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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 P&%2Z cells. 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
(Kq values arex10 and 200 mM, respectively). Mutation of the lysine and aspartate residues in TMDs |l
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 Xl can create extra-high affinities for AGh £ 4 mM) and vesamicol{y ~2

nM compared tox20 nM). Effects of different external pH values on transport indicate a site that must
be protonated (apparenkp~ 7.6) likely is the aspartate in TMD XI. The observations suggest a model
in which the known ion pair between lysine in TMD Il 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 (apparenég) and
vesamicol binding (apparenKgp ~ 6.3) remain unidentified.

Vesicular acetylcholine transporter (VACABLC18A3) Kvs ACh,
exchanges luminal protons for cytoplasmic acetylcholine VTo v T - To-ACho
(ACh) and concentrates ACh inside synaptic vesicles. The Ache
driving force is provided by V-ATPase, which pumps protons
into the vesicles X, 2). The experimentally determined, ks 1
macroscopic parameters that describe ACh transpoKare
andVmax The macroscopic parameter for equilibrium binding
of ACh is the dissociation constamtacnh. Ky and Kacn Ku ACh
describe different types of apparent affinity, so it is not Vi =—7— T = p Ti-ACh;
surprising thatKy is 10-100-fold smaller thanKach, Ak
depending on the species of VAChT and (). (The large
difference inKy and Kach values is key to the calculation

of the microscopic constants presented below. A kinetics model for individual steps in the transport cycle
Transport s potently inhibited by the compoung){trans- is illustrated in Figure 1. Transport begins by binding of ACh

2-(4-phenylpiperidino)cyclohexanol (vesamicol), which binds on the outside, with equilibrium dissociation constéagno,

with equilibrium dissociation constaky, to an allosteric site 5 4 proton on the inside. Transmembrane reorientation then

in VAChT (3). Although vesamicol is a synthetic compound, exposes bound ACh to the inside and bound proton to the

characterization of its binding is useful because the binding g ;tside with rate constari. Both ligands are released. A

site is tightly linked to function. second proton binds inside, after which the empty substrate
binding site and bound proton reorient to the outside in the
" This research was supported by Grant NS15047 from the National rate-limiting stepk,. The second proton is released to
Institute of Neurological Disorders and Stroke.
* To whom correspondence should be addressed. Phone: (805) 893-Comp|ete _the Cyc'?' Parameters SUC"K‘Q@’?O’ k, andk, ar.e
2252. Fax: (805) 893-4120. E-mail: parsons@chem.ucsb.edu. termed microscopic because they underlie and determine the
~ T Abbreviations: ACh, acetylcholine; VAChT, vesicular acetylcho-  values of macroscopic parameters. Vesamicol inhibits trans-
line transporter; vesamicol—)-trans-2-(4-phenylpiperidino)cyclohex- port by forming two types of dead-end complex, one with

anol; VMAT, vesicular monoamine transporter; TMD, transmembrane o h . . L
domain; MES, major facilitator superfamilyacnua, high-affinity the substrate binding site facing outside and one facing inside

dissociation constant for equilibrium binding of ACKacha, low- (4).
affinity dissociation constant for equilibrium binding of ACRia, The mathematical relationships between macroscopic and

fraction of transporter having high affinity for ACh; HEPES, I2-( ; ; ;
morpholino)ethanesulfonic acid; UBB, uptake binding buffer (110 mM microscopic parameters for VACRT have been derivgd (

potassium tartrate, 20 mM HEPES, and 1 mM ascorbic acid, pH 7.4, and estimates for Value§ of th.e mi9r0590pic parameters have
with KOH); paraoxon, diethyp-nitrophenyl phosphate. been madef). The relationships simplify t&acho ~ Kach,

Ficure 1: Microscopic kinetics model of the VAChT transport
cycle and vesamicol (V) binding. Proton efflux is not shown.
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k2 & VmadBmax and ki ~ Kacndo/Ky. The values of and complete protease inhibitor cocktail (Roche, Mannheim,
microscopicK,s andK,; are nearly equal to each other and Germany)]. For pH studies, the HEPES concentration was
will be taken equal to macroscopkG, (5). Thus, important 1 mM. Homogenate was centrifuged, and postnuclear
microscopic parameters can be calculated from available supernatant containing synaptic-like microvesicle) (vas
measurements’]. Such an analysis is required for correct quick-frozen and stored at80 °C until used. After thawing,
interpretation of mutational effects. it was treated with 10@M diethyl p-nitrophenyl phosphate
VAChT is closely related to vesicular monoamine trans- (paraoxon) and assayed for proteird)
porter (VMAT) in physiological function, requirement for Western Blot AnalysisExpression was monitored by
proton antiport, amino acid sequence, substrate kinetics, andvestern blot analysis as describ@0)( The primary antibody
existence of an inhibitory pharmacology. For this reason, recognizes the N-terminus (Santa Cruz Biotechnology, Santa
observations obtained from study of VAChT and VMAT Cruz, CA).
often are considered together in attempts to understand the Vacuum-Assisted FiltratiofThe filter assay for boundHi]-
transport mechanismg)( Such aggregation will be used here ACh or [PH]vesamicol (Perkin-Elmer Life Sciences Inc.,
as well. Boston, MA) has been describeti7§. Briefly, two 90 uL
VAChT and VMAT belong to the major facilitator ~Portions from a 20Q.L incubation are mixed with separate
superfamily (MFS) 8). Three-dimensional structures recently 1 mL portions of ice-cold uptake binding buffer (UBB)
were obtained for three MFS transporters. The proton composed of 110 mM potassium tartrate, 1 mM ascorbic
symporter lactose permeas®),(the glycerol 3-phosphate  acid, and 20 mM HEPES adjusted to pH 7.4 with KOH.
phosphate antiporteL.(), and the oxalate formate antiporter ~The diluted portions are rapidly and quantitatively filtered,
(11, 12) contain the 12 helical transmembrane domains USing vacuum assistance, through poly(ethylenimine)-coated
(TMDs) predicted by consensus hydropathy analysis. All glass microfiber filter circles (GF/F, 1.3 cm diameter, from
three transporters have similar patterns for TMD packing Whatman, Maidstone, England) prewetted with UBB. Each
consistent with conservation of supersecondary structure infilter immediately is washed with three 1 mL portions of
the MES. ice-cold UBB. Radioactivity bound to the filter is determined
VAChT contains 7 conserved ionic residues in 12 putative PY llquid scintillation spectrometry. Nonspecific uptake of
TMDs. Such residues might be involved in binding of radioligandis determined in the presence @fM unlabeled
ligands, proton translocation, or stabilization of three- vesam_|col hydrophlorlde.durlng incubation (except as noted).
dimensional conformations. They are five aspartates, a lysine,SPECific uptake is the difference between total (absence of
and a histidine (Figure 1). If these residues play major roles Unlabeled vesamicol) and nonspecific uptake and is plotted
in binding and transport, those functions should depend on N Most of the figures. , o _
pH. Indeed Torpedoand rat VAChT, and several isoforms ~_ Saturation Cures for Vesamicol Binding*H]Vesamicol
and species of VMAT, all exhibit similar pH dependencies Pinding was determined by mixing postnuclear supernatant
(2). An appropriate regression fit will yield an appareip (100 #L) containing 10049 of protein (unless stated
value for each protonatable residue controlling the measuredOtherwise) with 100uL of UBB containing twice the
function. For VAChT and VMAT, the pH dependence of !ndlcated final concentration o?lfl]vesar_n.lcol. Samples were
only a single mutation has been publishetB)( and a incubated for~30 min at 23°C. Specifically bound3H]-

