2 9.93+ 2.16

0 1 10 100 1000 @Values are given to three significant figurés one propagated
Acetylcholine (mM) standard deviation. Parameter values at least three propagated standard

. _ . . deviations away (calculated with eq &pd 2-fold different from that
::t:euiﬁgidht %Ch nafflmtry.tiTrl;acef fﬂ}vgs«l'mali%hwats dls”[i)g;icerg %y t of the wild type are in boldface.Michaelis—-Menten constant (in mM).
€ cated concentrations of uniabele atequ um. Data ¢ \paximal transport at saturating ACh concentrations normalized to

are for representative experiments using wild-tyi; £220A @), Bmax values taken from Table 2 (in mi#), which is equivalent to the
Y343A (a), and W331A #) VACHT. microscopic rate constaki. dAppgrentgecond-orde?rate constant for
transport at subsaturating ACh concentrations calculated &bnif
of VAChT. Such data also will identify mutants that alter bol\t/lhﬂarrr‘?in%‘{;“'j‘lg'(i gétgtr’;f‘iir?gg gg;‘uie"E?Z;Sést;\:;agzg’gcggz ((jilr;e
only tranSpo.rt rates and not blnd_lng .Of ACh or vesamicol. to poor transport! Obtained from a linear fit to transport dag&Results
Representative data are shown in Figure 5. Parameters fofom one determination.
regression fits for the wild type and all mutated VAChTs
are listed in Table 3 for (aVma/Bmax @and Ky for data efficacy. Vmax in all cases was normalized to the extent of
exhibiting saturation and (bYma/Bma/Km for data not vesamicol bindingBnay) to correct for different expression
exhibiting saturation. Th&/madBma/Km ratio is the only levels. Wild-type VAChT transported ACh with a fitté€l,
transport parameter that can be estimated by regression fovalue of 1.02+ 0.09 mM, a fittedVma/Bmax vValue of 21.1
most mutants that transport poorly. For VAChTs that 4 0.5 min?, and a calculate®ya/Bma/Kn value of 21.0+
transport adequately, the ratio is estimated by calculation 1.9 mM™t min~1,
using fitted values 0fVma!Bmax and Ky. VimadBmaxlKw, One-half of the mutants exhibited no significant or notable
whether obtained by regression or calculation, is the apparenteffect on the values of macroscopic transport parameters.
second-order rate constant describing the rate of transportOne-half did and are listed in boldface. Y50A and F220A
at subsaturating concentrations of ACh. It measures catalyticmutants exhibited severely inhibited transport (O mhin—*
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SYPH H

f

VAChT/SYPH

Ficure 6: Subcellular localization of VAChT mutants. Wild-type<&) or Y50A mutant (e-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).

< VinalBmalKy < 1 MM~ min~Y). W331A, F335Y, Y428A/ TH e, 1 &N ¢ acn L meT Ach,
F, and Y432A mutants exhibited strongly inhibited transport Ko Eacro Ka

(L MMt min™! < VipalBma/Km < 3 MM~ min~1). F307A, kzﬂk4 ksukl
W331F, and Y432Y mutants exhibited moderately inhibited . K, Kacni K, .
transport (7 mM! min™? < VpalBnalKu < 11 mM? LHT g Tigey TiACh g HITACK

°

- , ! )
m'T‘ ). However, thls. conventional megsurg of catalytic Ficure 7: Proposed microscopic kinetic mechanism for VAChT.
efficacy does not provide a comprehensive view, as F307A Tyo-headed arrows indicate equilibrium, whereas one-headed

and F335A mutants exhibited 3-fold increased values for arrows indicate a rate step. The subscripts o and i indicate outside
VimadBmax An increasedVmadBmax COmbined with an in- (cytoplasmic) and insidg (luminal) Iocatipns, respectively. A
creasedy to produce a moderately reduced or normal value trlanipc_)rt cycle starts with VAChT species, Bnd proceeds

for VmadBmaxXKwu for these mutants. Overall, a wide variety CloCKWISe.

