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Abstract

Vesicular acetylcholine transporter (VAChHT) is inhibited by (—)-vesamicol [(-)-trans-2-(4-
phenylpiperidino)cyclohexanol], which binds tightly to an allosteric site. The tertiary alkylamine
center in (—)-vesamicol is protonated and positively charged at acidic and neutral pH and
unprotonated and uncharged at alkaline pH. Deprotonation of the amine has been taken to explain

loss of (—)-vesamicol binding at alkaline pH. However, binding data deviate from a stereotypical bell

shape, and more binding occurs than expected at alkaline pH. The current study characterizes the

binding of (—)-vesamicol from pH 5 to pH 10 using filter assays, (-)-[3H]vesamicol (hereafter called
[3H]vesamicol), and human VAChT expressed in PC12A123-7 cells. At acidic pH, protons and [3H]
vesamicol compete for binding to VAChT. Pre- or long term-exposure of VAChT to high pH does
not affect binding, thus eliminating potential denaturation of VACKT and failure of the filter assay.
The dissociation constant for the complex between protonated [2H]vesamicol and VAChT decreases

from 12 nM at neutral pH to 2.1 nM at pH 10. The simplest model of VAChT that explains the

behavior requires a proton at Site 1 to dissociate with pK; = 6.5 + 0.1, a proton at Site A to dissociate

with pKa = 7.6 £ 0.2, and a proton at Site B to dissociate with pKg = 10.0 £ 0.1. Deprotonation of

the Site 1 proton is obligatory for [H]vesamicol binding. Deprotonation of Site A decreases affinity

(2.2 £ 0.5)-fold and deprotonation of Site B increases affinity (18 + 4)-fold. Time-dependent
dissociation of bound [3H]vesamicol is biphasic, but equilibrium saturation curves are not. The

contrasting phasicity suggests that the pathway to and from the [3H]vesamicol binding site exists in
open and at least partially closed states. The potential significance of the findings to development of

PET and SPECT ligands based on (—)-vesamicol for human diagnostics also is discussed.

Vesicular acetylcholine transporter (VACth) moves the neurotransmitter acetylcholine

(ACh) from the cytoplasm of nerve terminals to the inside of synaptic vesicles (1,2). It belongs
to the major facilitator superfamily (MFS) of transporters, most of which contain twelve
transmembrane (TM) helices (3). Three-dimensional structures for four bacterial members of
the MFS have been determined. They are lactose permease (4), glycerol phosphate transporter
(5), oxalate-formate antiporter (6), and the multidrug resistance transporter EmrD (7). The
structures all exhibit similar TM nearest neighbors (4,5,6). The first six TMs in the amino acid
sequence pack into one bundle, and the second TMs pack into another bundle. The bundles are
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related to each other by a pseudo 2-fold axis running through a central transport channel
approximately perpendicular to the plane of the membrane. TM 1 is pseudo symmetric to TM
7, TM 2to TM 8, and so on. Similar architecture is hypothesized to apply to most MFS proteins,
including VACHT (8). Accordingly, a three-dimensional homology model of VAChT based
on the three-dimensional structure of glycerol-3-phosphate transporter and biochemical
information about VAChT has been proposed (9). In the model, the ACh transport channel is
open to cytoplasm and closed to vesicular lumen. This orientation constitutes > 90 % the
“resting” conformation of VAChHT in vitro (10).

Proton-motive force generated by V-ATPase, which also is in the vesicular membrane, drives
transport of ACh (10). Thus, VAChT must contain functional proton-binding sites that mediate
efflux of protons through the protein. The synthetic compound (-)-vesamicol [(—)-trans-2-(4-
phenylpiperidino)cyclohexanol] binds tightly to VAChT and inhibits transport (11). The
structure-function relationship for (—)-vesamicol is restrictive, which implies that the
compound makes specific contacts with a selective binding site (11). Mutational analysis has
localized the likely (—)-vesamicol binding site near residue D398, which faces the transport
channel near the center of TM 10 (12,13). Residue numbers used throughout this manuscript
apply to rat and human VAChHT. The ACh binding site probably is immediately adjacent to the
(-)-vesamicol binding site and closer to vesicular lumen (14). A rocker-switch model of
transport by the MFS has been proposed (8). The two bundles of TMs are hypothesized to rock
against each other along the transport channel in order to expose the substrate-binding site to
first one side and then the other side of the membrane (7,15). For VAChT, protons trigger the
rocking.

Equilibrium binding of (—)-vesamicol across the accessible pH range is very approximately
bell-shaped, with zero binding at both low and high values of pH (12,16). When a pH-binding
curve is truely bell-shaped, only two weak acids control the profile (17). One acid has a pK
value in the lower pH range. It must dissociate to allow ligand binding. A different weak acid
has a pK value in the higher pH range. It must not dissociate for ligand binding. Only in the
midrange of pH are both conditions for binding well satisfied.

Critical weak acids can be associated with either the protein or the ligand, and a pH-binding
profile will look the same. Because (—)-vesamicol is a tertiary alkylamine, it is protonated and
positively charged at acidic and neutral pH values but unprotonated at alkaline pH values.
Protonated (—)-vesamicol probably is the binding form, as (—)-vesamicol binds tightly at neutral
pH but weakly at alkaline pH. Also, methylation of the tertiary amine in (x)-vesamicol
decreases affinity > 25-fold, indicating that a proton bound to the amine center is important
(18). The pK,yes Value for protonated (—)-vesamicol is 9.0 = 0.1, which has been determined
by titration of (x)-vesamicol absorbance at 263 nm (19). In the absence of other effects, the
apparent affinity of VAChT for (—)-vesamicol is predicted to decrease by 91% at pH 10.0. In
past analyses, we assumed that deprotonation of (—)-vesamicol fully explains the high-pH limb
of the pH-binding profile. However, data persistently deviate from the simple titration curve
expected. The deviation must arise from the presence in VAChT of one or more important
weak acids having pK values in the mildly alkaline pH range. Because such weak acids might
participate in transport, we carefully re-evaluated the pH-binding profile for (—)-vesamicol.

MATERIALS AND METHODS

All chemical reagents were of the highest usual grades commercially available. The radioactive
compound (-)-[3H]vesamicol (25 Ci/mmol) was custom synthesized by Perkin Elmer Corp.
In the interest of brevity, the term [3H]vesamicol means the tritiated, potent (—)-enantiomer.
The term (—)-vesamicol means the non-radioactive (-)-enantiomer, and the terms (&)-
vesamicol and (x)-aminobenzovesamicol [(x)-ABV] mean the non-radioactive racemates. The
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compounds (+)-ABV, (z)-vesamicol hydrochloride, and (—)-vesamicol hydrochloride were
synthesized in this laboratory (18). PC12A123.7 cells were from L. B. Hersh (University of
Kentucky, Lexington, KY).