functional K. value has not been definitively assigned to vesamicol was dgtermined as described above. Appropriate
any residue. equations were fitted to the averages of the duplicates by

nonlinear regression to obtain the concentration of vesamicol

In important foundational work, Hersh and colleagues . . .
'mp u ! W au binding sites Bmay andK,.

analyzed changes in the properties of VAChT at a single A, . -
pH value after mutation of the ionic residues in TMOgl( Equmbrlpm Displacement Cues for AChThe indicated
15). The work reported here extends that research. Ivlajorconcentratlon of unlabeled ACh chloride was competed

but orderly changes in the properties of mutants are revealeg?9ainNst a trace concentration &lvesamicol (S nM, u_nlless
that provide important clues to the VAChT mechanism. stated othenmsg). Postnuclear S“Pemat?‘“"@@om"’.“”'”g .
200ug of protein (unless stated otherwise) was mixed with

MATERIALS AND METHODS 100uL of UBB containing 10uM paraoxon and twice the
indicated final concentration of unlabeled ACh. Fifty mi-
Cell Line.The PC121237 cell line, which is derived from croliters of UBB containing 10@M paraoxon and 20 nM
a line often used for study of neurosecretion, was obtained [3H]vesamicol was added, and the mixture was incubated
as a generous gift from L. B. Hersh (Lexington, KY). It for 10 min at 37°C. Specifically bound¥H]vesamicol was
expresses negligible endogenous VACHE)( Cells were  determined as described above. Appropriate equations were
grown as describedLy). fitted to the averages of the duplicates by nonlinear regression
Mutagenesis and Transient Expressidine cDNA for to obtain high- and low-affinity dissociation constants for
wild-type rat VAChT was obtained as a generous gift from ACh (Kachia andKacnia).
A. Roghani (Lubbock, TX). It was subcloned into the Saturation Cures for ACh Transport?ostnuclear super-
expression vector pcDNA3.1D/V5-His (Invitrogen, Carlsbad, natant (50uL) containing 200ug of protein (unless stated
CA) without the attached poly-His tag. Mutations were otherwise) was mixed with 5AL of UBB containing 100
introduced, vector DNA was isolated, and cells were trans- uM paraoxon. Transport was initiated by the addition of 100
fected as described 7). Cells were harvested after72 h uL of UBB containing 100uM paraoxon, 10 mM ATP, 4
and homogenized in 0.32 M sucrose and 10 mM HEPES mM MgCl,, and twice the final concentration ofH]JACh.
adjusted to pH 7.4 with KOH [supplemented with fresh 0.1 The mixture was incubated at 3T for 10 min before
mM phenylmethanesulfonyl fluoride (Sigma, St. Louis, MO) filtration. Appropriate equations were fitted to the averages
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of the duplicates (normalized 8.« for the same prepara- & & o S & 5
tion) by rl?onlinea§ regression to obtain maxima? trapnsport é‘;«‘\ S &@éyoﬂ e ég, 5*55 3 ééu@’?o °§ 0’?4‘\
(Vmay and the MichaelisMenten constanti).

ImmunofluorescenceRoorly transporting mutants were
analyzed for proper subcellular targeting as descril2€}l (
Briefly, transfected cells plated onto collagen-coated glass FIGURE 2: Western blots of wild-type and mutant rat VAChTSs.
coverslips were stained with primary goat anti-rat VAChT Mock transfection did not contain the VAChT insert. VAChT runs
and rabbit anti-rat synaptophysin (Santa Cruz Biotechnol- as a diffuse band at about 85 kDa.
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 58propyl 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.

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

A buffer system of constant osmolality was developed for measurement are described in. Re;ults. Th_e resglts th.en are
the pH range 5510.0. A solution of 24-morpholino)- grouped fpr ea_lch sequence position in the Discussion. Finally,
ethanesulfonic acid/HEPES/3-[(1,1-dimethyl-2-hydroxyethy- 2N OVerview is presented.
l)amino]-2-hydroxypropanesulfonic acid, each at 99.6 mM,  Western Blot Analysi\ll mutants were glycosylated and
and containing 4 mM dithiothreitol is pH 4.5 and 291 mOsm/ hot significantly proteolyzed (Figure 2). They all expressed
kg. A similar solution of 2--morpholino)ethanesulfonic ~ adequately, although replicate transfections for the same
acid /HEPES/3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hy- mutant often gave somewhat different levels of expression.
droxypropanesulfonic acid, each at 58.3 mM, and containing  Saturation Cupes for Vesamicol BindingTotal and