of effects on macroscopic transport parameters was ob-DISCUSSION

served. The effects are interpreted mechanistically in the

Discussion. KmM, VimaBmax andKach are macroscopic parameters that

o ) characterize aggregate properties of active transport and

Subcellular Localization.VAChT mutants might not  equilibrium binding of ACh, respectively. They do not tell
transport because they do not reach an acidic compartmentys mych about how VAChT works. Figure 7 shows a more
To test for a change in trafficking caused by a mutation, jnformative model for the microscopic kinetics of VAChT
VACHT (Figure 6a,d) and SYPH (Figure 6b,e), a marker (47). Such a model designates each step in the transport
for synaptic vesicles and microvesicles, were visualized by cycle. The cycle begins with binding of cytoplasmic ACh
immunofluorescence. The cells were not purposely dif- to outwardly oriented “site 2” with equilibrium dissociation
ferentiated into neuronal-like morphology, but occasionally, constantKach, and protonation of inwardly oriented “site
a successfully transfected cell spontaneously flattened andi”, | paded VAChT translocates bound ligands across the
developed processes. In such cells, much punctuate stainingnembrane with a rate constant It then releases ACh to
of wild-type VAChT was near the plasma membrane in the the inside and the proton to the outside. Unloaded, internally
cell body and processes and substantially colocalized with oriented site 2 binds a proton, after which VAChT translo-
staining for SYPH. However, a significant amount of VAChT  cates the proton across the membrane in the rate-limiting
staining also was in cytoplasm where only a small amount step with a rate constamp. The proton is released to the
of SYPH staining was located. Cytoplasmic staining probably outside of the vesicle to complete the transport cy8e (
arises from newly synthesized VAChT in transit to plasma Parameters associated with each reaction arrow are termed
membrane and microvesicles. All VAChT mutants had microscopic.
subcellular staining patterns similar to that of the wild type.  The mathematical relationships between macroscopic and
Thus, they were targeted in a manner similar to that of the microscopic parameters for the model have been derBjed (
wild type. and estimates for all parameter values have been obtained
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(46)j _Becaus_e th? Val_ues of microscopic parameter_s in Table 4: Mutant to Wild-Type Ratios of Microscopic Parameters
additive relationships differ by large factors, the expressions ot Ke? ke ke ke mutant K PR
simplify to Kach = Kacho Vimax= koBmax andKy = (Kacndkz)/ acho’  K© KT M acho ke ki ki

ki In other words, macroscopi€acn is set primarily by wggfé 85-93 Cv% 32; \,’1\,5 X?%A \‘:VVS m‘z mg ﬂi
microscopic Kache, MacroscopicVmax is set primarily by F220A 56 nd nd 104 Y175F we wid wi® na

microscopidk; (and macroscopiBmay), and macroscopiky Y343A 6.31 wt¢ 8.0t nd F191A wE wt@ wtd nd
is set primarily by microscopiacnhe k2, and k;. The Y343F 52 wt9 591 nd F191Y wf wt9 wt9 nd
expressions can be rearranged to compute valuds fond Y428A 46t 231 nd 2.0v F220Y wE wtd wt® nd

; - Y428F 3.4t 2.0l nd 231 F223A we wt® wt¥ nd
ki, as shown |neq53and4,f0rwh|cherrorsarepropagated.Y432A 311 430 nd 63} F223Y wE wi wid nd

. Y50A wtd nd nd 331 F307Y wE wt?® wt? nd
V, oy V2 (%)
k :l:O’ — max l:l:\/ ma:) + ma:)
2 k2 Bma Vma Bma

F307A  we 3.2t 2.1 nd Y432F wf witd nd wtd
(3) F335A we# 3.0t w9 nad
F335Y wf wt9 nd 10V

2 Ratios are computed from boldface values of parameters listed in

k. K 0 \? o \? oy \? Tables 2 and 3 using eqs-3. The up arrow1) indicates an increase
k + 0, = 22oAChg 12 e e [ in the parameter value for the mutant relative to the wild type and the
1 1 Kwu k, Kach Kwu down arrow {) a decrease. Values are given to two significant figures.
(4)

b Dissociation constant for ,ACh, (outwardly oriented complex).
¢ Rate-determining step in steady-state transpatalculated from eq

4 for mutants yieldingVma/Bmax and Ky. © Calculated from eq 5 for
Separated values f0Vma/Brax and Ky could not be poorly transporting mutants yielding only the ra¥igadBmadKu. f Not

estimated for some mutants because of poor transport.getermineds No statistically significant or notable change from the
Instead, the rati®/ma/Bma/Km Was estimated. Assuming that  wild-type value, meaning the ratio is close to"Not applicable.

