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ABSTRACT: The ligand binding relationship between the acetylcholine transporter (AcChT) and the vesamicol 
receptor (VR) and the kinetics of active transport were studied in synaptic vesicles purified from the Torpedo 
electric organ using analogues of AcCh and vesamicol. Methoxyvesamicol, which should exhibit better 
equilibration properties for kinetics measurements than the more potent parent, inhibits active transport 
in a nonlinear noncompetitive manner. AcCh analogues competitively inhibit binding of [3H]vesamicol with 
higher affinity in hyposmotically lysed vesicle ghosts than in intact vesicles, apparently due to removal of 
a competing internal, osmotically active factor. AcCh and actively transported analogues of AcCh that 
are up to 57% larger in van der Waals volume exhibit up to a 200-fold ratio for the dissociation constant 
measured by inhibition of vesamicol binding to ghosts (KMg) compared to the Michaelis constant for transport 
(KM) or the ICso value for inhibition of [3H]AcCh active transport. In contrast, two AcCh analogues that 
are about 120% larger and that almost surely are not transported exhibit a KIAg/ICso ratio of about 1. The 
data demonstrate that the vesamicol family of compounds binds to an allosteric site in the AcChT. Initiation 
of active transport has no apparent effect on the affinities of vesamicol and AcCh analogues, which suggests 
that most of the AcChT-VR in purified vesicles is transport incompetent. Vesicle ghosts actively transport 
[3H]AcCh nearly as well as intact vesicles, which suggests that internal factor does not affect transport- 
competent AcChT-VR. A kinetics model is proposed that predicts that AcCh analogues exhibiting a 
KIAg/ICso ratio significantly greater than 1 are actively transported. Some of the microscopic constants 
in the model are estimated. The AcChT binds AcCh very weakly with a dissociation constant of about 
20-50 mM, but it transports substrates rapidly in a process exhibiting remarkably little selectivity for the 
detailed shape and volume of the transported ion. 

T e  acetylcholine (AcCh)’ active transport system of synaptic 
vesicles includes a transporter and a cytoplasmically oriented 
(Kornreich & Parsons, 1988) binding site for the drug (-)- 
truns-2-(4-phenylpiperidino)cyclohexanol (vesamicol), which 
inhibits AcCh uptake in an apparently noncompetitive manner 
(Bahr & Parsons, 1986a). A vacuolar-type ATPase pumps 
protons into the vesicles, and the AcCh transporter (AcChT) 
probably exchanges the stored protons for cytoplasmic AcCh, 
thus effecting AcCh uptake (Marshall & Parsons, 1987). 
Extensive structure-activity studies on vesamicol (Rogers et 
al., 1989) and AcCh (Rogers & Parsons, 1989) analogues 
indicate that different types of contacts with the respective 
binding sites are involved. It is likely, therefore, that the 
binding sites are not identical. The vesamicol binding site lies 
either in the AcChT as an allosteric site (model 1) or in a 
separate protein that acts via an unknown mechanism to inhibit 
transport (model 2; Marshall & Parsons, 1987). 

It has been difficult to distinguish between the models be- 
cause of a number of complexities. Heterogeneity and prep- 
aration to preparation variation in the quantitative properties 
of the system, such as the amounts of the VR and AcCh active 
transport, are usual (Anderson et al., 1986; Bahr & Parsons, 
1986a,b; Gracz et al., 1988). Occupation of only a fraction 
of the VR is sufficient to achieve complete inhibition of active 

This research was supported by Grant NS15047 from the National 
Institute of Neurological Disorders and Stroke, Grant BNS 06431 from 
the National Science Foundation, and a grant from the Muscular Dys- 
trophy Association. 

*To whom correspondence should be addressed. 
f Present address: Department of Psychobiology, Center for the 

Neurobiology of Learning and Memory, University of California, Imine, 
CA 92717-3800. 

0006-2960/92/043 1-5752%03.00/0 

transport (Kaufman et al., 1989). This phenomenon is rem- 
inescent of the spare receptor concept and could imply indirect 
linkage between the AcChT and the VR. Although vesamicol 
is the paradigm drug for inhibition of AcCh storage, many 
other drugs, such as chloroquine and levorphanol, are less 
potent inhibitors (Anderson et al., 1983). They are comptitive 
with respect to vesamicol, which suggests that they bind to 
the VR (Kaufman et al., 1989). This is perplexing, as 
structurally dissimilar drugs would not likely induce the same 
propagated conformational change needed to inhibit the 
AcChT in the conventional model of allostery. Further com- 
plicating the situation is the existence of an internal factor, 
releasable by hyposmotic lysis, that inhibits the binding of 
AcCh and vesamicol, apparently by means of a transmembrane 
conformational change (Noremberg & Parsons, 1989). 

Recently, AcCh was found to inhibit binding of vesamicol, 
but the equilibrium dissociation constant for AcCh was so high 

’ Abbreviations: AcCh, acetylcholine; AcChT, acetylcholine trans- 
porter; vesamicol, (-)-trons-2-(4-phenyIpiperidino)cyclohexano~ VR, 
vesamicol receptor; ICm, concentration of a ligand giving 50% inhibition 
of trace [3H]AcCh active transport; KIAg, equilibrium dissociation con- 
stant of an AcChTSAcCh analogue complex in vesicle ghosts measured 
by competition against binding of [3H]vesamicol; KIA, equilibrium dis- 
sociation constant of an AcChTWAcCh analogue complex in intact vesicles 
measured by competition against binding of trace [3H]vesamicol; KIV, 
equilibrium dissociation constant of a VR-vesamicol analogue complex 
in intact vesicles measured by competition against binding of trace 
[3H]vesamicol; HEPES, N-(2-hydroxyethyl)piperazine-N’-2-ethane- 
sulfonic acid; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene 
glycol bis(&aminoethyl ether)-N,N,N’JV’-tetraacetic acid; KDv, equilib- 
rium dissociation constant of the VR-vesamicol complex measured by 
direct titration with [3H]vesamicol; B,,, picomoles of VR sites per 
milligram of protein; n, Hill coefficient. 
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Kinetic Model of the AcChT-VR 

in this measurement (18 mM) that it could not be determined 
whether the interaction is competitive or noncompetitive (Bahr 
& Parsons, 1989; Noremberg & Parsons, 1989; Parsons et al., 
1988). Also, the affinity is so much lower than the active 
transport Michaelis constant (KM = 0.3 mM) that it seemed 
likely that a different site (for example, a regulatory site in 
a separate VR) or a different form of the transporter binding 
site was involved (Noremberg & Parsons, 1989). ATP had 
no effect on the inhibition, which suggests that AcCh binding 
observed in this manner is not to the transporter. Thus, bi- 
directional effects consistent with an allosteric relationship have 
been observed (namely, vesamicol inhibits AcCh active 
transport noncompetitively and AcCh inhibits vesamicol 
binding), but many quantitative and qualitative aspects of the 
coupling between AcCh and vesamicol binding sites are not 
easily reconciled with an allosteric model. 

Experiments designed to distinguish between the models and 
to rationalize the complexity are reported in this paper. Highly 
purified synaptic vesicles obtained from Torpedo electric organ 
were studied. Newly synthesized AcCh and vesamicol ana- 
logues were utilized to probe the relationships among the 
several binding sites more effectively than was possible with 
the parent compounds. The interpretation of the data has been 
aided greatly by our recent demonstration that surprisingly 
large and structurally diverse AcCh analogues are actively 
transported with V,,, values similar to that of AcCh itself 
(Clarkson et al., 1992). The observation of two apparent 
affinities of vesicles for all transported molecules, depending 
upon the assay method, contrasted with a single affinity for 
larger AcCh analogues that are not transported also was key 
to the analysis. A new kinetics model of the system that can 
explain apparent low- and high-affinity AcCh binding sites 
and the relationship of each to the VR is proposed. The model 
p i t s  extraordinary active transport properties for the AcChT. 
Three papers following this one demonstrate that the system 
also is associated with an unexpected macromolecular structure 
(Bahr & Parsons, 1992; Rogers & Parsons, 1992; Bahr et al., 
1992). 