4 mM dithiothreitol was adjusted to pH10.5 with KOH nonspecific binding by D398A, which gave the smallest ratio
to obtain 306 mOsm/kg. The low- and high-pH solutions of these measurements, is shown in Figure 3A. Precision is
were mixed with each other to obtain intermediate values excellent even for this worst case. Specific binding for this
(pH buffer). Use of different compounds for buffering did mutant and other interesting mutants is shown in Figure 3B.
not change the pH profiles. Postnuclear supernatant30  The concentrations of3fvesamicol and VAChT were
containing 206-500.9 of protein in 0.33 M sucrose and 1 adjusted as necessary to determine very high or low affinity.
mM HEPES at pH 7 and 380 mOsm/kg was added tal50  single rectangular hyperbolas fit all data sets well, which
of pH buffer. Incubation for 10 min at 37C for [°HJACh means that a single type of vesamicol binding site was
transport or 23C for [*H]vesamicol binding was initiated present in each case (Table 2). TBig, values for mutants

by the addition of 10G.L of a solution containing 119 MM and wild type varied over-4-fold range, except for D398E
potassium tartrate and either (i) 10 MM ATP, 4 mM MgCl  ang D398A, which had quite low values.

and 2 mM PHJACh or (ii) 10 nM [*H]vesamicol (except _ L
for concentrations stated to be different). The pH of solutions T he very '°W. qfflmnes exhibited by D3.9.8E and D398A
i and ii was adjusted to-7.0 with KOH, and the pH of each raised the possibility that much of the specifically bouthd]{
incubation was measured shortly be,fore filtration vesamicol dissociated during the assay and was not detected.
Statistical Analysis.Regression was performed using Accordingly, the d|ssqmat|on rates at 26 and ice temj
Scientist (MicroMath Research, St. Louis, MO) to obtain pherature w;are de:]ermlneld (data not srown).bAs Slérr];nlsed,
: ’ o they were fast. The result meaBg.x values obtained for
macroscopic parametetis one standard deviatiow). The . :
pic p X D398E and D398A are large underestimates. The conclusion

results include calculation of a Model Selection Criterion . . S " o
(based on the Akaike Information Criterion), which estimates is confirmed by the similar intensities of staining in western
blots for D398E, D398A, and wild type (Figure 2). TBgax

goodness of fit adjusted for the number of degrees of
freedom. An experiment for each assay type was performedProPlem does not extend to other mutants.
at least twice for each mutant (except as noted). Replicate Equilibrium Displacement Cues for ACh This type
values for fitted parameters were averaged as descrétfipd ( curve is determined by using unlabeled ACh to compete
Calculations.The k; value was computed for a mutant against a trace concentration 8HJvesamicol for binding.
only if the value of at least one of the parameters in the Trace is defined as severalfold less ti&rfor the particular
calculation differed more than 3 propagatednd a factor mutant. The procedure can yield a dissociation constant
of 2 or more from that of wild type. Otherwise, the value of (Kacn) but not aBnax value. After data sets for K131H and
ki was taken as wild type even if the result d;aalculation K131A were fitted with standard, hyperbolic curves, visual
was different from that of wild type. Thk,, Kachua, and inspection clearly revealed that they were not well described
Kwu values for the mutant, and not for wild type, were used by the fits (Figure 4A). The data are reproducible, and
in the calculation, even if the value of a parameter for a deviations from hyperbolic fits demonstrate that each of these
mutant was not different from that for wild type. Calculations displacements has at least two components, namely, high
with fully propagated estimates of errors were carried out and low affinity. The components must arise from at least
as described2(). two forms of the ACh binding site and not two forms of the
vesamicol binding site, as af{]vesamicol saturation curves
RESULTS are monophasic. As justified in the Discussion for wild type,
The ionic residues in predicted TMDs were mutated, each of the data sets for K131H and K131A was fitted with
usually to several other amino acids, and all mutants were the sum of two hyperbolic displacements having adjustable
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FiIGURE 3: Saturation curves foPif]vesamicol binding. Frame A: TotaH) and nonspecific{ —) binding to D398A was determined in
0—4000 nM PH]vesamicol and 64000 nM PH]vesamicol plus 4Q«:M unlabeled vesamicol, respectively. At thg 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 M) or mutant VAChT [D425K at pH 7.4(), D425K at pH 8.6 @)] in 0—400 nM PH]vesamicol. Due to high

affinity, D425H @) was characterized with only #4g of postnuclear supernatant ir-20 nM [*H]vesamicol. Due to low affinity, D398E

(¥) and D398A ) were characterized in-04000 nM BH]vesamicol. Fitted parameter values for all mutants are listed in Table 2.

sion levels, transport was normalized By It is not

Table 1: lonic Residues in TMDs of VACRT )
necessary to normaliz€y values.

TMDP [ I v viovil X Xl i o )
L AATOS D46 KI3l D193 D255 H338 D398 D475 Monophasic t.ransport means, absent a coincidensg in
'WAChT! LDN SKA ADT FDA PHV VDT ADI values very unlikely to occur for all mutants, that transport
rVMAT1¢ LDN SKA SSV LDG AYL VDS ADV is due to the form of VAChT having either high or low
r'VMAT2¢  LDN SKA SSV  LDG SYL VDS ADV affinity for ACh, but not to both forms. Because the

2 Mutated residues are in boldfadePutative TMDs are numbered  differences between high and low affinities are large (often
from the N- to C-terminus with Roman numeragidflumbers for >50-fold), very little ACh is bound to the low-affinity form

mutated residues in the rat sequerfdélanking residues are in regular ; ; ; _
font. ¢ Corresponding residues in rat VMAT1 and VMAT2. at .th.eKM concentration O.f A.C.h' Itis unlikely that the low
affinity form transports significantly.