the approximations leading to eqs 3 and 4 are valid in such
mutants,VmaydBmad/Ku = Ki/Kach. After rearrangement

propagated standard deviations from 1 as computed in a
k + 0, = manner analogous to eq 2 are listed in Table 4. An up or
1 . down arrow indicates the direction of change for the value
ov B K |2 [Pacnl? of the mutant parameter.
[(Vina/ Brna/ Ki)Kacrl [ 1 £ A/ |57 /B _JK Tk The goal of this approach is to identify, more precisely
max = max M ACh than is possible by analysis of macroscopic parameters alone,
®) the roles that mutated residues play in VAChT function. For
The value ofk, cannot be estimated for poorly transporting €X@MPple, microscopic analysis reveals that two of the three
mutants that do not exhibit saturation of transport. microscopic parameters determinikg are rate constants.
Kach is simultaneously macroscopic and microscopic, and 1 hUs, mutations affecting the valuei cannot be assumed
no transformation of its value is required to obtain micro- (© P€ at the ACh binding site. They might be distant from
scopic Kacho Ky is assumed to be simultaneously macro- the bu_'ldlng site but aff_ect.one qf the rate constants. Mutatpns
scopic and microscopic, as vesamicol binds to inwardly and &ffecting the ACh binding site can be recognized with
outwardly oriented VAChT with similar affinities4g, 48). certainty only if they affeckacn.
Potential changes in acid dissociation constants were ignored Of course, conclusions about kinetics data depend on the
in the current work, as no mutations were introduced at ionic Validity of the underlying kinetics model. If the kinetics
groups and the pH was held constant. model utilized here should in the futur_e be proved to be
Because the mathematical treatment that relates macro-rroneous, the data reported here might have to be re-
scopic and microscopic kinetics is complex, yet critical to interpreted. Kinetics analyses do not depend on knowledge
microscopic structurefunction analysiS, an intuitive, hy_ of the three-dimensional structure of the transporter.
drodynamic mimic of transporter function has been devised Mutations have been divided into four groups in Table 4:
(47). This was possible because computer simulation dem-a group having only decreased ACh affinity, a group having
onstrates that resting VAChT is distributed predominantly both decreased ACh affinity and an effect on at least one of
among the species shown along the top of Figure 7, andthe microscopic rate steps, a group having no effect on ACh
transporting VAChT is distributed predominantly among the affinity but an effect on at least one of the rate steps, and a
species shown along the bottom. The mimic illustrates why group exhibiting full wild-type behavior.
(a) the values oKach and Ky in the rat wild type differ The first group is restricted to mutations of residue W331.
from each other by~14-fold in the current study and (b) Kacho Was increased~9-fold in W331A and was only
mutations affecting different microscopic steps affect mac- partially normalized in W331F. The functional result is
roscopic properties of VAChT in certain ways. slower uptake at subsaturating ACh concentrations (due to
Values of Kach, Km, Vima!Bmax and VimadBmax/Km for weaker binding of ACh, not to slower intrinsic rates) and
mutants that differ from those for the wild type (boldface in no change in the uptake rate at saturating ACh (which,
Tables 2 and 3) were analyzed with egs3 The mutant to however, occurs only at concentrations of ACh higher than
wild-type ratios of microscopic parameters were computed those for the wild type)ln vivo, this probably would mean
with propagated errors in a manner analogous to eq 3 (exceptiess uptake, as a typical concentration of cytoplasmic ACh
thatVmax £ ov,, Was replaced by the value of a microscopic probably is approximately the same as wild-tyfag or ~1
parametett o for a mutant andBmax + os,,, Was replaced  mM (1). Because computational studies and the frequency
by the value of the same microscopic parameter for the of occurrence in structurally defined proteiligand com-
wild type). Ratios of at least 2-fold that also are at least three plexes indicate that tryptophan is best suited for cation
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solvation, and the W331A/F mutations have no effect on  Mutation F335A increased the valuelofby ~3-fold and

microscopic rates, W331 is a good candidate for being part had no effect on the value &f. Vina/BmaxandKy increased

of the ACh binding site. by the same factor because of this (Table 3). The functional
Mutations producing mixed ACh binding and rate effects result is no change in the uptake rate at subsaturating ACh

begin in Table 4 with the F220A mutant. This mutant concentrations and faster uptake at saturating ACh (which,

transported very poorly because of a combine@-fold however, requires higher concentrations of AQh).ivo,

increase in the value d€ach, and~10-fold decrease in the  this might mean more uptake.

value ofk;. A decrease irk; also might have occurred, but Mutation F335Y had no effect on the value kf and

this could not be determined. _ decreased the value kf by ~10-fold. The functional result
Y343A/F mutants exhibited -56-fold increasedKacno is slower uptake at subsaturating ACh concentrations and

values, yeKy (andVmay values were unchanged (Table 3). no change in the uptake rate at saturating ACh (which,