MATERIALS AND METHODS 
Materials. Torpedo californica electric organ VP, synaptic 

vesicles were isolated as described by Noremberg and Parsons 
(1 989). This involves differential sedimentation velocity 
pelleting, equilibrium buoyant density centrifugation, and size 
exclusion chromatography of vesicles in isosmotic glycine- 
sucrose solutions. [3H]Vesamicol (27 Ci/mmol) was purified 
as described (Bahr & Parsons, 1986b). The nonradioactive 
AcCh analogues utilized in this study were synthesized as 
described (Rogers & Parsons, 1989). They were (&)-cis,- 
trans- 1-benzyl- 1 -methyl-3-acetoxypyrrolidinium bromide 
(analogue 14),* (&)- l,l-dimethyl-3-benzoyloxypyrrolidinium 
iodide (analogue 15), methyl 1,l-dimethylisonipecotate iodide 
(analogue 2 l), cis-benzyl 1-benzyl- 1 -methylisonipecotate 
bromide (analogue 23), and cis,truns-cyclopentylmethyl 1 - 
benzyl- 1 -methylisonipecotate bromide (analogue 25). truns- 
6-Methoxyvesamicol was synthesized as described (Rogers et 
al., 1989). [3H]Analogues 14 and 15 were synthesized as 
described (Clarkson et al., 1992). [,H]AcCh chloride (100 
mCi/mmol) was obtained from Du Pont, Inc. 

Ligand Binding and Uptake by Intact Vesicles. Purified 
vesicles were concentrated and transferred into titration buffer 
(100 mM HEPES, 700 mM glycine, 1 mM EDTA, 1 mM 
EGTA adjusted to pH 7.8 with KOH) by using a Centricon 
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30 centrifugal ultrafiltration device (Amicon Corp.). Con- 
centrated vesicles were incubated with 0.15 mM diethyl-p- 
nitrophenyl phosphate (paraoxon) for 1 h at 23 OC and then 
mixed with other substrates. Further incubation was done as 
described in the figure legends, and bound radioactivity was 
determined using the filter assay described below. 

Ligand Binding by Vesicle Ghosts. Purified vesicles were 
concentrated by ultracentrifugal pelleting. The pelleted vesicles 
were resuspended at 1.54 mg of protein/mL of buffer con- 
taining 100 mM HEPES, 10 mM EDTA, 1 mM EGTA, and 
0.02% (w/v) NaN, that was adjusted to pH 7.8 with KOH 
and then incubated with paraoxon as above. This procedure 
causes hyposmotic lysis of the vesicles. The suspension was 
diluted 10-fold into 25 mM HEPES buffer (adjusted to pH 
7.8 with KOH) containing [3H]vesamicol and the competing 
ligand. The mixture was equilibrated at 23 OC for 60 min 
before measuring bound [3H]vesamicol. 

AcCh Actiue Transport by Vesicle Ghosts. Purified vesicles 
were concentrated by ultracentrifugal pelleting and resus- 
pended in titration buffer at 10 mg of protein/mL. Ten 
microliters was mixed with 700 pL of titration buffer (sample 
A), 500 pL of water (sample B), or 500 pL of water (sample 
C) and incubated 20 min at 0 OC. Sample B was returned 
to titration buffer by addition of 135 pL of 5.2-fold concen- 
trated titration buffer and 65 pL of titration buffer. Sample 
C was made up to 700-pL total volume with 50 pL of titration 
buffer and 150 pL of water. Identical samples containing 1.7 
pM vesamicol also were prepared. Vesicles were treated with 
paraoxon as above, mixed with substrates, and incubated as 
described in the figure legends. Bound [,H]AcCh was de- 
termined using the filter assay described below. 

Assays and Data Analysis. [3H]Vesamicol, [,H]AcCh, 
[,H]analogue 14, or [)H]analogue 15 was incubated with 
ghosts or intact vesicles as described in figure legends. Samples 
(50-100 pL) were filtered with suction-assistance through 
polyethylenimine-coated (0.5% for 2 h, then rinsed with water) 
glass-fiber filters (type GF/F; Whatman Corp., Hillsboro, OR) 
that then were washed quickly with four sequential ice-cold 
1-mL volumes of the same buffer utilized in the incubation. 
Filters were prewashed immediately prior to sampling. Fil- 
ter-bound tritium was measured by liquid scintillation spec- 
troscopy. To facilitate solubilization of [,H]AcCh and 
[3H]analogue~ 14 and 15, scintillation fluid contained 10% 
water. Nonspecific binding was defined as the amount of 
radioactivity taken up in the presence of an excess of nonra- 
dioactive vesamicol. Results usually are expressed as spe- 
cifically bound or transported radioactivity, which equals the 
difference between the total bound and nonspecifically bound 
radioactivity. When free [3H]vesamicol was the independent 
variable, it was calculated by subtraction of bound [,H]ves- 
amicol from total [ 3H]vesamicol. Parameters were estimated 
by nonlinear regression analysis using equations that were 
simultaneously fit to the data where appropriate with the 
software MINSQ (Micromath Scientific Software, Salt Lake 
City, UT). Best parameter values are quoted f l  SD. Protein 
concentration was determined with a bovine serum albumin 
standard using the Bradford (1976) assay or the BCA assay 
(Pierce Chemical Co., Rockford, IL). 

RESULTS 
Methoxyuesamicol Is a Noncompetitive Inhibitor of AcCh 

Actiue Transport. For the reason given under Discussion, 
inhibition of [,H]AcCh active transport by trans-6-meth- 
oxyvesamicol [analogue 55 in Rogers et al. (1989)l was 
studied, The initial velocity inhibition data for intact vesicles 
(Figure 1) are fit well by a nonlinear noncompetitive inhibition 

In Rogers and Parsons (1989) the E,Z nomenclature was used to 
designate trans- and cis-isomers. 
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Table I: Structures of AcCh Analogues 3.0 I I I I I 

volumec volume 
analogue' structureb (A31 analogue structure (A') 

Me\ /O-C-Me 122 146 M:N3\ I92 AcCh ;N, 
Me Me I1 

0-C-Me 
B,' 

21 M.N>S-O-Me 143 25d ":N>!-O-CH2 266 

0 6 M: B; 

178 23e ":Np C - 0 - B z  268 

15 " l N 2  M: 0 -C-Ph  B: 

0 

'Analogue numbers are taken from Rogers and Parsons (1989). 
bBz = benzyl, Me = methyl, and Ph = phenyl. der Waals vol- 
umes were calculated with the CHEM-x computer program (Chemical 
Design, Ltd., Oxford). dcis and trans mixture. 

model (Cleland, 1979) in which we assume that binding of 
methoxyvesamicol is cooperative (Gracz et al., 1988). The 
competitive and linear models fit much worse by the F-test 
criterion (P C 0.001 and < 0.005, respectively). The regression 
values obtained were as follows: Michaelis transport disso- 
ciation constant (KM) = 380 f 40 pM; maximal velocity 
(V,,,) = 2.7 f 0.1 nmol of AcCh/(mg-min); meth- 
oxyvesamicol intercept (Ki) and slope (Kh) inhibition constants 
= 6.2 f 0.8 pM and 2.7 f 0.5 pM, respectively; and Hill 
coefficient (n )  for methoxyvesamicol = 1.3 f 0.1 (Table 11). 
The names "intercept and slope inhibition constants" denote 
the effects of the inhibitor on the doublereciprocal plot (Figure 
1, inset). The B,,, for the VR was estimated with nearly 
saturating [3H]vesamicol as 500 pmol/mg of protein. 