The PC12A123-7 cell line does not express endogenous rat VAChT (20). It contains synaptic-
like microvesicles to which transfected VAChT is targeted (21). Cells were grown at 37 °C in
an atmosphere of 10% CO, in complete Dulbecco's modified Eagle's medium mixed 1:1 with
Ham's F-12 medium. The culture medium was supplemented with 10% horse serum, 5% fetal
bovine serum, 100 units penicillin /mL, and 100 xg streptomycin/mL.

Stable transfection

cDNA for human (hVAChT) was obtained from Invitrogen and transferred into pcDNA 6.2/
V5-destination vector using the LR Recombinase method (Invitrogen). Clones of recombinant
vector ("WAChT/pcDNA 6.2/V/5) were obtained in XL-1 Blue supercompetent E. coli cells
selected on ampicillin and amplified. Isolated hVAChT/pcDNA 6.2/V5 was transfected into
PC12A123.7 cells with Lipofectamine in antibiotic-free medium (22). Twenty-four hours later,
cells were passaged at different dilutions in different culture plates, and blasticidin selection
agent was added at 10 «g blasticidin/ml to each plate. Blasticidin-resistant colonies were picked
after 2 — 3 weeks, expanded and maintained in a culture medium containing blasticidin in
addition to 5% horse serum, 10% fetal bovine serum, 100 units penicillin/mL, and 100 ug
streptomycin/mL.

Preparation of post-nuclear supernatant

Cells were trypsinized and harvested upon growth to confluency, washed with cold phosphate-
buffered saline, and resuspended in homogenization buffer [0.32 M sucrose, 10 mM N-(2-
hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES), 1 mM dithiothreitol, adjusted to
pH 7.4 with KOH, fresh 100 uM phenylmethanesulfony! fluoride (Sigma, St. Louis, MO), 100
uM diethyl p-nitrophenyl phosphate (paraoxon) and complete protease inhibitor cocktail
(Roche, Mannheim, Germany)]. Homogenate was prepared (22). Briefly, resuspended cells
were broken in a Potter-Elvehjam homogenizer (three to six strokes) using a motor driven
stirrer until 95% of them took up trypan blue as determined by microscopic examination. The
resulting suspension was centrifuged at 15009 for 10 min, and the postnuclear supernatant was
reserved. Protein concentration estimated with the Bradford assay (Bio-Rad, Hercules, CA).
Ittypically was about 10 mg/mL (23). Different preparations of postnuclear supernatant contain
different amounts of hVAChT/mg protein.

Western blot analysis and selection of clonal line

Expression of hVAChHT by each of the clones was monitored by western blot (22). Postnuclear
supernatant (150 ug) was diluted to 500 xL with homogenization buffer containing complete
protease inhibitor cocktail and pelleted by ultracentrifugation at 171,500g for 1.5 h at 4 °C.
The pellet was resuspended in 40 uL of sodium dodecyl sulphate sample buffer (New England
BioLabs, Beverly, MA) containing 0.042 M dithiothreitol. Proteins were separated by
electrophoresis on a 12% resolving and 4% stacking sodium dodecyl sulphate-polyacrylamide
gel and blotted onto an Invitrolon polyvinylidene fluoride membrane (Invitrogen) using a
semidry electrotransfer apparatus (Mini-Trans blot cell, Bio-Rad). The membrane was blocked
with Tris-buffered saline containing 2.5% nonfat milk and 0.05% Tween 20 for 1 h at 23 °C,
followed by overnight incubation with polyclonal goat antibody raised against the N-terminus
of hVAChT (Santa Cruz Biotechnology, Santa Cruz, CA). The membrane was rinsed and then
incubated for 1 h with horseradish peroxidase-conjugated donkey anti-goat 1gG (Santa Cruz

Biochemistry. Author manuscript; available in PMC 2009 December 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khare et al. Page 4

Biotechnology) at 23 °C. Electrochemiluminescent detection was performed using a standard
kit (Pierce Chemical Co.) as instructed by the manufacturer.

pH-binding profile for [3H]vesamicol

The different pH values were achieved as described (12). In brief, a solution of 2-(N-
morpholino)-ethanesulfonic acid (MES)/HEPES/3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-
hydroxypropanesulfonic acid (AMPSO), each at 99.6 mM and containing 4 mM fresh
dithiothreitol, is pH 4.5 and 291 mOsm/kg. A similar solution of MES/HEPES/AMPSO, each
at 58.3 mM, containing 4 mM fresh dithiothreitol and adjusted to pH 11.0 with KOH, is 306
mOsm/kg. These low- and high-pH, nearly iso-osmolal stock solutions were mixed with each
other in different proportions to obtain intermediate pH values (pH buffer). Postnuclear
supernatant (< 50 uL) containing 20 ug of protein and the volume of homogenization buffer
required to sum to 50 uL were added to 100 uL of pH buffer. Incubation for 10 min and 23°
was initiated by the addition of 50 xL of a solution containing uptake binding buffer (UBB)
[110 mM potassium tartrate, 20 mM HEPES (pH 7.4 with KOH), and 1 mM dithiothreitol]
and 20 nM [3H]vesamicol. The pH of each incubation was measured shortly before filtration.
Eighty-five uL of each solution was applied to a filter prewetted immediately before with ice-
cold wash buffer (UBB containing 5 uM (z)-vesamicol), and unbound radioactivity was
immediately washed through with four 1-mL volumes of ice-cold wash buffer. The (z)-
vesamicol in wash buffer prevented free [3H]vesamicol from binding to VAChT during
filtration. A second 85 uL portion obtained from the same incubation mixture also was filtered
and washed. Radioactivity on the filters was determined with liquid scintillation spectrometry
to an uncertainty of <2 % in cpms, and results were averaged. This procedure was repeated
for each pH value. Nonspecific binding was measured at several pH values in the presence of
5 uM (x)-vesamicol. Inclusion of the protonophore nigericin (100 nM) did not affect the pH-
binding profile.

Saturation curves for [3H]Vesamicol

They were acquired similarly to the procedure described above in two groups. In one group,
the pH values were 5.0, 5.5, 6.0, 6.5, and 6.9. In the other group, the pH values were 7.1, 7.6,
8.0, 8.9, 9.3 and 10.0. Incubation in the stated concentrations of [2H]vesamicol was for 10 min
at 37 °C. Bound [3H]vesamicol was determined by filtration as described above. Nonspecific
binding was determined with 100 nM of (x)-ABV.

Time-dependent dissociation of [3H]vesamicol

This was characterized at pH values ranging from 7.3 — 9.5. Three hundred ug of postnuclear
supernatant was mixed with pH buffer to yield a final volume of 1350 uL containing 100 nM
nigericin. Reaction at 23° was initiated by addition of 75 uL of UBB containing 100 nM of
[3H]vesamicol. Incubation was continued for 20 min, after which bound [3H]vesamicol was
determined as described above. This datum estimated binding at t = 0. Seventy-five uL of 100
1M (#)-vesamicol was added at t = 0. Bound [3H]vesamicol was determined as described above
at times ranging from 10 seconds to 45 mins. The amount of bound [3H]vesamicol in each
sample was normalized to the amount of protein filtered. Nonspecific binding was determined
in the presence of 5 uM (£)-vesamicol.