The functional result is no change in the uptake rate at any however, requires higher concentrations of AQh)uivo,
concentration of AChin vivo, this probably would be anull  thjs probably would mean less uptake.

mutation. The lack of change iy occurred because an
~6—8-fold increase in the value & offset the increase in
Kacho- This example of compensation illustrates the impor-
tance of determining microscopic parameters. If the lack of
change inKy 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 ba been reached
Because the values &f increased and the values lofdid
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 ~a2-fold
decrease in values for botky and k.. Y432A behaved
similarly, except thak; andk, values decreased more. The
functional result of these mutations is slower uptake at al
concentrations of AChin vivo, this probably would mean
ﬁ?;gsct{;l;i lr\gttjéagt%r;ze#;(nz]l 268a§rr:d0;4(1§3;.2 do notresolve the residues are linked to the ACh binding site wouldéaeen
Residues having mixed ACh binding and rate effects might reached
be at the ACh binding site, and when ACh binds, they might ~ All other mutants exhibited wild-type behavior. This
trigger a conformational change that is part of a microscopic includes Y175A/F. Y175 is conserved in VAChT and
rate step. On the other hand, they might be buried in VAChT VMATSs (Figure 1). Null results for Y175A/F constitute a
at a distance from the ACh binding site, and mutation might negative control, as a residue conserved in VAChT and
cause a propagated conformational change that disrupts bot?lY MATs probably is not located at a substrate binding site.
ACh binding and rate steps. Simple solid geometry makes The Hill coefficient consistently was less than 1 for
it unlikely that all five of the aromatic residues found here displacement of boundtilvesamicol by ACh. The apparent
to be linked to the ACh binding site can engage in catian negative cooperativity was not caused by mutation, as the
solvation. Additional work will be required to distinguish  wild type and mutants share the phenomenon. It is unlikely
among possibilities for mutants that have mixed ACh binding that authentic negative cooperativity arising from a VAChT
and rate effects. All of the mutations reducing ACh affinity oligomer exists, as there is no evidence supporting oligo-
did so by amounts similar to those observed for similar merization of VAChT. The following hypothesis seems to
mutations in nicotinic and muscarinic ACh receptof8- be reasonable. Immunocytochemistry carried out here and
51). by other researchers demonstrates that VAChT overexpressed
Mutations affecting rate steps but not ACh binding begin in PC12 cells is found in several cellular membrane types
in Table 4 with Y50A. This mutant transported very poorly (53, 54). Also, a recently developed assay that monitors
due to a 33-fold decrease in the valuekp{and possibly a  transmembrane reorientation of the ACh binding site gives

The A, F, Y substitution sequence at position 335 yielded
a progression in effects on microscopic rate constants that
correlates with molecular volumé&2). Thus, for A at this
position,k; remained at the wild-type value akglincreased;
for F at this position, both microscopic rates are wild-type
rates, and for Y at this positiok; decreased and 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 ofKy (Table 3) with no change in the value Kfcho
(Table 4). If the increases iy had been used to infer a
change in ACh affinitythe incorrect conclusion that these

decrease irk; that could not be determined). results consistent with the presence of transporting and
The F307A mutation increased the valuekafby ~3- nontransporting VACHT in the type of preparation used here,

fold and decreased the valuelafby ~2-fold. This mutant plausibly because some of the VAChT is not present in an

thus resolveg; andk; steps from each other. Althoudha/ acidic compartment4@). Different lipid compositions in

Bmax andKy increase due to the increasekinKy increases  different membrane types might affect the conformation of
even more due to the decreaséqifTable 3). The functional  the ACh binding site differentially to generate different
result is slower uptake at subsaturating ACh concentrationsaffinities that will appear as negative cooperativity. Func-
and faster uptake at saturating ACh (which, however, requirestional VAChT apparently is homogeneous, as regression to
higher concentrations of ACh)n wvivo, the effect of the  transport data obtained with expressed rat VAChT and
mutation might depend on the activity state of, and thus naturalTorpedoVAChT in synaptic vesicles does not require
cytoplasmic ACh concentration in, the nerve terminus. a Hill coefficient different from unity 46).
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Ficure 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 indi¢ateffext, and a blue
rectangle indicates k& effect. The figure ignores tilts and kinks in helices and is adapted from Abragtsain(61).