relative amplitudes (eq 1). In the equation, “fraction bound ~ Normalization to Fa. The above analysis argues that
transport also should be normalized to the fraction of the

fraction bound vesamicet FHA(l -~ ACh ) 4+ AChbinding site that is high affinity, wherua is either 1

achua T ACh for the mutants exhibiting one-component displacement by
ACh ACh or a fraction between 0 and 1 for mutants exhibiting
(1- FHA)(l_K—wJ (1) two-component displacement [fully normalized Y4,.¢
ACHLA (BmaxFHa), Table 3]. The calculation of microscopic param-

vesamicol” is the fraction of specifically boundH]vesa- eters must be modified to be consistent. ThKgcno ~
micol remaining in the presence of ACHya is the fraction KachHa, K2 X Vimad (Bmaxha), andks ~ keKachra/Kw.

of transporter having high affinity for ACh, & Fua is the Changes in Microscopic Constantsthe value ofKacho,
fraction of transporter having low affinityacn+a andKacnia ko, or k; for a mutant was> 30 and > 2-fold different from

are the high- and low-affinity dissociation constants, respec- that of wild type, or if the value oFus was =30 different
tively, and the ACh concentration is given in millimolar. The  from that of wild type, the change was considered significant
two-component equation fitted each data set very well and and notable. For such cases, the fold change, whether
is sufficient to describe displacement (Table 2). increased or decreased, and the direction of change for the
All remaining data sets were fitted with two-component ,tant are listed in Table 4.
equations, and the results were compared statistically to those
of the one-component fits obtained by settihg 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. similar to that of wild type. Th_us, the failure _of some mutants
Saturation Cuves for ACh TransporfTotal and nonspe- (@ ransport was not due to improper trafficking.
cific transport by K131A, which gave one of the smallest ~ pH-Binding Profiles for VesamicolThe data sets for
ratios of these measurements, is shown in Figure 5A. binding of trace concentrations dHJvesamicol at different
Precision is good even for this near-worst case. Specific pH values approximate bell-shaped curves in all cases (Figure
transport for this mutant and other interesting mutants is 7). A bell shape means that a site with a relatively acidic
shown in Figure 5B. Single rectangular hyperbolas fit all pKa value, which we arbitrarily call 1, must be unproto-
data sets well, which means that a single type of functional nated for vesamicol binding. Also, a different site with a
transport site was present in each case. To account forrelatively basic K, value, which we arbitrarily call§,, must
variation in the amount of transport due to different expres- be protonated for vesamicol binding. We asked whether any

Immunofluorescencdlutants that showed little transport
were analyzed for subcellular distribution by immunofluo-
rescence (Figure 6). All such mutants showed a pattern
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Table 2: Equilibrium Binding of Vesamicol and A€h

mutant TMD Bmas® K¢ Kacnra, Kachia® Fra, 1 — Fua®
WT 18.2+ 0.2 22.1+ 0.8 10.8+ 0.7 0.89+ 0.03
194+ 84 0.11+0.03
D46E 17.6+ 0.4 129+ 1.3 26.4+ 6.3 0.74+ 0.13
267+ 178 0.26+ 0.13
D46N 20.44+-0.4 20.0+ 1.2 15.3+ 5.7 0.72+ 0.32
65.5+ 54.6 0.28+ 0.33
K131A 1l 125+ 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+ 0.9 125+ 2.5 0.29+ 0.02
11164+ 170 0.714+ 0.03
D193E v 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 1744+ 0.4 17.4+ 1.3 14.84+ 0.5 1
D255A 32.6+ 1.0 12.8+ 0.64 29.2+ 3.7 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
13104 4040 0.05+ 0.03
D398E X 3.20£0.18 455+ 65 17.9+ 1.7 1
D398A 3.19+0.23 691+ 140 22.8+ 2.5 1
D425H Xl 17.8+ 0.4 1.69+ 0.11 4154+ 0.34 1
D425K 15.94+ 0.3 126+ 6 256+ 21 1
D425Kk 15.1+ 0.7 14.84+ 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 figurest 0. Except forFua, @ parameter value at least 3 propagatedom that of wild typeand 2-fold different is in boldface. For
Fua, only a difference of 3 propagatedwas required® Maximal specific binding of vesamicol (pmol/mg)Wild type and all mutants exhibit a
single dissociation constant for vesamicol (n¥Y.he dissociation constants for the statistically preferred monophasic or biphasic fit to displacement
of trace PH]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 takenkagnsa. © The fraction of transporter with highF(a) or low (1 — Fpa) affinity for ACh. f Results from one
determinationd Rapid dissociation of boundHiJvesamicol causes a large underestimatdfgy. " Obtained by displacement in 50 n&¥H]vesamicol.
" Obtained with 4ug of postnuclear supernatant per 2@0incubation to avoid significant depletion of freéHJvesamicol.) Obtained with 4ug
of postnuclear supernatant per 200 incubation and 1 nM3H]vesamicol to avoid excessive saturation of mutaptd 8.6.

sy
N

Fraction bound vesamicol

T + + + T + + + T + + +
0 200 400 0 200 400
Acetylcholine (mM)

Ficure 4: Equilibrium displacement curves for ACh. Traéel[vesamicol was displaced by-@00 mM nonradioactive ACh. Specifically

bound PH]vesamicol is normalized to 1 at zero ACh. Frame A: Single-component (dashed line) and two-component (continuous line) fits
for wild type @), K131A (a), and K131H 4). Frame B: The statistically preferred fit is shown for wild ty,(D46E @), and D193E

(©). Frame C: The preferred fit is shown for wild typl)( D425K (©), D425 at pH 8.6@), and D425H [0). Assay for D425H used only

1 nM [*H]vesamicol and 4g of postnuclear supernatant. Fitted parameter values for all mutants are listed in Table 2.

of the mutations alterk, or pK,. Mutations that do so are  from generic values by microenvironments, specific interac-
linked structurally to the vesamicol binding site. tions with other residues, or a coupled equilibrium. Such