Stability of hVAChT at high pH

Postnuclear supernatant (500 xg) was mixed with UBB at pH 7.6 to yield a final volume of 49
mL containing 100 nM nigericin. Incubation was initiated by addition of 1000 xL of UBB
containing 200 nM of [3H]vesamicol. Bound [3H]vesamicol was determined as described
above at times ranging from 10 seconds to 19 mins. At 20 mins, 5320 x«L of 0.5 M AMPSO
brought to pH 10.5 with KOH and containing 4 nM [3H]vesamicol was quickly mixed with
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the reaction to raise the pH to 9.6. Bound [3H]vesamicol was determined as described above
at times ranging from 10 seconds to 19 min after AMPSO was added. At 40 min total elapsed
time, 4340 uL of 0.50 M MES at a pH of 3.5 was added to bring the pH to 7.4. Bound [3H]
vesamicol was determined by filtration as described above at times ranging from 10 seconds
to 20 min after MES was added. The amount of bound [3H]vesamicol in each sample was
normalized to the amount of protein filtered. Nonspecific binding was measured in the presence
of 5 uM (z)-vesamicol.

statistical analysis, and simulation

Regression was performed by simultaneously fitting appropriate equations to total and
nonspecific binding with the software Scientist (Micromath Research, St. Loius, MO). The
best-fit values for nonspecific binding were subtracted from the data for total binding in order
to present the less cluttered fits to specific binding shown in Fig. 3, 4, and 6. Quoted errors are
+one standard deviation. The results included calculation of a Model Selection Criterion (based
on the Akaike Information Criterion), which estimates goodness of fit adjusted for the number
of degrees of freedom. All fits exhibit high scores in the model selection criterion. The
simulations in Fig. 8 were conducted with Scientist.

Erickson and Varoqui (24) were the first to report ACh transport by VAChT expressed from
cDNA transfected into PC12 cells. However, this cell line makes a low level of endogenous
rat VAChHT. In the current work, we expressed hVAChT in a derivative of PC12 cells termed
PC12A123.7 that makes no VAChT. The PC12A123.7 cel| line removes the possibility that
complexity in [2H]vesamicol-binding properties arises from a mixture of VAChT species
(20).

pH profile for binding of [3H]vesamicol

Binding was determined at a low concentration of [3H]vesamicol and a low concentration of
hVAChHT so that only a small fraction of each is bound to the other. This condition allows
simplified analysis of the data. The profile for the amount of [®H]vesamicol binding versus pH
in the acidic region has a simple, classical shape, whereas the profile in the alkaline region
does not, as a shoulder of binding is present around pH 9.5 (Fig. 1). The deviation would be
missed if the [2H]vesamicol concentration were saturating, as the full profile would exhibit a
plateau amount of binding (namely Bp,ax) over the entire intermediate pH range. The plateau
would be quite broad, as the two transition regions between zero and Byax binding would
spread apart toward lower and higher pH regions.

Competition between protons and [3H]vesamicol at acidic pH

A decrease in binding of [3H]vesamicol at acidic pH has been observed before for rat and
Torpedo VAChHTSs (10,16,25). We characterized the type of competition occurring between
protons and [3H]vesamicol (that is, competitive or noncompetitive) in hVAChT by determining
the saturation curves at different pH values in the acidic range (Fig. 2). A competitive model
fits the data well, with an apparent dissociation constant for [2H]vesamicol of 10.1 + 1.15 nM
and pKy = 6.63 % 0.06 for a weak acid that must dissociate to bind [2H]vesamicol. This
simplified competition model works well because the complexities of the system in the alkaline
pH region (below) are minor in the acidic pH region.

VAChT stability at alkaline pH

Most proteins and lipids are more sensitive to damage by alkaline pH than acidic pH. Before
accepting the anomalies in the basic region of the pH-binding profile as real, several tests for
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damage were conducted. To test the possibility that irreversible denaturation occurs, VAChT
bound to a low concentration of [2H]vesamicol was cycled from ~ neutral pH to high pH to ~
neutral pH (Fig. 3). Initial binding at pH 7.4 required ~ 10 min to reach equilibrium. At 20 min
the pH was raised to 9.6, and some of the bound [3H]vesamicol rapidly dissociated with a rate
constant of about 2.8 + 1.1 min~1, after which binding was stable at a new, lower level for at
least 20 min. The decrease in binding is consistent with the data shown in Fig. 1. The pH was
returned to 7.4, and the original amount of binding returned at a rate similar to that observed
for the initial binding at pH 7.4. Thus, exposure to pH 9.6 for 20 min caused no discernable
change in the [®H]vesamicol-binding properties of hWVAChT.

[3H]Vesamicol binding curves using (+)-aminobenzovesamicol [(+)-ABV] to block specific
binding at alkaline pH

To characterize hVACHT stability further, saturation titrations were carried out at different
alkaline pH values. However, there is a problem. Saturation titrations utilizing as much as 1
uM [3H]vesamicol require 200 uM (+)-vesamicol (a 100-fold excess of the potent enantiomer)
to block specific binding. Because most of it is unprotonated, 200 uM (z)-vesamicol is not
soluble at pH 10 (data not shown). Inadequate solubility is not a problem for the other
experiments reported here, as 1 mM (£)-vesamicol is soluble at acidic and neutral pH, and 5
nM [3H]vesamicol is soluble at alkaline pH. Luckily, an analogue of (+)-vesamicol abbreviated
(x)-ABV is about 1000-fold more potent than (z)-vesamicol is, and it is soluble at pH 10 in
the concentration required to completely block specific binding of 1 uM [3H]vesamicol (26).

Single rectangular hyperbolas fit all data sets at all alkaline pH values using ()-ABV to
determine nonspecific background. The By, Values obtained when data sets were fitted
independently were within errors of each other (not shown). Thus, [3H]vesamicol binding is
stable to alkaline pH values, and the filters quantitatively capture membranes up to pH 10.0.
In the final round of regression, a single Bnax Value was assumed for all pH values, and only
protonated [3H]vesamicol was assumed to bind (Fig. 4, Appendix 1). The dissociation constant

for protonated [3H]vesamicol (Kgas) varies from 125+ 1.6 t0 9.1 £ 1.1 from pH 7.1 to 8.9.

Above pH 8.9, K(‘l’:'Ls decreases to 2.1 + 0.3 (Table 2). In other words, binding of protonated

[3H]vesamicol tightens substantially at ~ pH 10.

Does [3H]vesamicol exhibit “specific” binding to membranes containing no VAChT?