ACh and choline binding sites tend not to be completely 2-fold symmetry. Many of the helices are tilted away from
buried, which reflects the cationic character of the ligand. the perpendicular and contain kinks. All three transporter
However, they are not extensively exposed to water becausestructures exhibit a large, putative, central transport channel
of the aromatic component of the catiorr complex 65). that is (a) open on the cytoplasmic face, (b) closed on the
In addition to catior-7r solvation, other interactions between extracytoplasmic face, and (c) lined at different depths by
bound ACh and the binding site surely are present, like a TMD helices I, II, IV, V, VII, VIII, X, and XI. The substrate
hydrogen bond to the ester carbonyl. binding site in LacY is composed of residues projecting into

VAChHT also transports ACh analogues, including many the transport channel from TMDs I, IV, V, VII, and XI, and
that increase the steric bulk around the quaternary nitrogenin GlpT, it is composed of residues from TMDs |, V, and
(45, 56). Cation— solvation can adapt to different substrate VvI|.
shapes through induced fit. Thus, rotations abouptharbon
can allow substantial change in the positionveélectrons
in aromatic side chains without distortion of the polypeptide
backbone. Similar induced-fit models have been proposed
to explain the ability of AChEZ4), liver X receptorf (57),
and the multidrug resistance protein MREB8)(to bind wide
ranges of ligands. In addition, aromatic side chains at the
protein—water interface in other regions of VAChT might

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

(a) provide a “slide guide” that increases the rate of diffusion locations might have to be revised as more becomes known

of ACh to its binding site and (b) act as a gate or filter for about VACRT structure. o ) o ]
ACh (59). .Th.e three TMDs containing re5|dL_1es implicated in ACh
Many of the current results confirm previous conclusions Pinding (V, Vill, and XI) line the putative transport channel.
that the ACh and vesamicol binding sites are not identical However, TMD Vil is not involved in substrate binding in
to each other37, 46). The first is that regression to data for determined structures, and it lines the channel only close to
vesamicol binding does not require a Hill coefficient different the vesicular lumen. The one VAChT residue implicated
from unity. The second is that eight mutants decreased AChexclusively in ACh binding (W331) is in the beginning of
affinity without any effect on vesamicol affinity, whereas TMD VIl and thus close to the vesicular lumen. The ACh
one mutant decreased vesamicol affinity without any effect binding site probably is located deep in the transport channel,
on ACh affinity. away from the bulk cytoplasm, for this reason. The vesamicol
VAChT is a member of the large, major facilitator binding site probably is located close to but not coincident
superfamily (MFS) defined by sequence homologg)(The with the ACh binding site for the reasons cited above. The
three-dimensional structures of three MFS proteins recently other residue in TMD VIl implicated in ACh binding (Y343)
were determined: thE. colilactose permease [LacY, PDB is linked in addition to thé; rate step. Because it is located
entry 1pv6 61)], the Oxalobacter formigenesxalate trans-  further along TMD VIII than W331 is, Y343 probably is
porter [OXIT 62, 63)], and theE. coliglycerol-3-phosphate/  proximal to the cytoplasm. In an alternating access model
inorganic phosphate antiporter [GlpT, PDB entry 1p&4)]. of transport, thek; step requires residues proximal to the
Supersecondary structures in these transporters are highlyytoplasm to close the transport channel behind bound ACh
similar. Hirai et al. (65) propose that most prokaryotic and as residues proximal to the vesicular lumen open the transport
eukaryotic members of the MFS have a similar packing channel in front of bound ACh. The geometry shown in
scheme for TMDs. Figure 8 accommodates this requirement and rationalizes the
The determined structures contain 12 TMD helices or- binding and rate effects caused by mutations of W331 and
ganized into two halves related by approximate internal Y343.
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A number of mutations resolved the microscopic rate steps 8.

from each other, which suggests that different parts of
VAChT control rate steps. These mutations present an
interesting topology. Most mutations slowing tkestep lie

in symmetrically related TMDs | and VII (Y50A and F307A)

and symmetrically related TMDs V and XI (F220A, Y428A/ 10

F, and Y432A). Most mutations affecting the step lie in

TMDs VIl and XI (F307A, Y428A/F, and Y432A). Four 11
mutations in TMD VIl (F335A/Y and Y343A/F) are linked

to either thek; or k; rate step.

In summary, values for microscopic parameters that 12.

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 13.

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 14
no change in other parameters. This residue is a good
candidate for cations 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 14
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
mutationsincreasedthe rate of one or the other. Two

mutations increased the valueky; up to 5-fold due to rate 18.

effects with no effect on ACh affinity.

19.
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