To estimate [; and [, values, each data set was fitted Shifts would not preclude recognition of an altered pH profile,
with eq 2, which is a standard equation for bell profiles. buttheir potential presence requires that caution be exercised
BprinavesamicaliS the “pH-independent” amount ofH]vesa- when interpreting a change caused by a mutation.
micol binding to the optimally protonated state favored by  Fits to all of the data sets resulted in a consensus value
intermediate pH, 10" is the proton concentration, 1% for pK, of ~9.1. This value was obtained in separate
is Ky, and 107 is K. The value 0fBphindvesamicoliS NOt Of experiments measuring th&pfor the protonated amine in
interest, as it depends on the concentration of vesamicol usedrzesamicol (unpublished results from pH titration of the
and theK, value for the particular mutant. Moreover, values ultraviolet spectrum of vesamicol). Ap event centered in
for pK; and [K; are phenomenological and might be shifted vesamicol per se cannot be altered by mutation of VAChT,
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Ficure 5: Saturation curves fofHHJACh transport. Frame A: Totat) and nonspecific{ —) transport by K131A is shown. At thiéy
concentration, total and nonspecific transport of ACh corresponded to 410 and 250 cpm, respectively, accumulated for 20 min. Frame B:
Specific transport was divided Bmax and then plotted. Single hyperbolas representing Michablisnten kinetics were fitted to data sets

for wild type (@), D255A @), H338Y (x), D255N ©), D46N (#), K131A (a), and D425H [0). Fully normalized parameter values for

all mutants are listed in Table 3.

Table 3: Macroscopic Parameters for ACh Transport

mutant VmevJ(BmaxFHA)b Kwm® mutant Vina! (BmaxFHa) Kwm

WT 155+ 0.9 0.77+0.12 D255E 7.054+ 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 5.744+ 2.63 2.724+0.81 D255N 7.56+ 1.22 1.21+0.34
K131A 4.314+ 0.52 1.26+ 0.40 H338Y 8.93t 0.52 1.92+ 0.25
K131H 20.2+ 3.40 1.95+ 0.69 D398E <35.6+ 3.3 1.86+ 0.65
D193E 21.3+5.17 1.57+ 0.25 D398A nt 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

aValues 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= ¢. An entry value at least 3 propagatedaway from that of wild typeand 2-fold different is in boldface? Vimax
normalized to the fraction dBmax binding ACh with high affinity Bmafna), in units of pmol of ACh (pmol of VAChT)! min~%. This result is
equivalent tok.. ¢ Michaelis-Menten constant in mMVE An overestimate due to underestimateByf.x caused by rapid dissociation of bound
[®H]vesamicol.c No transport was observed.

Table 4: Changes in Microscopic Parameters

mutant Kacnd® Fha® Kusni k>® ki mutant Kacho Fra Kusni k2 ki
D46E WT WT WT WT WT D255A WT WT WT WT WT
D46N WT WT WT 29 6.7 D255N WT WT WT 2.0 3.6/
K131A WT 1.8 WT 3.9 6.2 H338Y WT WT WT WT 5.4
K131H WT 3.1 WT WT WT H338A9 nd nd >WT nd nd
D193E WT 2.6 WT WT WT D398E WT WT 21 nd nd
D193A 6.0 WT WT WT 3.7 D398A WT WT 31 nt nt
D193N WT WT WT WT WT D425H 2.6 WT 13l 104 nd
D255E WT WT WT 2.2 3.5 D425K 24 WT 5.7 nt nt
D425Ki 10t WT 4.K nd nd

aValues 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 exampke videe for D46N was 2.9-fold smaller than for wild
type.? Equilibrium dissociation constant for ACh binding to the outwardly oriented, high-affinity binding°dfieaction of binding sites having
high affinity for ACh. 9 Ks; representys andK,; (Figure 1), which are assumed to be equak{o® Rate determining in steady-state transport
for the fraction of sites exhibiting high affinity for ACH Calculated only for mutants yielding values fha/(Bmax+a) andKy. ¢ Taken from ref
15. " Not determined: No transporti pH 8.6.% For protonated vesamicol kg = 9.1) binding to optimally protonated mutant and wild type using
pK;: values obtained from Table 5.

The ¢ estimates for many values oKpin 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-

and it is not of biological interest. ThusKpin eq 2 was
held at 9.1 for a final round of regression fits to obtakkyp
values (Table 5).

BpHindvesamicoI
10 10
107 107"

()

bound vesamicoE
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FiGURE 6: Immunofluorescent staining of VAChT and synaptophysin in synaptic-like microvesicles*R&4&lls 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.

? 6 ’ ' ' A ' Table 5: K, Values for Vesamicol Binding and ACh Transgort
D425K
3 1 Da6N — / \° ] mutant  TMD P pKs® pK4?
El; 41 ] WT 6.28+ 0.03 6.42+ 0.12 7.56+ 0.12
- D46E | 6.11+ 0.10 6.56+ 0.26 7.22+ 0.28
8 ] 1 D46N 6.36+ 0.07 6.38+ 0.10 8.41+0.11
E K131A 1l 5.89+0.11 6.42 (fixedat 6.10+ 0.20
S 2 ] WT value)
_: 9.23+ 0.26
c 1 K131H 6.22+ 0.12 6.29+ 0.11 7.80+ 0.11
8 D193E \Y 6.40+ 0.11 6.15+ 0.14 7.85+0.14
m o T D193A 7.20+ 0.17 6.36+ 0.13 8.12+0.14
4 6 8 10 D193N 7.37+£ 021  6.27+0.10 8.44+ 0.10
pH D255E VI 6.26+ 0.07 6.09+ 0.16 7.87+0.20
Ficure 7: pH-binding profiles for JH]vesamicol. Bell-shaped g%ggﬁ gggi 882 g%i 812 gggﬁ 8%(1)
curves were fitted to SDECiﬁC blndlng data for wild tym,(D46N H338Y VIl 6.90+ 0.10 6.12+ 0.07 8.31+ 0.08
(@), K131A (a), D398E §), and D425K ©). Due to low affinity, D398E X 712+ 0.0®  6.68+0.21 7.40+ 0.22
the profile for D398E was obtained in 50 nMHJvesamicol for D398A 7.44+0.0% nt nt
total binding and in 50 nM3H]vesamicol plus 4Q«M unlabeled D425H Xl 6.30+ 0.24 nd nd
vesamicol for nonspecific binding. Fitte&pvalues for all mutants D425K 8.96+0.10 nt nt

are listed in Table 5. - - -
a Fitted values were obtained from experiments of the sorts shown