Methoxyvesamicol Is a Noncompetitive Inhibitor of Ana- 
logue 14 and 15 Active Transport. AcCh analogues 14 and 
15 recently were shown to be actively transported with V,,, 
values that were the same as or somewhat less than (depending 
on the preparation of vesicles utilized) the value for AcCh itself 
(Clarkson et al., 1992). The structures of these analogues are 
shown in Table I. Full initial velocity inhibition studies similar 
to that of Figure 1 were carried out on them. Meth- 
oxyvesamicol was a noncompetitive nonlinear inhibitor of 
uptake of both analogues (Table 11). In these experiments, 
the V , ,  values for active transport of the analogues were the 

c h 
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0 1000 2000 3000 4000 5000 
[3H] AcCh (pM) 

FIGURE 1: Methoxyvesamicol is a noncompetitive nonlinear inhibitor 
of AcCh active transport. Intact synaptic vesicles were introduced 
into premixed solutions resulting in final concentrations of MgATP 
at 10 mM, MgC12 at 2 mM, the indicated concentration of ['HIAcCh 
chloride, and methoxyvesamicol a t  0 (0), 2 (O) ,  6 (A), or 18 p M  
(0). All components were in titration buffer, and incubation was 
carried out at 23 'C for 8 min at a vesicle concentration of 0.15 mg 
of protein/mL. Transported ['HIAcCh was determined by the filter 
assay. All data shown are the averages of triplicates with a typical 
relative range of less than 10%. A noncompetitive model, given under 
Results, was fitted simultaneously to generate the lines shown, and 
the parameters are given in Table 11. Similar results were obtained 
in two other experiments. 

same as for AcCh in the same preparation of vesicles, and the 
KM values were similar to the ICso values that previously had 
been measured by inhibition of trace [3H]AcCh active 
transport (Table 111). B,,, values for the VR also were 
measured in the same preparations of vesicles (Table 11). 

AcCh Analogues Inhibit Vesamicol Binding to Intact Sy- 
naptic Vesicles. The above AcCh analogues and others that 
systematically explored the consequences of appendent steric 
bulk all were found to inhibit binding of trace [3H]vesamicol 
as AcCh does. KM values were determined for the effect. The 
subscript I indicates that the value is an equilibrium inhibition 
constant and the subscript A that the value is for a member 
of the AcCh ligand family. The structures and van der Waals 
volumes of all of the analogues studied here are listed in Table 
I. Thus, analogue 21 adds only 17% more bulk; analogue 15 
adds 46% more bulk, mostly at the acyl end; analogue 14 adds 
57% more bulk, mostly at the ammonium end; and analogues 

Table 11: Macroscopic Regression Parameters for Active Transport, Inhibition by Methoxyvesamicol, and Binding of 13H1Vesamicol' 
AcCh V,, analogue V,, AcCh &ax VR 

analogueb KM (pM) [nmol/(mgmin)] [nmol/(mgmin)] (pmol/mg) Kii (pM)" ' Ki, (pM) n 
500 6.2 f 0.8 2.7 f 0.5 1.3 f 0.1 AcCh 380 f 40 2.7 f 0.1 

1s 53 f 8 1.8 f 0.1 1.6 f 0.1 580 11 f 1 8.5 f 2.3 1.6 f 0.2 
0.65 f 0.01 416 13 f 4 5.4 1.6 1.3 f 0.2 14 84 f 20 0.68 f 0.06 

'Parameters are defined in the text. Values for AcCh analogues and methoxyvesamicol were obtained from experiments of the type shown in 
Figure 1. Structures of the analogues are shown in Table I. 

Table 111: Competitive Inhibition by AcCh Analogues 
analogue' KIA' bM)C IC50 (pM)d KIAg/1c50e /KMc 

AcCh 440 000 f 120 000 49 000 f 14 000 290 f 20 200 100 
21 660 000 f 180 000 5900 f 2500 140 f 15 40 NTf 
15 19 000 f 3000 710 f 340 33 f 3 20 10 
14 N T ~  1700 f 500 30 f 10 60 20 
25 IO f 9 1.2 f 0.3 0.58 f 0.16 2 NTf 
23 230 f 40 1.7 f 0.6 1.7 f 0.4 1 N T ~  

'Structures of the analogues are shown in Table I. bThe KIA values for inhibition of trace ['H]vesamicol binding to intact, fresh vesicles by the 
analogues were determined by regression analyses of the type shown in Figure 2. CThe KIAg values for inhibition of ['H]vesamicol binding to vesicle 
ghosts by the analogues were determined by regression analyses of the type shown in Figure 3. In all cases, the model for competitive inhibition of 
binding fit the data well. These studies consistently assigned the vesamicol-VR complex a macroscopic dissociation constant (KDv) of 35-50 nM. 
Values are given to two significant figures. dIC50 values for inhibition of AcCh active transport by the analogues are taken from Rogers and Parsons 
(1989). eRatios are rounded to one significant figure. /Not tested. 
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Y2 -Log [Analog 23 (MI] 

FIGURE 2: AcCh analogues inhibit vesamicol binding to intact synaptic 
vesicles. Synaptic vesicles were introduced into premixed solutions 
yielding 5 nM [3H]vesamicol and the indicated concentration of AcCh 
analogue 23. All components were in titration buffer, and incubation 
was carried out at 23 OC for 30 min at a vesicle concentration of 0.15 
mg of protein/mL. Bound tritium was determined by the filter assay. 
All data shown are the averages of triplicates with a typical relative 
range of less than 10%. A hyperbolic curve was fitted to the data 
and graphed with respect to the negative logarithm base 10 of the 
analogue concentration. KIA, the analogue 23 dissociation constant, 
is 230 f 40 pM. Similar competition titrations were carried out with 
most of the AcCh analogues and AcCh, and the KIA values determined 
are listed in Table 111. 

25 and 23 add 118% and 120% more bulk, respectively, dis- 
tributed mostly to both ends. A displacement curve example 
for analogue 23 is shown in Figure 2, and the similarly derived 
KIA values for all of the analogues are listed in Table 111. 

AcCh Analogs Are Potent, Competitive Inhibitors of Ves- 
amicol Binding to Synaptic Vesicle Ghosts. AcCh analogues 
bind with higher affinities to vesicle ghosts than intact vesicles, 
just as AcCh does. The ghosts were produced by hyposmotic 
lysis, and they have been shown to spontaneously reseal 
right-sideout (Noremberg & Parsons, 1989). At constant pH, 
binding of vesamicol and AcCh analogues to either intact 
vesicles or ghosts is not sensitive to changes in buffer com- 
position if membrane integrity is not further affected (data 
not shown). The greater affinities for ghosts made it easier 
to achieve concentrations of analogues that were sufficiently 
above their dissociation constants to distinguish between 
competitive and noncompetitive inhibition. Still, only ana- 
logues 23 and 25 bound with high enough affinity to conclude 
with good certainty that they are competitive. Only for these 
analogues could binding of [ 3H]vesamicol be inhibited com- 
pletely even at an otherwise saturating concentration. The 
results of the study with analogue 25 are shown in Figure 3, 
for which the dissociation constant KIAg was 1.2 f 0.3 pM. 
The superscript g indicates that the value was obtained in 
vesicle ghosts. The values of KIAg similarly obtained for all 
of the AcCh analogues, based on a competitive analysis, are 
listed in Table 111. There was no statistical justification for 
a noncompetitive term in the binding equation for any of the 
analogues. 