Even membranes not containing VAChT might bind displaceable [3H]vesamicol. For example,
(-)-vesamicol binds to sigma 1 and 2 receptors with affinities only somewhat less than for
VAChT (27). PC12 cells contain very little of sigma receptors, but other non-VAChT binding
sites for [3H]vesamicol might be present (28). Such binding could have its own pH dependence
that might complicate apparent pH dependence of VAChT. Thus, a postnuclear supernatant
was prepared from cells not transfected with VAChT, and the pH profiles for total and
nonspecific binding of [3H]vesamicol were determined. Five nM [3H]vesamicol produces
essentially no “specific-nonspecific” binding at low pH, but it produces ~ 0.4 pmol/mg at high
pH. A fit to the pH-dependence yields a pK value of ~ 7.3. The amplitude at high pH saturates
at higher concentrations of [3H]vesamicol (not shown). As it is quantitatively very little under
all conditions utilized here, specific-nonspecific binding can be ignored.

Development of a VAChT protonation model

The tests for artifacts being negative, three models for weak acids linked to the [3H]vesamicol
binding site were fitted to the data (see Appendix 2 for equations describing the successful
model). The models started with the simplest possible and increased in complexity by
introducing terms required to reproduce the anomalous binding features. All models assume
that protonation of a single amino acid residue in VAChT we call Site 1 and deprotonation of
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[3H]vesamicol itself completely block binding (19). The former assumption is supported by
the competitive relationship with protons (Fig. 2). The latter assumption is in a strict sense not
proven, but it is by far the simplest possibility consistent with data. Model (i) makes no other
assumption. Model (ii) assumes in addition that deprotonation of another residue in VAChT
we call Site B increases [2H]vesamicol affinity, as required to account for the shoulder of excess
binding at and above ~ pH 9.5. Model (iii) incorporates Model (ii) with the additional
assumption that deprotonation of yet another residue in VAChT we call Site A decreases [3H]
vesamicol affinity. This event is required to account for the concave-up character to the profile
at~pH 8.5.

Models (i) and (ii) provide poor fits to the data, but Model (iii) provides an excellent fit (Fig.
1). Fig. 5 shows the protonation states of VAChT and [3H]vesamicol hypothesized by Model
(iii). The required parameters are pK1, pKa, a (the factor by which K for Site A changes when
[3H]vesamicol is bound), pKg, /3 (the factor by which Kg for Site B changes when [3H]
vesamicol is bound), and Kgyes (the pH-independent dissociation constant for
VH**VAChTeHa**Hg", where VH™ is protonated [3H]vesamicol). The averaged values for
the parameters obtained from five determinations of the pH-binding profile are given in Table
1. These values are in close agreement with those of the independent experiments reported in
Fig. 2 and Table 2.

Interpretation of the parameter values is presented next. Dissociation of Site 1 having pK1 =
6.5 % 0.1 is required for any binding of [3H]vesamicol. Dissociation of Site A having pKa =
7.6 + 0.2 decreases affinity for protonated [3H]vesamicol by (2.2 + 0.5)-fold (that is, a = 0.45
+0.11), which is a modest amount. Existence of Site A is consistent with the small changes in
Kaves seen from pH 7.1 to 8.9, as Site 1 and Site A significantly cancel their effects on [3H]
vesamicol affinity in this pH range (Table 2). Dissociation of Site B having pKg = 10.0 + 0.1
increases affinity for [3H]vesamicol by (18 + 4)-fold (that is, p = 18 + 4), which is a large

amount. It is consistent with the substantial decrease in K*'._seen from pH 8.9 to 10.0 (Table

dves
2).

Time dependence for dissociation of bound [3H]vesamicol

To further test whether bound [3H]vesamicol is in different environments at alkaline and neutral
pH values, which the factors o and g imply, time-dependent dissociation was characterized.
About 73 — 80 % of the dissociation occurs ~ 7.5-fold faster than the remaining dissociation
at all alkaline pH values (Fig. 6 and Table 3). Apparently, Sites A and B do not couple to the
process controlling the fractions of fast and slow dissociation. The value of the k¢, rate constant
at pH 9.5 (2.27 + 0.25 min~1), determined after addition of excess (+)-vesamicol, is similar to
that of the rate constant determined after jumping to pH 9.6 (2.8 + 1.1 min™1). Thus, dissociation
occurs at similar rates regardless of how it is induced.

The values of the faster and slower rate constants increase by a factor of four from pH 7.3 to
pH 9.5. The increase presumably is not due to long-range electrostatic effects. Higher pH
increases negative charge on the protein, which has a predicted pl of 5.69 (29). This effect will
stabilize bound, positively charged [3H]vesamicol. Because high pH instead destabilizes bound
[3H]vesamicol, as indicated by the faster dissociation rates, the binding site has properties at
alkaline pH different from those at neutral pH.

DISCUSSION

Terminology

Fundamental mechanisms for binding of protons and other ligands to proteins are understood,
but the terminology is not widely known. Thus, we begin the discussion by briefly reviewing
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some terminology. Consider proton dissociation from an asymmetrical weak diacid, as
illustrated in Fig. 7. Four states D, E, F, and G are related to each other by “microscopic” acid
dissociation constants Kp1, Kp2, Kgo, and Kg1. The term microscopic is used here as a chemist
uses it to discuss elementary steps in chemical mechanisms, not in the imaging context. If
pKp1 and pKpy have similar values, states E and F form in similar amounts at intermediate
values of pH. At high values of pH, state G predominates. If the acids interact with each other,
pKg2 and pKgq usually are higher in value than pKpq and pKp», as electrostatic repulsion
between dissociable protons makes loss of the first proton easier than loss of the second proton.
If the protonation state of acid AqH can be monitored, for example by nuclear magnetic
resonance spectroscopy, one finds that the pH-titration curve has a complex shape (30). In
contrast, if pKp1 and pKp, have very different values, perhaps because they arise from different
types of chemical functionalities like a carboxylic acid and an alkylammonium ion, structures
E and F do not form in similar amounts. The pH-titration curve for acid A;H (as well as for
acid ApH) has an ideal shape, even if A; and A interact with each other strongly like for
glycine. A molecular dissociation constant for loss of the first stoichiometric proton from a
diacidic molecule also can be defined, and its value is = Kp; + Kpy. A molecular titration can
be measured by proton neutralization, and it has an ideal shape for each stoichiometric proton
(31).

hVAChHT contains 88 weakly acidic side chains (total, invariant) [C (7, 1), D (20, 9), E (24, 3),
H (8,1),K(7,1),Y (22, 7)] that reasonably can have pK values at or below 10. In the VAChT
homology model, no R residue is buried or ion paired in a way that might shift its pK value
from that of generic R. We assume the 30 R residues have normal pK values of ~ 12.5 and no
R residue titrates significantly in the pH range studied here. Many of the Cs and Ys will not
titrate either because they are buried. Although not known exactly, the total number of residues
in VACNT that titrate between pH 4 and 10 thus is < 88. The number of these that is invariant
is only 22, and they are distributed among all six types of candidates. Thus, if additional
evidence can be elicited, such as pH-binding profiles for mutants and expectations of
conservation due to functional importance, it should be possible eventually to assign pKy,
pKa and pKpg to specific residues.