_— in Figures 7 and 8. They are given to three significant figutes.
normally distributed21). Moreover,o does not account for o The site that must be unprotonated to bind vesamicbhe site that
a shift in apparent g, value due to competition between must be unprotonated to transport nonsaturating AQthe site that
protons and the nonnegligible concentration®sfjjyesamicol must be protonated to transport nonsaturating AQDbtained in 50
that was used to determine each curve. For these reasond™ [BH]vesamicol.f No transportg Not determined due to insufficient
the threshold for a meaningful difference between values of transport.
pK; was increased to 1.2 units. This threshold is intuitive ) ]
but representative of variability in replicate experiments, and Might be shifted from generic values. The threshold for a

in all cases it is greater than 3 propagate®nly one mutant significant difference from wild type again was set at 1.2
differed from wild type by more than the threshold. units, and none of the differences reached the threshold

pH-Transport Profiles for AChThe data sets for transport (Table 5).
of nonsaturating concentrations 8HJACh at different pH

values approximate single bell-shaped curves in most cases ACh uptake_ UpHindtransport (3)
(Figure 8A). A site with a relatively acidicky, value, which Brnax 1+ 10PH 10"
we arbitrarily call g3, must be unprotonated for transport. 10 s 107PH

A different site with a relatively basicl, value, which we

arbitrarily call K4, must be protonated for transport. The K131A in TMD Il exhibited a pH-transport profile

deprotonation and protonation requirements could occur atcomposed of two overlapping bells (Figure 8B). This unusual

any step in the transport cycle, and mutations that akgr p  profile is reproducible. The data were fitted by regression

or pK4 are structurally linked to a transport step. models that assumed (i)Kp and K, are independently
To estimate values for Ky and K4, each data set adjustable for each bell (four adjustablévalues), (i) K3

approximating a bell shape was fitted with eq 3. The isthe same but adjustable ari,ps independently adjustable

parameters are of the same types as those in eq 2. Similarlyfor each bell (three adjustablékpvalues), or (iii)) K3 is

to pKy, values for K3 and K, are phenomenological and fixed at the wild-type value andKa is independently



7962 Biochemistry, Vol. 44, No. 22, 2005 Bravo et al.

o

ACh uptake/ Bmeax (min~")

pH

Ficure 8: pH-transport profiles for®H]JACh. Frame A: Bell-shaped curves were fitted to specific transport data normaliZ&ghtéor
wild type (@), D46E @), D398E &), D255E @), H338Y (x), and D193E ¢). Frame B: The sum of two bell-shaped curves was fitted
to specific transport data normalizedBg.x for K131A in 3 mM [PH]JACh as described in the text for model iii. Fitte&kpvalues for all
mutants are listed in Table 5.

adjustable for each bell (two adjustabl€,psalues). Model The pH studies confirm three critical types dfpevent
iii was preferred statistically (eq 4). The result is sensible, above pH 6 2). A site with K; ~ 6.3 must be unprotonated
for binding of vesamicol, a site withy ~ 6.4 must be
ACh uptake_ YpHindtransport1 + unprotonated for transport of ACh, and a site witk,p~
Brax 10°PH 10 PKas 7.6 must be protonated for transport of ACh. Th€, jand
10" 10PH pKs events coyld be either (i_)_ the protonated forms acting in
negative functional roles or (ii) the unprotonated forms acting
UpHindtransport2 (4) in positive functional roles. Similarly, thekp ~ 7.6 event
10 PH 10 PKez could be either (i) the protonated form acting in a positive
107K 107PH functipnal rolg or (ii) the unprptongted for.m gcting.in a
negative functional role. Insufficient information is available
as a mutation is likely to perturb only one of the two residues to decide between positive and negative roles for each event.
responsible for the bell shape, and the profile on the acidic Deprotonation of the charged ammonium center in vesamicol
side resembles that of wild type. Thus, th€,mpvent was itself apparently accounts for loss of vesamicol binding at
split into two events by the mutation, and the fit to the basic higher pH.

1+

side gave 41 = 6.10£ 0.20 and 42 = 9.23 + 0.26 The site exhibiting g4 cannot mediate productive proton
(Table 5). The interpretation is discussed below. efflux, as protonation from the outside would be inhibitory
to proton efflux and thus to transport, not stimulatory. It must
DISCUSSION have a structural role. Moreover, if th&pevent were to
Wild Type!f data for displacement of tracéHJvesamicol contribute to loss of vesamicol binding at higher pH, the

by ACh are fitted with a standard hyperbolic fit, th@cn binding would drop toward 0 twice as steeply as it does.
value obtained is 16.8& 0.7 mM. However, Ojeda et al. ~ ThusS, B4 seen in transport has no effect on vesamicol
(20) found that inclusion of an adjustable Hill coefficient binding.

gives a significantly better fit consistent with apparent  Asp-46 in TMD | Neither D46N nor D46E affects the
“negative cooperativity” of 0.75 0.02. Although the Hill fraction of VAChT that binds ACh with high affinity or the
approach to data fitting is quantitative, it does not provide affinities of the ACh and vesamicol binding sites. D46E

information about why a system deviates from simple exhibits wild-type transport properties. D46N transports with
behavior. ~3-fold lower Vmad(Bmatra) but wild-type Ky. These