The KMg value for AcCh should be compared with the much 
lower KM and previously measured ICso values (Tables I1 and 
111). For any molecule that is transported, ICso should equal 
K,, as it does for AcCh itself. A 100-200-fold discrepancy 
between KIAg and KM or ICso exists for AcCh (Table 111). 
Large discrepancies also exist for analogues 14 and 15 if KIAg 
values are compared to the KM or ICso values, and a large 
discrepancy exists for analogue 21 if KMg is compared to ICso. 
No significant discrepancies were found for analogues 23 and 
25 in corresponding KIAg and ICso values. The origin of the 
discrepancies will be discussed below. 

Synaptic Vesicle Ghosts Actively Transport AcCh Almost 
as Well as Intact Vesicles Do. It was of interest to ask whether 

6 5 b 3 1 '  
-log [Analog 25(M)]  

FIGURE 3: AcCh analogues are competitive inhibitors of vesamicol 
binding to synaptic vesicle ghosts. Ghosts (0.13 mg of protein/mL) 
prepared by hyposmotic lysis as described under Materials and 
Methods were equilibrated with 2 nM (O), 20 nM (W), 200 nM (A), 
or 1 pM (+) ['Hlvesamicol for 60 min at 23 "C in the presence of 
the indicated concentrations of analogue 25. Bound 'H was determined 
by the filter assay. A simple linear competitive binding model was 
fitted simultaneously to the data to generate the lines shown that are 
graphed with respect to the negative logarithm base 10 of the analogue 
25 concentration. KIAg, the AcCh analogue dissociation constant for 
ghosts, is 1.2 f 0.3 pM; KDv, the dissociation constant for vesamicol, 
is 40 f 4 nM; and B,, is 317 f 9 pmol/mg of protein. Similar 
competition titrations were carried out with the rest of the AcCh 
analogues and AcCh, and the KIAg values determined are listed in 
Table 111. 

A 
- - - . - - - - - - - - - 

0 20 40 60 
TIME (min) 

FIGURE 4: AcCh is actively transported by synaptic vesicle ghosts. 
Intact vesicles (0, O), vesicle ghosts returned to the same buffer system 
(m, O),  and vesicle ghosts in hyposmotic buffer (A, A) were prepared 
as described under Materials and Methods. An ATP-regeneration 
system (100 pL) in titration buffer was added to 700 pL of vesicle 
sample to yield MgATP at 10 mM, MgC12 at 2 mM, potassium 
phosphoenolpyruvate at 10 mM, and pyruvate kinase (Sigma type 
111) at 10 pg/mL. The samples were incubated 1 min at 23 OC after 
which 10 pL of [3H]AcCh in titration buffer was added to yield 125 
pM. Total transported [3H]AcCh was determined in duplicate (0, 
4 A) and nonspecifkally bound [3H]AcCh in the presence of vesamicol 
in singlet (0, 0, A) by the filter assay at the indicated times. Only 
the averages of the duplicates, which exhibited a relative range of 
less than 10% are shown. 

formation of synaptic vesicle ghosts affects the active transport 
of [3H]AcCh. For example, if a large fraction of the [3H]- 
AcCh uptake arose by exchange with nonradiolabeled en- 
dogenous AcCh, a large decrease in uptake of [3H]AcCh 
would m u r .  The time courses for vesamicol-sensitive uptake 
of subsaturating [3H]AcCh by intact vesicles, ghosts, and 
ghosts returned to the same buffer environment as the intact 
vesicles are shown in Figure 4. The initial velocities were 
similar, and the extents of uptake by the vesicle ghosts after 
70 min were similar. This result indicates that the internal 
contents of intact vesicles likely do not have a significant effect 
on either V,, or KM, because at a subsaturating concentration 
of [3H]AcCh the uptake would respond to a change in either 
parameter. 

Effects of Transport Activation on Ligand Binding. 
Acidification of the vesicle interior and establishment of the 
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the subscript V indicates that the value is for a member of the 
vesamicol ligand family. There was a small decrease in B ,  
in this preparation of vesicles, and other preparations exhibited 
0-3576 decreases. MgATP had no significant effect on the 
ability of analogue 23 to inhibit the binding of trace [3H]- 
vesamicol to ghosts (data not shown). 

It was of interest to compare the kinetically determined 
values Ki, and Kii with equilibrium measurements of the af- 
finity of the VR for methoxyvesamicol. This was done by 
competition against binding of trace [3H]vesamicol in the 
absence and presence of MgATP and sufficient AcCh to nearly 
saturate active transport (Figure 5B). The presence of active 
transport conditions did not much affect the affinity for me- 
thoxyvesamicol, but the amount of binding of [3H]vesamicol 
was reduced about 30%. This is due to the MgATP effect 
(above). The regression values obtained for the displacement 
curves were as follows: resting vesicles in AcCh, dissociation 
constant (KIV) = 5 1 f 11 pM; vesicles in MgATP, KIV = 49 
f 10 pM; and vesicles in MgATP plus AcCh, KIv = 68 f 9 
pM. The value of n did not differ significantly from 1 in all 
cases. Thus, no significant effect on the binding of meth- 
oxyvesamicol was observed as a result of initiation of active 
transport. A higher concentration of methoxyvesamicol was 
required to saturate the VR compared to that required to 
inhibit active transport. 

DISCUSSION 
Each type of kinetic or equilibrium inhibition or dissociation 

constant measured in these studies has been designated with 
a unique symbol in order to facilitate a precise analysis. 
Careful attention to the meaning of each symbol is required 
to follow the analysis. The same symbols are utilized in the 
following papers of this series. 

One part of this study was a confirmation of an older result 
obtained with vesamicol. Derivation of the usual initial velocity 
equations describing competitive and noncompetitive modes 
of inhibition is done with the assumption that the free inhibitor 
is in equilibrium with bound inhibitor. However, the half-life 
for self-exchange of vesamicol in the VR.vesamico1 complex 
at 23 OC is 3.0 min (Bahr & Parsons, 1986b). This is com- 
parable to the 8-min period that was used to obtain initial 
velocity data in the study that attempted to determine the 
kinetic mechanism for inhibition of AcCh active transport by 
vesamicol (Bahr & Parsons, 1986a). Slow dissociation of 
vesamicol could produce a noncompetitive inhibition pattern, 
even if the actual inhibition were competitive, because of 
incomplete relaxation to a new, equilibrium after addition of 
[3H]AcCh. To test whether this phenomenon had occurred, 
the experiment was repeated utilizing one of the lower affinity 
vesamicol analogues that recently became available (Rogers 
et al., 1989). A ligand that is an analogue of another and that 
binds more weakly often does so because it dissociates from 
the bound state more rapidly. trunr-6-Methoxyvesamiicol was 
chosen for this test because its ICso value suggests that the 
dissociation rate constant is about 100-fold greater than that 
of vesamicol. This should be fast enough to ensure equili- 
bration. The scatter in the replicate transport-inhibition data 
was reduced with methoxyvesamicol compared to vesamicol, 
and the noncompetitive kinetics relationship between the 
vesamicol family and inhibition of active transport of the AcCh 
family was confirmed. The remainder of the discussion will 
lead to a choice between models 1 and 2 for the AcChT and 
VR system and to a quantitative analysis of the favored model. 