Most of the titratable residues in VAChT will act as isolated acids that do not significantly
affect microscopic pK values for other acids (32). If an isolated acid interacts strongly with the
[3H]vesamicol binding site, affinity for [*H]vesamicol will be pH-dependent and exhibit only
slight deviation from an ideal shape due to weak, long-range electrostatic interactions with
other residues titrating in the same pH range.

Pairs of acids that interact strongly with each other occur in proteins, particularly at functional
sites (32). Nevertheless, the equations used here to estimate pK values assume that a detected
titration has an ideal shape because it arises from (a) an isolated weak acid, (b) a strongly
interacting system having a dominant weak acid, or (c) a system exhibiting molecular-like
coupling to the [3H]vesamicol binding site. The assumption is required because the accuracy
of the data does not allow further refinement in fitting.

Effects of pH on hVAChT and [3H]vesamicol

hVAChT and [3H]vesamicol are chemically stable and the filter-binding assay for bound [3H]
vesamicol is reliable over the full pH range. A small amount of specific-nonspecific binding
that is not VAChT exists in post-nuclear supernatant, but it is not quantitatively important in
the current experiments. Thus, the experimental system is well behaved.

VACHT and [3H]vesamicol both contain weak acids that affect formation of the complex
between them. Although VAChT and [3H]vesamicol are equivalent mathematically in a
binding equation, they are not equivalent in structural complexity. [3H]Vesamicol is simple;
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VACNT is complex. The simplicity of [H]vesamicol allows computations to account for the
effect of proton binding by [3H]vesamicol and reveal additional effects of proton binding by
hVAChHT.

Five types of pH experiments were conducted here, namely (a) equilibrium binding by
subsaturating [3H]vesamicol, (b) time-dependent adjustment of equilibrium binding, (c)
equilibrium saturation curves at multiple acidic pH values, (d) equilibrium saturation curves
at multiple basic pH values, and (e) time-dependent dissociation. The experiments provided
consistent results that lead to the following conceptual description of [3H]vesamicol binding.
Affinity goes toward zero below pH 6 even though [3H]vesamicol does not change its
protonation state, as VAChT becomes nonbinding. When pH rises from 7 toward 10, the pH-
binding profile has a wiggle shape. The wiggle means that affinity for protonated [3H]
vesamicol first decreases slightly and then increases substantially. Despite the increase in
intrinsic affinity at ~ pH 10, the amount of binding goes toward zero as pH increases beyond
10 because the concentration of protonated [3H]vesamicol goes toward zero while the affinity
stays constant.

Thermodynamic cycles relate binding of [3H]vesamicol and binding of protons to Sites A and
B (Fig. 5). Binding of [3H]vesamicol increases (or decreases) the dissociation constant for a
linked weak acid by the same factor that binding of a proton to the conjugate base increases
(or decreases) the dissociation constant for [3H]vesamicol. Thus, pKa = 7.6 + 0.2 and pKg =

10.0 + 0.1 in free hVAChT become pK\**=7.9 + 0.3 and pK**=8.7 + 0.4 in [*H]vesamicol-
bound hVAChT (Table 1). Binding of [3H]vesamicol and a proton to conjugate base A reinforce
each other ~ 2-fold, whereas binding of [3H]vesamicol and a proton to conjugate base B
antagonize each other ~ 18-fold.

Two features in [3H]vesamicol dissociation rates are notable. Firstly, the increase in values of
the fast and slow rate constants that occurs at higher pH predicts that equilibrium affinity for
[3H]vesamicol should decrease at higher pH, as the rate of dissociation usually is more
important than the rate of association in determining equilibrium affinity (33). However, the
opposite behavior occurs for [H]vesamicol and hVAChT (Table 2). Secondly, biphasicity in
(-)-vesamicol dissociation rates does not appear in equilibrium saturation curves under any
set of conditions tested.

The observations lead to two inferences. The first is that association rates at high pH must
increase more than dissociation rates do in order to account for tighter equilibrium binding at
higher pH. Indeed, although association is slow enough at pH 7.4 to observe (Fig. 3), attempts
to observe it at high pH fail because it becomes too fast for our techniques (not shown). The
second inference is that association also must be biphasic and exactly compensate for biphasic
dissociation so that equilibrium saturation curves are monophasic. Such behavior suggests that
the pathway to and from the [3H]vesamicol binding site exists in open and at least partially
closed states. The closed state might be static with reduced, but nonzero, conductance for
[3H]vesamicol, or it might be dynamic with zero conductance until it opens to full conductance.
The opening would occur at the rate of slow dissociation in the latter case.

Identities and functions of pK;, pKa and pKg acids

They are not known for sure, but clues are accumulating. The pK; values for human and rat
VAChTs are 6.5 £ 0.1 and 6.28 + 0.03, respectively (10,16). Mutation of D398, which resides
in the center of TM 10, to an N, A, or E residue very greatly reduces affinity of rat VAChT for
[3H]vesamicol (12,13). This and other data indicate that the [3H]vesamicol-binding site
probably is located closely to D398 and that D398 might be the source of pK;. Transport by
rat VAChT requires deprotonation of a site with pKg = 6.42 £ 0.12 (12). Mutation of D398 to
N or A, but not E, blocks transport (12,13). Because of the similarities in pK values and

Biochemistry. Author manuscript; available in PMC 2009 December 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khare et al.

Page 10

protonation state required for binding and transport, pK; and pKs likely are due to D398.
Aspartic acid, which has a generic pK value of 4.0, can have a value similar to pK; and pK3z in
a hydrophobic or negatively charged environment.

Residue E309 originally was thought to be located in loop 7/8 of the hydropathy model for
VAChHT TMs. For this reason, it was not mutated in prior work. The recently developed
homology model relocates TM 7 so that E309 is close to its center and next to D398. This
relationship would form a diacid composed of similar chemical functionalities having similar
pK values (9). Glutamic acid, which has a generic pK value of 4.5, can exhibit pK values in
the range of pKa = 7.6 in a hydrophobic or negatively charged environment. The possible close
proximity of E309 to D398 suggests that it too could affect binding of [3H]vesamicol and

account for pKa = 7.6 + 0.2 and pK;**=7.9 + 0.3 The pKa and pK** values are similar to
pK4 = 7.56 = 0.12, which arises from a site that must be protonated for ACh transport (12).

pKa, PK** and pK4 could arise from the same residue. The relationships among these
parameters, E309, and D398 require mutational investigation.