Apparent negative cooperativity can arise from (i) a macroscopic parameters reflect 6.7- and 2.9-fold lower values
homooligomer that propagates conformational changes amongdor ki andks, respectively. D46 does not account for any of
binding sites and (i) a mixture of monomers having different the K, events, and it is not at the ACh or vesamicol binding
conformations. In case i the amounts of high- and low- Site.
affinity binding must be the same, and in case ii they need Lys-131 in TMD Il.In both VAChT and VMAT, this
not be the same. Data for K1312A, K131H, and D193E residue forms an ion pair with D in TMD XI15, 23).
cannot be fit adequately by any reasonable variation of caseComputer modeling has confirmed that these K and D
i. Moreover, there is no evidence that VAChT oligomerizes. residues can be close to each ot (In the current study,
The equation describing case ii gave the preferred fit for KI131A and K131H had wild-type affinity for vesamicol.
eight of the data sets, including that of wild type, compared However, in K131A only 49+ 2% has high affinity for ACh
to the one-component fit. Thus, 88 3% of wild-type (Kachha = 10.3+ 1.5 mM). In K131H only 29+ 2% has
VAChHT has high affinity Kachna = 10.8 £ 0.7 mM) and high affinity (Kachia = 12.54+ 2.5 mM). Because it behaves
11 &+ 3% has low affinity Kacha = 194 &= 84 mM) for similarly to K131A, the mutant K131H probably does not
equilibrium binding to ACh. There is no evidence in the ion pair. An absence of ion pairing might occur because the
western blots for significant proteolysis of wild type or any imidazole group of the introduced histidine does not carry a
mutant. Intact VAChT apparently accounts for both affinity positive charge at the pH of the measurement (pH 7.4) or
forms. cannot extend far enough to reach D in TMD XI.
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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 witAG°® = —RT
INn(Keg) in whichKeqis 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 foVmad(Bmatnra) and
Km. K131A shows reduced but significant transport, with
Vmad (BmaFra) ~3.6-fold less than for wild typeKy is wild
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transports with wild-typ&/ma/(Bmatra) and an elevately

that is associated with a 5.1-fold lower value far The
latter observation suggests that the interaction between TMDs
VIII and X might be more important to thk; than thek;
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

type. The changes in transport seen for K131A are due tobe important. H338 does not account for any of th& p

6.2- and 3.9-fold slowek; andk; rate steps, respectively.
Both mutants show wild-type pH-binding profiles for
vesamicol. Thus, K131 does not account for tikg pvent.
K131H shows wild-type pH-transport profiles. Thus, K131
does not account for theKg or pK,4 events either. However,
K131A splits K4 into two values, namely,y; ~ 6.1 and
pKs2 &~ 9.2 (Figure 8B). A single residue in different
microenvironments likely gives rise to the splitting, as the

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

Asp-398 in TMD X.n both VMAT and VAChHT, this
residue is very important to transport, although E substitutes
(13, 23). The residue probably carries theproton 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

functional consequences for protonation are the same (thatH in TMD VIII seems sufficient explanation for lower

is, transport). Presumably both forms of transporter repre-
sented by R4 and @4, bind ACh with high affinity, or
else they could not transport. We defer discussion of which
residue probably gives rise to thé&pevent.

Because intrinsic affinities for ACh and vesamicol do not

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,

change in these mutants, K131 is not at the ACh or vesamicolD398A does not transport. The loss of transport without
binding site per se. The conclusion implies that D in TMD change in ACh binding properties confirms that the mutation
Xl also is not at the ACh or vesamicol binding site. causes a specific defect in productive efflux of protons.
Disruption of the K-D ion pair surely would have affected D398E is confirmed to transport well, but the transport could
the structure of a binding site in which the D residue of that not be normalized to expression level due to an unreliable

ion pair is directly involved.

Asp-193 in TMD IVThe 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/nto 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
ki 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 thEgevents, and it
is not located at the ACh or vesamicol binding site.

Asp-255 in TMD VID255E, D255A, and D255N show
wild-type properties for ACh and vesamicol binding. They
exhibit small decreases Wina{/(Bmax-1a) and small increases
in Ky values. About 24-fold changes irk; andk, cause
the macroscopic effects. D255 does not account for any of
the K, events, and it is not located at the ACh or vesamicol
binding site.

His-338 in TMD VIII. The previous VAChT study by

value forBnax 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 [, is present. Thus, D398 cannot give
rise to the [K; event. Because D398A does not transport,
pKs and K, values could not be determined. This circum-
stance leaves open the possibility that D398 gives rise to
the K3 or pK4 event.

Several arguments constrain the possibilities. In the first
argument, we assume that D398 carries #eproton
similarly to the corresponding residue in VMAT. As we
already have concluded that the residue accounting for the
pK,4 event cannot be critical to productive proton efflux, D398
cannot give rise to thely, event. This argument leaves open
the possibility D398 accounts for th&pevent, but only if
different residues account for th&Kpand [<; events (a
relationship between D398 andKpwas ruled out above).

The second argument is generated by the observation that
D398E exhibits wild-type values fotfa and [K,. The value
for pKs is significantly higher than for thelfy, of generic D
(~4.0). If it accounts for the 93 event, D398 resides in a

Hersh and colleagues demonstrated that H338A and H338Kmicroenvironment (involving interaction with H in TMD

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 hypothesizedlf). Computer modeling has demon-
strated that these residues can be close to each @#er (
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

VIII) that raises its K, value ~2.4 units to 6.4. Because
D398E apparently does not interact with H in TMD VIlI
(as indicated by weak vesamicol binding), it is in a different
microenvironment. Yet D398E would have to undergo a
similar shift in K, value as D398 does to generat&pThis
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 heré3).
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In the third argument, if theirkg, values are generic, D398 in TMD Il). Instead, position 425 must communicate with
and D398E would be essentially fully unprotonated at all the ligand binding sites by means of propagated conforma-
pH values investigated here, and they would not generatetional changes. Moreover, thik—D ion pair apparently
the Ks event. Indeed, the site binding the proton in blocks potential extra-high affinitfor vesamicol and ACh
Torpedovesicles has been assignd€lp= 4.7 (6). As it likely under some circumstances.
acts in thek; step, D398 probably is the residue responsible  Transport was severely compromised in both mutants.
for the Ky = 4.7 event. This conclusion means D398 D425K did not transport. D425H had10-fold lower k.
probably did not show itsk, in the current work. Transport by D425H is consistent with a role for D425 in