It is clear for the following two reasons that the vesamicol 
binding site lies within the AcChT. First, AcCh analogues 
14 and 15 are actively transported while being probable com- 

I K  

Free Vesamicol (nM) 

L 'I co L L  6.0 5.0 4.0 3.0 2.0 

-Log [Methoxyvesamicol (MI] 

FIGURE 5 :  Effects of transport activation on ligand binding. (Panel 
A) Effect of MgATP on vesamicol binding. Intact vesicles at 0.05 
mg of protein/mL in chelator-free titration buffer were incubated 
30 min at 23 OC in different concentrations of [3H]v"icol and either 
1 mM EGTA plus 1 mM EDTA (m) or 10 mM MgATP (0). Bound 
[3H]vesamicol was determined by the filter assay. All data shown 
are the averages of triplicates with a relative range of less than 5%. 
The equation Bound = BmaxKDVnVn/(K~Vn + Vn) was fitted to the 
data to yield the lines shown, where B,, is the concentration of VR, 
KDv is the VRvesamicol dissociation constant, Vis the free vesamicol 
concentration, and n is the Hill coefficient. In the absence of MgATP, 
the best parameters are KDv = 9.5 1.5 nM, Bma, = 296 f 17 
pmol/mg, and n = 1.3 f 0.2. In the presence of MgATP, KDv = 
11.3 f 1.8 nM, B,, = 268 15 pmol/mg, and n = 1.1 * 0.1. Similar 
results were obtained in six other experiments. (Panel B) Inhibition 
of [3H]vesamicol binding by methoxyvesamicol. Intact synaptic 
vesicles were introduced into premixed solutions, yielding final con- 
centrations of [3H]vesamicol at 5 nM, MgC1, at 2 mM, and AcCh 
chloride at 3 mM (m); NazATP at 10 mM and MgC12 at 12 mM (0); 
or Na2ATP at 10 mM, MgCl, at 12 mM, and AcCh chloride at 3 
mM (A). All components were in titration buffer, and incubation 
was carried out at 23 "C for 30 min at a vesicle concentration of 0.15 
mg of protein/mL and the indicated methoxyvesamicol concentrations. 
Bound [3H]vesamicol was determined by the filter assay. All data 
shown are the averages of triplicates with a typical relative range of 
less than 10%. The equation Bound = BJIv"/(KIv" + MV") was 
fitted to the data. MV is the methoxyvesamicol concentration, and 
Bo is the amount of bound [3H]vesamicol in the absence of MV. The 
other symbols are defined elsewhere. The results are graphed with 
respect to the negative logarithm base 10 of MV. Regression values 
are KIV = 5 1 * 11 p M  and n = 1.1 & 0.3 for methoxyvesamicol in 
the presence of AcCh (W); KIv = 49 * 10 pM and n = 1.4 * 0.3 for 
methoxyvesamicol in the presence of ATP (0); and KIV = 68 f 9 
pM and n = 1.2 * 0.2 for methoxyvesamicol in the presence of ATP 
plus AcCh (A). Similar results were obtained in one other experiment. 

transmembrane, interior positive electrical potential might alter 
the conformation of the AcChT and VR in a manner that 
would affect the binding of the ligands. However, MgATP 
variably affected only one parameter of the VR saturation 
curve in intact vesicles (Figure 5A). There was no change 
in the dissociation constant (KDv) or n. The subscript D 
indicates that the value is a directly measured constant, and 
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constant Kvi. Vesamicol binding can be at equilibrium even 
during active transport as it forms an unproductive complex. 
Because vesamicol binding can be cooperative (Gracz et al,, 
1988) and a nonunitary Hill-type coefficient for transport 
inhibition by the vesamicol family was shown here to be sta- 
tistically justified, the vesamicol binding step is postulated to 
be of order n. Moreover, as will be shown below, VR'-AcChT, 
must bind vesamicol with microscopic equilibrium dissociation 
constant Kvo. This step will be assumed to be of order n as 
well. Because the scheme hypothesizes separate AcCh and 
vesamicol binding sites, it is consistent with the structure- 
activity data. Values of Kvi, Kvo, and n will be vesamicol 
analogue-dependent . 

The complete steady-state rate expression for active 
transport of AcCh and inhibition of transport by vesamicol 
is derived in the Appendix. The expression can be simplified 
greatly. Because resealed vesicle ghosts transport AcCh to 
nearly the same extent as intact vesicles, either KAi = or 
[AcChi] = 0. This allows us to recast eq f of the Appendix 
into a macroscopic form that is experimentally accessible, 
namely, that 

KVO AcCh. 
V, VRLAcChT, VR'AcChT, e VR'-AcChT, * AcCh, 

nV KA0 

KVI AcCh, 
V, * VR-AcChT, VR-AcChT, VR-AcChT, . ACCh, 

nV KA, 

FIGURE 6: Kinetic model for the AcChT-VR. AcCh, is AcCh on 
the outside of the vesicle, V is vesamicol on the outside, AcChi is on 
the inside, VR'-AcChT, is outwardly oriented empty transporter and 
empty VR, VR'-AcChT,.AcCh, is outwardly oriented loaded 
transporter and empty VR', VR-Ad=hTi.AcChi is inwardly oriented 
loaded transporter and empty VR, VR-AcChTi is inwardly oriented 
empty transporter and empty VR, V,.VR-AcChTi is inwardly oriented 
empty transporter with n molecules of vesamicol bound on the outside 
of the vesicle, and V,.VR'-AcChT, is outwardly oriented empty 
transporter with n molecules of vesamicol bound on the outside. 
Binding of AcCh is hypothesized to be at equilibrium outside and 
inside of the vesicle with dissociation constants of KAo and K f i ,  re- 
spectively. Vesamicol binding exhibits dissociation constants of Kv, 
and Kvi for outwardly or inwardly oriented transporter, respectively. 
In both cases the Hill coefficient is n. Reorientation of the AcCh 
binding site across the membrane in the sforward" direction resulting 
in cyclic uptake of AcCh occurs with rate constants kl and kl 
Reorientation in the "reverse" direction resulting in cyclic efflux of 
AcCh occurs with rate constants k-, and k-2. 

petitive inhibitors of vesamicol binding. Second, AcCh ana- 
logue 23 is an equipotent competitive inhibitor of both AcCh 
active transport (Rogers & Parsons, 1989) and vesamicol 
binding to ghosts. All other data are consistent with this 
conclusion. Analogues 14, 15,21, 23, and 25 are truely AcCh 
analogues because the structure-activity studies clearly dis- 
tinguish the requirements for good binding to the AcCh and 
vesamicol sites and demonstrate that quaternary amino esters 
bind in a predictable manner to the AcCh site. We thus choose 
allosteric model 1 for the system, and we will refer to the 
AcChT-VR as a single complex. The challenge now is to 
explain quantitatively how the two ligand families exhibit a 
competitive binding relationship under equilibrium conditions, 
a noncompetitive kinetic relationship during active transport, 
and different apparent affinities depending on how the mea- 
surements are made. We deal later in the discussion with other 
complexities in the system. 

The 
outside or inside location of the transporter binding site and 
AcCh is denoted by the subscripts o or i, respectively. AcCh 
binding is hypothesized to be at equilibrium outside and inside 
of the vesicle, even during active transport, with microscopic 
dissociation constants of KAo and KAi, respectively. This is a 
reasonable assumption since AcCh binds relatively weakly. 
The reorientation of the transporter binding site across the 
membrane is hypothesized to be at steady state during active 
transport, with the microscopic rate constants in the indicated 
directions being kl and k-l for the loaded transporter and k2 
and k-2 for the empty transporter. Values of KA,, KAi, kl, and 
k-l will be AcCh analogue-dependent. 