Other residues have been linked by mutations to binding of [H]vesamicol. They are K131 in
the center of TM 2 and D425 in the center of TM 11 (9,12,13,36-38). Several lines of evidence
demonstrate that these residues form an ion pair that ties the first and second bundles of TMs
together. An ion pair is a diacid composed of different chemical functionalities that probably
have very different pK values. A lysine in such an ion pair is likely to have a pK above generic
10 due to electrostatic stabilization of protonated lysine by the deprotonated aspartate. The
pK value for K131 could be too high to appear in any measurement made so far. An aspartic
acid in such an ion pair in like manner probably has a pK value below generic 4.5. The pK
value for D425 could be too low to appear in any measurement made so far. Although mutations
of these two residues have been made and characterized, a clear picture of their functions and
likely pK values has not emerged. Neither residue is likely to account for pKg.

Relevance to PET and SPECT

The (—)-vesamicol family of ligands is being developed for positron emission tomographic
(PET) and single-photon computed tomographic (SPECT) applications in human diagnostics
(39-41). Many parameters must be optimized for a successful imaging agent. The current
observations suggest that pKayes, @, and g also should be considered, as the VAChT system
exhibits plasticity in vivo. Binding of several analogues of (—)-vesamicol to in vivo striatum
increases markedly when ACh turnover increases due to blockade of the D2-receptor (42,43).
In other words, binding of (-)-vesamicol analogues is responsive to indirect pharmacological
manipulation in striatum. Could some of the plasticity couple to pKayes, @, and ?

Fig. 8 shows computer simulations of pH-binding profiles for different values of pKgyes, @, and
£. Tomography generally uses < half-saturating concentrations of imaging ligand in order to
minimize adverse pharmacological effects due to the procedure (44). Sub-saturation means
that changes in the protonation states of hVAChT and the imaging ligand will affect the amount
of specific ligand binding and the images obtained. Normal cytoplasmic pH is 7.1 in most
human tissues, so we begin the analysis of what different values for pK,yes, @, and g could
mean at pH 7.1 (45,46).

The value of pKgyes for an imaging ligand will depend on the chemical structure of the ligand.
pKaves for (2)-ABYV is estimated to be 8.27 + 0.40, compared to 9.02 £ 0.40 for (£)-vesamicol
by the same methodology (47). Thus, pK,yes indeed probably varies for different analogues of
(-)-vesamicol.

A moderate change in pK,yes from 9.0 either up or down produces only a small effect on binding
to hVAChHT at pH 7.1 (Fig. 8 left). Values of pK,yes < 8.5 decrease binding to hVAChT
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significantly. Nevertheless, this effect should produce the same proportional decrease in
specific binding throughout an organ that has cytoplasmic pH uniformly at 7.1. An image based
on specific binding would not be distorted if sufficient signal were acquired. If regional
variation of cytoplasmic pH is not a concern (see below), the value of pKayes is not critical as
long as it is not too low.

Different values of a produce significant effects on binding at pH 7.1 as well (Fig. 8 left).
Nevertheless, like for different values of pK,yes, this property of o should not affect images
based on specific binding if the cytoplasm throughout an organ is uniformly at pH 7.1 and
sufficient data are obtained. Different values for the parameter 4 have very little effect on
binding and should have very little effect on images acquired at pH 7.1 (Fig. 8 right).

The potential importance of pKayes, @, and g is greater if the cytoplasmic pH in different regions
of an imaged organ differs due to pathology or dynamic physiology. The remaining discussion
will be restricted to the realistic pH range of 6.6-7.3 (45,46). A small change in pH of < 0.1
either up or down from normal has little effect on binding for all values of pKgyes, as there
always is a peak in the pH-binding profile near pH 7.1 (Fig. 8 left). In contrast, a drop in pH
to 6.6 causes 21 % decreased binding of a ligand with pKgyes = 9.0. The decrease primarily is
due to pKq in hVAChKT, which is fixed in value. Nevertheless, the decrease in binding that
occurs from pH 7.1 to pH 6.6 can be minimized by ligand design. It is smaller when pKgyes iS
lower. The peak of binding around pH 7.1 is lower but the amount of binding at more acidic
pH is not. Thus, lower pKayes Values should produce less distortion of images by regional
acidification. In the case of regional alkalization, which cannot be severe, a quite small
difference in binding should occur if pK,yes is > 8.5, due to the presence of the shoulder on the
high-pH side of the binding peak. A larger decrease would occur during alkalization if
pKaves is < 8.0, as the shoulder disappears. Control of pK,yes during ligand design can minimize
the effect of either regional acidification or regional alkalization but not both in asingle imaging
agent. In most cases, lower pKyes Would be desirable.

The parameters a and § quantitatively express the extent of coupling between bound ligand
and the protonation states of Sites A and B. Their values almost surely depend on the structure
of the ligand, although this expectation has not been tested. When o is 0 to 0.5, the pH-binding
profile exhibits a peak (or peak and high-pH shoulder) that makes binding insensitive to small
deviations up or down from pH 7.1 (Fig. 8 center). However, acidification to pH 6.6 produces
a significant decrease in binding at all values of a. By an analysis similar to that used for
PKaves, @ < 0.5 should produce less distortion of images. When a > 1.0 the high-pH shoulder
becomes dominant. The pH-binding profile takes on a steep positive slope at pH 7.1 that
produces a large change in binding when a small change either up or down in pH occurs. A
ligand with &> 1.0 is not desirable, as it would produce distortions in images when cytoplasmic
pH differs in different regions of an organ. Instead, lower o would be desirable.

All values of s show a peak around pH 7.1 that produces low sensitivity to moderate differences
in pH either up or down. Large acidification causes a large decrease in binding that cannot be
mitigated by adjusting 4 through ligand design. The g parameter is of lesser utility for designing
PET and SPECT ligands.

Similar transporters

Vesicular monoamine transporters (VMATS) 1 and 2 have amino acid sequences, biochemical
mechanisms, and pH-transport profiles similar to those of VAChT (48). They store the
monoamine family of neurotransmitters (dopamine, serotonin, and so on) in secretory vesicles
and granules. The residues corresponding to E309, D398, and D425 in hVAChT are of the
same invariant types in VMATSs. VMAT 2 is inhibited by tetrabenazine, which binds with a
pH profile similar to that of [3H]vesamicol binding to VAChT (49,50). As for [3H]vesamicol,
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the binding is complicated by deprotonation of a tertiary alkylamine. Reserpine is another
potent inhibitor of VMATS containing a tertiary alkylamine. Both inhibitors are used for PET
imaging in human beings (51,52). The analysis methods here might be of use in understanding
proton-binding sites in VMATS and the potential complications and opportunities they bring
to imaging.
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APPENDIX 1

[BH]vesamicol saturation curves at different pH values

Eqg. 1 gives nonspecific binding (Boundﬁzlmpwﬁc in pmol/mg) at any particular pH, and Eq. 2

pH
total

gives total binding (Bound, , in pmol/mg) at any particular pH.

pH _.pHx*
Boundn(mspeciﬁc_m \ (1)

Bound™ =B, V'Fyes/ (KP“ +V*Fy ) +Bound™

total = dves nonspecific 2)

V is the concentration of free [3H]Jvesamicol in nM, By is the pmol/mg of [3H]vesamicol

binding to VAChT at saturation, K(‘l’:is is the dissociation constant in nM for protonated [3H]
vesamicol at a particular pH, and Fys is the fraction of protonated [3H]vesamicol given by Eq.