Asp-425 in TMD XI.This residue was mutated to H and structure rather than translocation of a proton, which is
K in order to analyze the effects of potentially positively similar to its role in VMAT (13, 23).
charged residues. Positive charge would repel the substituted D425H exhibited a wild-type value foriqa in vesamicol
residue away from K in TMD Il and prevent formation of a binding, which means D425 does not have a role in tke p
compensatory interaction mimicking the=0 ion pair in event. However, D425K exhibitedkp ~ 9.0. How can such
wild type. The first observation is that D425H and D425K a large increase in value be explained if the responsible wild-
are the only mutants to strongly pertusbththe ACh and type residue still is present? A possible answer is that the
vesamicol binding sites. The behavior contrasts with that introduced lysine blocks binding, presumably by means of
exhibited when the ion pair is disrupted by mutation of Kin a propagated conformational change, at pH values where it
TMD I, which only decreases the fraction of high-affinity is protonated. Thus, the mechanisms for ti@ pvents in
ACh binding. D425K and wild type probably are different. The value of

The second observation is that D425H binds vesamicol the apparent pK; event in D425K is consistent with
13-fold tighter than wild type does. The direction and size introduced lysine, as it is only about 1 unit lower that,p
of this change are notable. At the standard pH of 7.4, D425K ~ 10 for generic lysine.
binds vesamicol 5.7-fold looser than wild type does. At pH  The values of K3 and K4 could not be determined for
8.6, D425K ha¥, = 14.8 + 2.9 nM, which is within the D425K, because of the absence of transport, or for D425H,
range of normal affinities. However, the value is misleading. because of too little transport. Nevertheless, we conclude
Two corrections must be made to it, using an approach D425 is not likely to account for the 3 event. Two
similar to that given by eq 2, to compute intrinsic affinity. arguments support this conclusion. In the first argument, we
Because only 0.76 of the vesamicol was protonated and ablenote that the D425H mutant presumably must undergo
to bind mutant, and only 0.30 of the mutant was unprotonated deprotonation by the Ky event to transport even a small
and able to bind vesamicol (Figure 7), the corrected value amount. The second argument depends on the similarity in
for pH-independenk, is 4.1 nM. The values for D425H pH dependence between VMAT and VAChT. Because an
and wild type are 1.5 and 20 nM, respectively, after making uncharged, double mutant at the-K ion pair of VMAT
the same types of corrections. D425K unprotonated on thetransports well 23), the K3 event in VMAT is unlikely to
introduced K binds vesamicol 4.9-fold tighter than wild type involve D in TMD XI. By analogy, the same probably is
does. Thus, unprotonated K and what is probably unproto- true for VAChT.
nated H (so deduced because the pH profile for vesamicol D425 likely gives rise to the i, event. The splitting of
binding to D425H is the same as to wild type) both yield pK,into two values by K131A (discussed under Lys-131 in
mutants havingextra-high affinities forvesamicadl Unpro- TMD |I) is striking and suggests that K131, although not
tonated K and H are rather different structurally. These giving rise to the K4 event, is strongly linked to it. lon
observations suggest that the increases in vesamicol affinitypairing of K131 with D425 provides a linkage mechanism.

arise from a loss of function, namely, loss of the-K ion Loss of ion pairing could allow D425 sufficient conforma-
pair, rather than from a gain of function dependent on the tional flexibility to distribute between microenvironments that
introduced K and H residues. yield different K, values. Hydrophobic microenvironments

The third observation is that, as for vesamicol binding, are consistent with (i) increase&pvalues for D425 in wild
the D425H and D425K mutations affect ACh binding in a type and K131A and (ii) a decrease®value for the
complex manner (Table 2). The behavior is not an artifact introduced lysine in D425K.
caused by changes in the affinity of vesamicol, which was  Overview. The findings in this study generally agree with
used as the indicator, because the conditions for the displaceresults of previous studies in VAChT and VMAT. One
ments by ACh were adjusted to compensate. The three setsnteresting finding not already summarized is that mutations
of displacement data for these mutants are fitted best by thein TMDs |, 1V, and VIl differentially affect the values of
one-component equation. That behavior means the ap-the k; andk; rate constants, which suggests that different
proximate isoenergetic relationship between high- and low- regions of the amino acid sequence control each transmem-
affinity forms created when the ion pair is broken on the K brane reorientation step in the transport cycle. Alsone
side is overridden when it is broken on the D side. Also, of the investigated residues appears to be located directly in
D425H exhibits 2.6-folaextra-high affinity for AChD425K the ACh or vesamicol binding site.
binds ACh with low affinity, although binding probably is Where might the ligand binding sites be? Part of the ACh
tighter at higher pH, similarly to vesamicol binding. binding site probably is in TMD VIII deep in the transport
The diversity of residue types at this position showing channel toward vesicular lumen, as mutation of conserved
normal or extra-high affinity for vesamicol and ACh [includ- W331 (~2 helical turns before H338 in TMD VIII)
ing D425N and D425E14)] confirms that D425 is not at  substantially decreases ACh affinity without effect on any
the vesamicol or ACh binding site (this conclusion already other microscopic parameteR(). Part of the vesamicol
had been reached from results obtained with mutants of K binding site probably is in TMDs VIII and X. F335A~(1
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Ficure 9: Proposed packing of TMDs in MFS transporters. The
cytoplasm is on top. Residues mutated in this work are mapped
very approximately into the TMDs. Effects on ligand binding are
shown as circles. Vesamicol affinity is in red, ACh affinity is in
yellow, and the fraction of high-affinity ACh binding is in orange.
Effects onk; andk; rate constants are indicated by solid turquoise
and blue rectangles, respectively. The drawing is adapted from Hirai
et al. 26).

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 thEp~ 6.3 event in vesamicol
binding. All of the residues, except those in TMDs X and
Xl, are definitively eliminated as the source of thizp~
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 Xl give
rise to the K3 event. Thus, the responsible residues remain
unidentified. As the i, and K3 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 ksf, 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 R4, 26). Accordingly, the residues

mutated here have been mapped very approximately into the 11.

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 15

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 1s.

properties of VAChT. However, the diversity and magnitude
of effects obtained by mutation of the D residue in thelX
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ion pair are much greater than for any other residue.
Moreover, this residue is tentatively assigned to thgqvent

in transport. TMD XI apparently plays a special role. The
observations suggest a model in which the K 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 I,
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 occut3, 14). These ideas suggest many
new experiments to probe VAChT mechanism.
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