In the analysis that follows, it is assumed that during active 
transport the same states exist as under equilibrium conditions, 
but at least one of the rates of transmembrane reorientation 
of the transporter is different. Vesamicol must bind to the 
outside (Kornreich & Parsons, 1988) of at least one of the four 
basic transporter states. This state cannot be VR'- 
AcChT,-AcCh, or VR-AcChTi.AcChi because AcCh ana- 
logues (and by inference probably AcCh itself) are competitive 
inhibitors of vesamicol binding at equilibrium. It cannot be 
only VR'-AcChT, because vesamicol is a noncompetitive in- 
hibitor of active transport. Thus, VR-AcChTi must be capable 
of binding vesamicol with microscopic equilibrium dissociation 

A proposed kinetics scheme is shown in Figure 6. 

rate . ,  
KM( 1 + E) + [AcCho]( 1 + z) 

which is a nonlinear noncompetitive equation in which V,, 
is defined by eq e of the Appendix, and 

(3) 

and 

Preliminary values of the microscopic constants k2 and Kvi 
can be obtained from the macroscopic, regression-derived 
parameters for V,,, Kii, and n by solution of eqs e and 3 if 
we assume that [AcChT,] is equal to [VR,], the total VR 
concentration, and that kl >> k2. The latter assumption is 
consistent with the observation that V,, does not depend on 
the structure of the transported ligand. Evidence presented 
by Rogers and Parsons (1992) demonstrates that [AcChT,] 
does not quite equal [VR,], but the error is small and will be 
ignored. The microscopic value of n is the same as the ma- 
croscopic value. Use of the regression parameters obtained 
with AcCh and methoxyvesamicol (Table 11) yields the pre- 
liminary estimates k2 = 5.4 min-l and Kvi = 6.2 pM. In like 
manner, we estimate from parameters obtained with analogue 
15 that k2 = 2.8 mi& and Kvi = 1 1  pM, and from analogue 
14 that k2 = 1.6 min-l and Kvi = 13 pM. 

The preliminary estimates of k2 are quite low for a small 
molecule transporter. Many such transporters exhibit turnover 
numbers >lo4 min-l (Wilson, 1978). This leads us to hy- 
pothesize that only a small fraction of the transporters in a 
typical vesicle preparation is competent in active transport. 
The hypothesis is supported more strongly below after we have 
fully developed our kinetics model. It explains much of the 
apparent complexity in the system that could not otherwise 
readily be reconciled with the allosteric model. 

We also can extract approximate values for K A o  and k l .  
KIAg and K I A  values state macroscopic affinities for AcCh 
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analogues that bind via the microscopic KAo and KAi steps. 
Exogenous analogue potentially can bind to inwardly oriented 
AcChT as such compounds equilibrate at equal concentration 
inside the vesicles under the conditions of the measurement 
(Carpenter et al., 1980; Noremberg & Parsons, 1989). As 
competition by an internal factor has been removed in ghosts, 
KMg values more closely reflect intrinsic affinities of AcCh 
analogues for the AcChT. Thus, KIAg, and not KIA, is ap- 
propriate for use in attempting to estimate microscopic af- 
finities for AcCh analogues. 

However, we must confront the following dilemma. The 
measurement of KIA* was carried out on resting AcChT-VR 
that probably was mostly active transport incompetent. Yet 
we are most interested in microscopic parameter values for 
actively cycling AcChT-VR. No experimental remedy is 
available to eliminate this gap in a rigorous analysis as we do 
not know how to isolate more competent vesicles. 

The dilemma can be resolved approximately in the following 
manner. It is readily shown using Figure 6 that 

Bahr et al. 

1 + k_zi/k2‘ 
KIAg = (5) l/KAoi + (k-2i/k2i)(1/KAii) 

where the superscript i acknowledges that values of these 
constants in rating, transport-incompetent AcChT not exposed 
to endogenous factor apply. The addition of MgATP pre- 
sumably does not affect the parameters because the macro- 
scopic affinities of vesamicol and AcCh analogues are not 
affected significantly. The moderate decrease in B,, in some 
vesicle preparations that is seen in the presence of MgATP 
must be due to some other phenomenon. We can state that 

k-zi/k2’ = ck-z/kz (6) 
where c is the change in the ratio of kW2/k2 for the bulk of 
AcChT in resting ghosts relative to actively transporting 
AcChT in intact vesicles. The observation that AcCh ana- 
logues 23 and 25 exhibit no significant discrepancy between 
KIAg and ICs0 values provides the information needed to 
proceed with the analysis. For a nontransported analogue, 
ICs0 equals KAo in cycling AcChT. If we assume that ana- 
logues 23 and 25 are not transported (which is supported more 
below), the data in Table I11 for these analogues tell us that, 
after substituting eq 6 into eq 5, 

The simplest way in which eq 7 can be satisfied is where ck-, 
< k, and KAoi < KJ, so that KAo zz KIA’ cz KAoi. 

KAoi will equal KAo and KAii will equal KAi if transport-in- 
competent AcChT-VR is not damaged or otherwise modified 
at the AcCh-binding site. This would m r  if the major cause 
of incompetency were lack of a proton motive force, perhaps 
due to damaged V-type ATPase, or to proton leaks. Indeed, 
preliminary evidence that poorly transporting vesicles contain 
little functional vacuolar-type ATPase has been obtained (B. 
Hicks, unpublished results). The relationships k-2 < k2 and 
KAo < KAi will promote inward active transport. The factor 
c will be 1 if the value of only the k, microscopic constant 
depends on the proton motive force and incompetent AcChT 
in ghosts is not different from competent AcChT in the rates 
of the k2 and k-2 steps. We know that endogenous factor does 
not significantly inhibit otherwise competent AcChT, because 
active transport is nearly the same in resealed ghosts. We 
would expect a large increase in active transport by ghosts had 
this been the case. Thus, comparison of the properties of 
transport-competent AcChT in intact vesicles with those of 

Table IV: Calculated Microscope Constants’ 
AcCh 4 0  kl kZ Kvi 

analogueb ( P M ) ~  (min-ly ( m i d )  (fiM)” nd 
AcCh 50000 900 5.4 6.2 1.3 
21c 6000 (200) (5.4) 
15 700 40 3.0 11 1.6 
14 2000 30 1.7 13 1.3 
2 9  1 0 
23f 2 0 

“Constants are defined by the model of Figure 6. Calculations uti- 
lized eqs e, 3, 7, and 8 as described in the text. bStructures of the 
analogues are shown in Table I. ‘One significant figure. “Values for 
methoxyvesamicol determined by inhibition of active transport of the 
indicated AcCh analogue. CThe value of k, was estimated by assuming 
the value of kz obtained with AcCh and that ICso equals KM. 
’Assumed not to be actively transwrted. 

the AcChT in ghosts is not complicated by endogenous factor. 
We discuss below what consequences ensue if c # 1. 

Because of the reasonableness of the necessary assumptions 
and the economy of the result, we arrive at the conclusion that 
KIAg z KAo for analogues 23 and 25. There is no reason to 
suppose that this is not general for all of the AcCh analogues, 
whether or not they are actively transported. We will take 
KMg, rounded to one significant figure, as an estimate of KAo 
for all of them (Table IV). Values as low as 20 mM have 
been observed for AcCh in some studies (Noremberg & 
Parsons, 1989), but we will take the 50 mM value that was 
observed here. 

A solvable expression for kl can be obtained by dividing eq 
7 by eq 2 and making the same assumptions as above. This 
leads to 

Use of the data in Tables I1 and 111, the preliminary estimates 
of k2, and eq 8 yields, to one significant figure, estimates for 
k, of 900 min-’ for AcCh, 40 m i d  for analogue 15, and 30 
min-’ for analogue 14 in the preparations of vesicles that were 
studied. 

The estimate of kl now can be used in eqs e and 3 to obtain 
better estimates of k2 and Kvi. The iterated estimates do not 
change much and are listed in Table IV. The success of the 
kinetics model for AcCh, analogue 14, and analogue 15 leads 
us to predict that all analogues of AcCh that exhibit signif- 
icantly lower ICzo compared to KIAg values are actively 
transported. This is a useful inference, as it is expensive to 
synthesize radiolabeled analogues for direct measurement of 
KM values. Thus, we have used the value of k2 determined 
from the AcCh study and the KIAg/IC, ratio for analogue 21 
(Table 111) to compute kl  for analogue 21 (Table IV). 