3. Only protonated [3H]vesamicol is assumed to bind.

Fue=100-PH)/ (10(‘PH)+10(—DKM)) .

pKaves is the negative logarithm of the acid dissociation constant for protonated [3H]vesamicol,
which has been estimated to be 9.0 + 0.1 by the more accurate of two methods that both arrived
at pKayes = 9.0 (19,47). Initial fits demonstrated that [3H]vesamicol affinity increases enough
at high pH that free [3H]vesamicol (V) is significantly less than total [3H]vesamicol (Vio1), as
given by Eq. 4.

* H
V=V, — Conc Bound{)otal @)

Conc in mg/ml converts pmol/mg bound [3H]vesamicol into nM bound [3H]vesamicol. It was
0.1 mg/ml in the current experiment. Substitution of Eq. 2 into Eq. 4 generates a quadratic
equation with two roots for V. The appropriate root is 0 < V < Viq. Substitution of V into Eq.
1 and 2 produces two equations in the independent variables Vit and pH, and the adjustable

dves! mPH. Superscript pH in the names of parameters and dependent
variables is an identifier, not an exponent. The parameter mPH is not of biological significance.
A data file for each pH value was generated containing total and nonspecific binding in the
presence of zero to high concentrations of V. Eq. 1-4 were replicated for each pH value, and
the pH was specified in each set of Eq. 1-4 for the parameters and dependent variables of that

H
parameters Bmax, K",
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pH7.1 H7.1 H7.1 . .
set, for example Bound, [ ... mPH7-1 Bound? " and K¥ . Thus, six variations of Eq. 1-4

total dves

were fitted simultaneously to the six merged data files using a common Bp,x value with

pKaves fixed to its independently determined value of 9.0 (19). The results for K™

ves at €ach pH
are listed in Table 2.

APPENDIX 2
hVACHhT protonation model

Preferred Model (iii) in the text (Fig. 5) assumes that when (a) protonation of Site 1 having
pK occurs, [3H]vesamicol cannot bind, (b) deprotonation of Site B having pKg increases
[3H]vesamicol affinity, and (c) deprotonation of Site A having pK 5 decreases affinity.
Derivation of an expression that can be fitted to the data in Fig. 1 begins with global Eq. 5.

Vesamicol bound=Bumax* VAChTpound/ (VAChTee + VAChThound) )
Vesamicol bound gives the amount of [3H]vesamicol bound to VAChT at any pH value.

VAChT#e is equal to the sum of all forms of transporter not bound to [2H]vesamicol given
by Eqg. 6.

VAChTe=VAChT e H,* © H,*+VAChT e H, *+VACHT e H, *+VAChT+

H;* e VAChT e H," ¢ H,"+H;* « VAChT e H,*+H;" ¢ VAChT ¢ H, " 6)

Because VAChHT deprotonated at both Sites A and B exists at only high pH where protonation
at Site 1 is negligible, we ignore H;**VAChT. Assume that the concentration of VAChT
dominant at neutral pH (namely VAChTeHa*eHg*) is 1. The concentrations of the [3H]
vesamicol-free states then are given by Eq. 7 — 13.

VAChT e H,* ¢ H,*=1 )
VAChT=10(2PH -PK,~pKy) (8)
VACHT o H, *=10(PH K3 )
VACHT o H, *=10(PH-K,) (10)

H;* ¢ VAChT o H,* & H,*=10(PK1-PH) (11)
H,* o VAChT o H, *=10(PX1-PKs) (12)
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H,* e VAChT o H, *=10(PK1PK,) .

The expressions on the right sides of Eq. 7 — 13 are substituted into Eq. 6. VAChTpoung is equal
to the sum of all forms of transporter bound to [3H]vesamicol as given by Eq. 14. Only
protonated [3H]vesamicol is assumed to bind.

VAChTpoung=VH*  VAChT @ H, * e H,*+VH* ¢ VAChT e H,*+VH" e VAChT ¢ H,*
+VH" e VAChT (14)

The concentrations of the [3H]vesamicol-bound states are given by Eq. 15 — 18. Kgyes is the
“pH-independent” [3H]vesamicol dissociation constant for the VH*sVAChTeHa*eHg"

complex.
VH* o VACHT o H, * & H, *=Fyo;"V/Kques (15
VH* o VACHT o H, *=F,¢,*V*a* 1009 PK0) /Ky o (16)
VH* o VACHT o H, *=F,,*V*810PHPKs) /gy an
VH* o VACKT=F,,*V*o*g* 102 PH-PKsPKy) /e (18)

Eq. 3in Appendix 1 is substituted for Fys in Eq. 15 — 18. The amount of [3H]vesamicol binding
is small enough to ignore, so Vot (namely, a constant 5 nM) will be taken as V. The expressions
on the right sides of Eq. 15 — 18 are substituted into Eq. 14. Eq. 6 and 14 then are substituted
into global Eq. 5, which yields an equation in the dependent variable VVesamicol bound, the
independent variable pH, and the adjustable parameters pK1, pKa, a, pKg, 3, and Kgyes. The
values of Bynax and pKayes Were fixed at their independently determined values for regression
to pH-binding data of the sort shown in Fig. 1.
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Figure 1.

pH profile for [2H]vesamicol binding. Low, subsaturating concentrations of post-nuclear
supernatant (20 xg/mL) and [®H]vesamicol (5 nM) were incubated 10 min. The amounts of
total (e) and nonspecific (m) binding at the indicated pH values are shown. At pH values
increasing from ~5to 7.4, [3H]vesamicol binding increases smoothly in a stereotypical manner.
Above pH ~ 7.4, binding decreases with a concave-up character to the profile at ~ pH 8.5 and
a pronounced shoulder above ~ pH 9. Three Models for protonation of VAChT [(i) — -, (ii) -
- -, and (iii) —] are explained in the text. Four other experiments gave similar results. See
Appendix 2 for the regression equation corresponding to successful Model (iii) and Table 1
for the parameter values averaged from all fits.

Biochemistry. Author manuscript; available in PMC 2009 December 14.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khare et al.

Page 19
30 1
e i * A
C - 4 -
S ] _
S i '
O ~ 20 A
3 :
o £
= = 15 -
¥ -
] * B ]
82 w0l " :
Z- By 1
cr)I 5; A ;
U i s
0 100 200 300 40(
3 .
["H]Vesamicol (nM)
Figure 2.