The kl values are significantly larger than k2 for transported 
analogues, confirming the assumption that the rate-limiting 
step of active transport is k2. The observation that the esti- 
mated values of k2, Kvi, and n were not constant in the different 
transport experiments is not surprising in view of the sub- 
stantial variation in the properties of the AcChT-VR in dif- 
ferent preparations of vesicles. The 2-fold lower V,, for 
analogues 14 and 15 relative to AcCh found for some prep- 
arations of vesicles (Clarkson et al., 1992) could arise from 
nonequilibrium binding of the analogues, perhaps because the 
KAo step actually is complex. The reasons for the variations 
that have been observed are not known, but evidence that the 
system is regulated has been presented (Gracz et al., 1988). 
The macromolecular structure observed for the AcChT-VR 
in the following papers is heterogeneous, and such a structure 
seems uniquely suited to variability. 
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a relatively larger k-,/k2 ratio in competent transporter that 
is less favorable for active transport. If c > 1, then the es- 
timated KAo is too low by a factor of up to about (1 + k2/ 
k-,)/c. This would occur if the k2 microscopic constant de- 
pends on the proton motive force. In this case, we will have 
underestimated the extent to which the substrate binding 
properties of the AcChT-VR are extraordinary. Thus, the 
assumption that c = 1 is robust and reasonable and cannot 
lead to a significant conceptual error in our model. The values 
of kl are too low by the fraction of transport-incompetent 
AcChT-VR and are possibly further subject to relatively small 
error caused by the assumptions that c = 1 and KAoi = KA,. 
Corrected kl will approximately scale with k,, ensuring that 
it remains large relative to k,. In summary, the estimates of 
the microscopic constants for equilibrium steps are approxi- 
mately correct, but those for rate steps are too low by unknown 
similarly large factors. Relative values of kl for different 
transported analogues of AcCh can be compared with each 
other in an approximate sense if we normalize the kl values 
to the same apparent, analogue-independent values of k2 The 
value of k ,  obtained from the analogue 14 study would have 
been about 100 min-' had the vesicles transported AcCh as 
well as the preparation used in the full AcCh study. Analogue 
14 was transported only about 9-fold more slowly than AcCh 
in the actual uptake step, and this had no effect on the V,,,. 

The mechanism of the allostery and noncompetitive inhib- 
ition of active transport that is shown by the vesamicol family 
requires comment. In the model presented here, only binary 
complexes are hypothesized. Vesamicol or any other com- 
pound that binds to the VR will trap the AcChT in an un- 
productive complex without the necessity of inducing a 
propagated conformational change. This explains how 
structurally unrelated drugs, which are unlikely to induce 
similar conformational changes, all can inhibit active transport 
of AcCh by acting on the VR. In the macroscopic kinetics, 
vesamicol is noncompetitive during active transport because 
it can bind to inwardly oriented (empty) transporter generated 
from AcChT,*AcCh, by the kl and KAi steps. Thus, in the 
steady state, vesamicol appears to bind to the AcChT-AcCh 
complex, even though a ternary complex never is formed. 

It is clear for the following two reasons that the AcChT does 
not engage in tight, precise contact with transported analogues. 
First, although AcCh is small, it has enough structure to 
produce tight binding to proteins, as the desensitized complex 
with the nicotinic receptor has a dissociation constant of about 
10 nM (Prinz & Veltel, 1988). The affinity for the AcChT 
is at least lo6-fold less. Second, the previous structureactivity 
study of AcCh analogue binding demonstrated that the 
pharmacophores are the carbonyl and quaternary ammonium 
groups (Rogers & Parsons, 1989). Beyond those features, 
increased hydrophobicity increases the affinity, but the shape 
of the additional bulk in the analogue is not very important. 
We now know that analogues containing extra steric bulk in 
five- and six-membered rings connecting the pharmacophores 
(analogues 14 and 15 compared to 21) and on either side 
(analogue 14 compared to 15) are actively transported. 
Morever, previous work with intact cholinergic preparations 
had demonstrated that acetyltriethylcholine and acetyl- 
homocholine are actively transported (Collier, 1986; Newton 
& Jenden, 1986). This is an extraordinarily diverse range of 
substrates, and it is very unlikely that a lock-and-key mech- 
anism for substrate recognition by the AcChT would accept 
all of these substrates. 

In order to examine the steric space occupied by actively 
transported substrates in more detail, we have constructed a 

On a conceptual level, the KM values for transported ana- 
logues are as much as 200-fold lower than the estimated KAo 
values because rapid inward transport increases the fraction 
of transporter that apparently (to an outside observer) is oc- 
cupied. For AcCh, this effect reduces the transport Michaelis 
constant to below the physiological concentration of about 4 
mM that can be estimated for electromotor terminal cytoplasm 
(Morel et al., 1978; Weiler et al., 1982). 

While specific values for the other microscopic constants 
in the model cannot be estimated from the available data, 
deductions about the relative values of some of them can be 
made nevertheless. Methoxyvesamicol must bind with higher 
affinity to the outwardly oriented competent transporter. If 
one takes the ratio of eq 4 to eq 3, it can be seen that the 
resulting relationship mathematically requires that Kv, < Kvi 
in order to generate Ki, < Kii. It was this realization that led 
to postulation of the V,-VR'-AcChT, complex in the model 
(Figure 6). This deduction was not possible on the basis of 
the data obtained from inhibition of AcCh active transport 
by vesamicol, as the errors in the Ki, and Kii values were too 
large. We already have hypothesized that k-, < k, and KAo 
< KAi. We can get no information about k-, as it does not 
operate because either KAi = - or [AcChi] = 0 for trans- 
port-competent AcChT-VR. 

Development of the kinetics model allows us to analyze the 
effect that active transport will have on the affinity of ligands. 
Resting AcChT-VR will bind vesamicol analogues primarily 
to outwardly oriented transporter if k-, I k,, whereas trans- 
porting AcChT-VR will bind vesamicol analogues primarily 
to inwardly oriented transporter because that is the major form 
present when kl > kz. As we have concluded that competent 
transporter oriented inwardly binds methoxyvesamicol with 
less affinity than when oriented outwardly, the macroscopic 
affinity of vesamicol analogues should decrease upon activation 
of transport. However, there is no significant effect in the KM 
concentration range of AcCh (Noremberg & Parsons, 1989; 
Figure 5 ) .  Similarly, initiation of active transport has no effect 
on the apparent affinity of AcCh as measured by inhibition 
of [3H]vesamicol binding (Noremberg & Parsons, 1989), 
despite our conclusion above that the affinity for AcCh in- 
creases 100-200-fold in cycling AcChT. Both behaviors 
clearly suggest that most of the AcChT-VR in purified vesicles 
is transport incompetent, in agreement with the low values of 
k,. The observation that vesamicol analogues inhibit active 
transport at concentrations that only partially occupy the VR 
(Kaufman et al., 1989; compare Kii and Ki, values in Table 
I1 to K,, values in Figure 5 )  can be reconciled to this con- 
clusion by hypothesizing that a small fraction of transport- 
component AcChT-VR binds vesamicol analogues more 
tightly than a large excess of transport-incompetent AcChT- 
VR. There appears to be something different about the 
structure of the VR in competent AcChT. This correlates with 
the ability of internal endogenous factor to inhibit binding of 
AcCh to transport-incompetent but not competent AcChT- 
VR. 