Saturation curves for total and nonspecific binding of [3H]vesamicol at acidic pH values. The
indicated concentrations of [3H]vesamicol were incubated with post-nuclear supernatant (20
ug/mL) at pH 5.0 (m), 5.5 (e), 6.0, (A), 6.5 (), and 6.9 (*). The amounts of total and
nonspecific binding are shown using the same symbols, with nonspecific data associated with
the single straight line at the bottom. The equation Nonspecific binding = slope*V was fitted
to the pooled data for nonspecific binding, and the equation Total binding = Bpax*V/(V +
Kaves(1 + 10™PH/107PKy)) + slope*V was fitted simultaneously to each data set for Total
binding at each pH value. V is the concentration of free [3H]vesamicol, Ky is the apparent
(—)-vesamicol dissociation constant (not precisely the same as Kgyes), and pKj is applies to a
weak acid in VACKT that must dissociate to allow binding of [H]vesamicol. Parameter values
were Bmax = 23.6 £ 0.43 pmol/mg, Kyes = 10.1 £ 1.15 nM, and pK; = 6.63 + 0.06.
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Figure 3.

Test of hVACHT stability at alkaline pH. Vesicles were incubated in 100 nM nigericin to
prevent formation of pH gradients. A low concentration of [3H]vesamicol (4 nM) was added
at pH 7.4 and 0 min, and it was maintained at 4 nM throughout the experiment. The pH was
rapidly raised to 9.6 at 20 min and held there for 19 min. The pH was rapidly lowered to 7.4
for another 19 min. A time course utilizing exponential transitions was fitted to the data.
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Figure 4.

Selected saturation curves for specific binding of [*H]vesamicol at alkaline pH. A simultaneous
fit of the equations given in Appendix 1 to data for binding of 4 nM hVAChT at pH 7.1, 7.6,
8.0, 8.9, 9.3, and 10.0 was carried out. The same Bpy,ax Value was assumed for all pH values
(40.4 £ 0.5 pmol hVAChT/mg). Only the data and fit at pH 7.1 (m) and pH 10.0 (e) are shown
because of graphical clutter when all data are shown. The concentration of free [3H]vesamicol

on the x-axis is the total concentration (protonated + unprotonated). The Kfl’:'cs value obtained
for binding of protonated [3H]vesamicol at each pH is listed in Table 2.
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Figure 5.

Hypothesized hVAChHT protonation states. H;"eVAChTeHa**Hg* is VAChT protonated at
Sites 1, A, and B. The Sites are assumed to be independent of each other, and only the protonated
(VH*, in hot pink) and not unprotonated (V) form of [3H]vesamicol can bind. The acid
dissociation constant for VH* is Kgyes = 10 PKaves = 1079-0, The most populated states of
VAChT not bound to protonated [2H]vesamicol, moving left to right from acidic to basic pH,
as indicated by the light blue arrow, are circled and highlighted with light blue. Bound Hq*
dissociates from Site 1 with constant K4 to allow VH* binding. Kgyes is the “pH-independent”
constant for VH™ dissociation from VH*sVAChTeHp*sHg*. Ho' dissociates from Site A in
free VACKT with acid A dissociation constant K. When [3H]vesamicol is bound, the acid
dissociation constant is aK . When Ha ™" is dissociated, the [3H]vesamicol dissociation constant
is Kgyes/a by thermodynamic linkage. Hg* dissociates from Site B in free VAChT with acid
dissociation constant KB. When [3H]vesamicol is bound, the acid dissociation constant is
SKB. When HB+ is dissociated, the [2H]vesamicol dissociation constant is Kdves/ by
thermodynamic linkage. The regression equations corresponding to the scheme are derived in
Appendix 2. Parameter values are listed in Table 1.
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Figure 6.

Time dependence for dissociation of bound [3H]vesamicol at different pH values. Postnuclear
supernatant was incubated with 5 nM [3H]vesamicol for 20 mins and binding was measured,
after which a large excess of unlabeled (+)-vesamicol was added. The equation that initially
was fitted to each data set is Vesamicol Bound = By*Fractfast*e-Kfast*t + By*(1-Fractfast)
*gkslow™t \where the symbols have the apparent meaning and By for each pH was independent
of other pH values. Binding was normalized by dividing Vesamicol Bound values by the By
value determined for the same data set so that dissociation rates can be compared with each
other visually. Parameter values are in Table 3.
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Stepwise dissociation of a generalized weak diacid. Different states of acidic dissociation are
labeled D — G. The acid dissociation constants are Kpy, Kp» for the AjH and A,H sites in D,
respectively, Kgs for the AoH site in E, and Kgq for the A{H site in F. The A and Ay sites
indicated here have no necessary relationship to Site A in hVAChT indicated in Fig. 5.
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Fig. 8.

Different pKayes, @, and g values in simulated pH-binding profiles for analogues of (-)-
vesamicol. Each set of profiles varies the parameter indicated in the upper left corner, and the
value of the varied parameter is on top of each profile. The profile and parameter value closest
to that of (—)-vesamicol itself in each set are darker. The values of the other parameters are
those for (—)-vesamicol listed in Table 1. The concentrations of hWVAChT and the analogue of
(-)-vesamicol were set at 50 pmol/mg and 5 nM, respectively. The important pH region for
PET and SPECT applications is around pH 7.1.

Biochemistry. Author manuscript; available in PMC 2009 December 14.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Khare et al.

Table 1

Equilibrium binding of protons and [3H]vesamicol to hVAChT?
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Parameter Value Parameter Value
pKy 65401 Kgyes (NM)P 151+ 16
PKa 76+0.2 pKg 10.0+0.1

ves ves
pK) 7.9+03 PKE 8.7+0.4
o 0.45+0.11 B 18+4

aData shown in Fig. 1 were fitted by the scheme shown in Fig. 5 and the equations developed in Appendix 2.

quuiIibrium dissociation constant for binding of protonated [3H]vesamicol to VAChT-HAT-HB ™.

Factor by which the acid dissociation constant KA changes (to aKa) when [3H]vesam|col is bound. The dissociation constant Kdyes for bound [3H]

vesamicol becomes Kdyes/a when Site A is deprotonated.

Factor by which the acid dissociation constant Kg changes (to SKB) when [3H]vesam|col is bound. The dissociation constant Kdyes for bound [3H]

vesamicol becomes Kdyes/fs when Site B is deprotonated.
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Equilibrium saturation curves for [3H]vesamicol®

Table 2

Page 27

pH

KPH (b gPHT6 / gpH b

dves dves dves
7.1 12.5+1.60.80
7.6 10.0+1.31.0
8.0 10.9 +1.40.92
8.9 91+1111
9.3 58+0.71.7
10.0 2.1+0.34.8

aSimultaneous regression to data at the different values of pH was carried out as explained in Appendix 1. The Bmax value was 40.4 + 0.5 pmol hVAChT/

mg.

bFor the protonated form of [3H]vesamicol.
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Table 3
Parameters for biphasic rates of dissociation®
pH Kpase (Min™Y) Kgiow (Min™%) Fractfast
73 0.54+0.08 0.08+0.03 0.75+0.08
85 1.42£0.13 0.16 +0.05 0.80%0.04
95 2.27+0.25 0.3320.07 0.7320.05

a. . . .
Similar results were found in one other experiment.
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