A large proportion of transport-incompetent AcChT-VR 
in the vesicle preparations affects estimates of the microscopic 
constants in the following ways. Kvi and n are not affected. 
The calculated value of k2 is too low by the fraction of 
transport-incompetent AcChT-VR. If only of the 
AcChT-VR was competent in the experiment in Figure 1, then 
the corrected value of k, is 54000 min-'. If c < 1, then the 
estimated KAo is too high by a factor of up to about (1 + 
k 2 / k Z ) ,  but for k2 5 kz, this will be a several-fold error at 
most. It seems unlikely that c < 1 as that would represent 
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FIGURE 7: Overlay of AcCh onto a chimeric analogue constructed from the features of transported analogues. The chimera is trans-benzyl 
N-benzyl-N-ethylisonipecotate. The conformations of AcCh and the chimera were energy-minimized using the MMZP subroutine of CHEM-X. 
The structures are shown as ball-and-stick models in panel A, with a transparent van der Waals surface surrounding the chimeric model. The 
orientation is similar to the structures in Table I, with the quaternary amines toward the left. In panels B, C, and D, the quaternary amines 
and carbonyl groups were superimposed as closely as possible, and the solid van der Waals surface of AcCh is shown embedded in the transparent 
van der Waals surface of the chimera. In AcCh the N to carbonyl 0 distance is 4.959 A, and in the chimera it is 4.660 A. Panel B is the 
side view corresponding to panel A that is perpendicular to the plane of the AcCh carbonyl, panel C is the top view parallel to the axis of the 
AcCh carbonyl with the oxygen atom facing the viewer, and panel D is the end-on view with the quaternary amine facing the viewer. The 
regions of substantial extra steric space occupied by the chimera are indicated by the arrow heads. 

hypothetical chimeric AcCh analogue that incorporates many 
of the chemical features that are individually accepted by the 
AcChT. The chimera incorporates the six-membered piper- 
idine ring of analogue 21, the phenyl groups of analogues 14 
and 15, and the ethyl groups of acetyltriethylcholine. The 
conformations of AcCh and the chimera were energy-mini- 
mized about the probable conformation of AcCh bound to the 
transporter that was determined by Rogers and Parsons 
(1989). This trans-trans conformer for AcCh is observed 
during molecular dynamics in water, indicating that it indeed 
is relatively stable (Edvardsen & Dahl, 1991). The resulting 
energy-minimized structures are superimposed in Figure 7. 
There are five regions of substantial additional steric space 
distributed around the AcCh molecule (best seen in Figure 
7C) that are occupied by the different transported substrates. 
The pharmacophores are accessible through restricted regions 
of the van der Waals surface, so that a recognition mechanism 
based on weak interactions still could operate. However, an 
active transporter making close contacts with its substrate is 
very unlikely to accept such a punctate envelope of steric 
hindrances around the pharmacophores during all stages of 
the transport event. 

The very weak affinity for AcCh and low substrate spe- 
cificity observed here suggest that the AcChT might be 
channel-like. Such a structure probably must have two re- 
ciprocally controlled gates that define an internal chamber 

where substrate is bound loosely in order to account for active 
transport and not allow leakage of protons. The outside and 
inside orientations of the transporter indicated in Figure 6 
would correspond to closed states of the inside and outside 
gates, respectively. We hypothesize that transported AcCh 
analogues can assume extended, approximately linear shapes 
that are not too long or too wide to fit into the hypothetical 
sealed internal chamber. Analogues 23 and 25 apparently are 
too long, although they still can bind to the chamber when it 
is open to the outside. Similar analogues have been synthesized 
in tritiated form and directly shown to be actively transported 
very poorly or not at all (Clarkson et al., 1992; Rogers & 
Parsons, 1992). Moreover, the recognition sites for the 
pharmacophores must accept a variable spacing, as acetyl- 
homocholine is transported. This too is consistent with a weak 
interaction between the hypothesized chamber and transported 
substrates. Alternatively, the kinetics and low specificity for 
substrate resemble the properties of the multidrug transporter, 
which recently was proposed to be a “flippase” acting on 
molecules that intercalate into a bilayer leaflet (Higgins & 
Gottesman, 1992). 

Although the AcChT exhibits very low specificity, it does 
not totally lack specificity. Acetyldiethylhomocholine is an 
abortive false transmitter in mammalian brain and sympathetic 
ganglion (Welner & Collier, 1984, 1985), failing at the storage 
step, and we have just concluded that the AcCh analogues 
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The transporter reorientation reactions of Figure 6 then can 
be rewritten as 

containing significant steric bulk on both ends are not actively 
transported by synaptic vesicles purified from electric organ. 
Too many simultaneous increases in steric bulk exceed the 
accommodation that the transporter can make to them indi- 
vidually. Even transported analogues exhibit lower values of 
kl  relative to AcCh, meaning that they do not pass as freely 
through the AcChT as AcCh. This is consistent with a model 
where the diameter of the analogues approaches the smallest 
diameter of the pathway through the AcChT. 

Presumably the AcChT has these special properties for a 
purpose. This could be a requirement for very fast transport 
and release. Very fast transport would be required for rapid 
mobilization of cytoplasmic AcCh during high frequency 
evoked release. This would require very fast release that also 
ensures that KAi is very large so that the net rate of transport 
does not slow excessively as AcChi approaches its final con- 
centration of about 0 . 5 4 9  M in fully loaded vesicles (Moms, 
1980). The same fast-kinetics requirement faces nerve ter- 
minals that utilize other neurotransmitters. Dopamine, ser- 
otonin, histamine, epinephrine, and norepinephrine all are 
actively transported by the reserpine-sensitive vesicular 
transporter (Johnson, 1988). The very low specificity of this 
transporter is consistent with a channel- or flippase-like 
structure requiring only aromatic and amine pharmacophores 
in its substrates. Similarly, y-aminobutyric acid (GABA) and 
glycine, which have very different van der Waals volumes, 
probably are transported by a single vesicular transporter 
(Christensen et al., 1991; Burger et al., 1991). The kinetics 
properties of the AcChT deduced here are well suited to its 
physiological role in storage of neurotransmitter, and they 
might have general utility for other neurotransmitter storage 
systems. 
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AND INHIBITION BY VESAMICOL 
The rate expression for AcCh transport by the scheme 

shown in Figure 6 can be derived by the King-Altman pro- 
cedure as simplified by Cha (1968) for reactions containing 
steps at equilibrium. The species on the top line can be 
grouped to form composite 1. The species on the bottom line 
form composite 2. The rate of the reaction VR'-AcChT,. 
AcCh, - VR-AcChTi.AcChi is kl  [VR'-AcChT,*AcCh,] . 
But since VR'-AcChT,.AcCh, is in equilibrium with VR'- 
AcChT, and V,-VR'-AcChT,, its concentration can be written 
as a fraction of the composite 1 concentration equal to 

APPENDIX: EXPRESSION FOR RATE OF ACCH TRANSPORT 

A = [1 + K~,/[Acch,] + KA~[V]~/([ACC~,]KV,")]-' 
Similarly, the concentration of VR-AcChTi.AcChi can be 
written as a fraction of composite 2 equal to 

B = [ l  + K~i/[ACchi] + [V]"K~/([A~Chi]luv/')]-' 

For VR-AcChTi, 

c = (1 + [V]"/KvT + [ACchi]/K~i)-l 

and for VR'-AcChT,, 

D = (1 [Acch,]/K~, + [V]"/Kv,")-' 

The rate of AcCh transport is given by 
d [ AcChi] 

= rate = klA[composite 11 - k-,B[composite 21 dt 

The fraction of the total transporter [AcChT,] that is present 
in composite 1 is given by the sum of the effective rate con- 
stants of all processes producing composite 1 divided by the 
sum of the effective rate constants of all processes producing 
composites 1 and 2. Thus, 

k-lB + k2C 
klA + k-lB + k2C + k-2D 

[composite 11 = [AcChT,] 

(b) 

An analogous expression holds for composite 2. 

klA + k-2D 
klA + k-lB + k2C + k-2D 

[composite 21 = [AcChT,] 

( 4  

Substituting eqs b and c into eq a gives 

The rate can be referenced to the maximal rate VmaX by 
computing rate/[AcChT,] when [AcCh,,] >> KAo, [AcChi] = 
0, and [VI = 0. Under these conditions, A = C = 1, B = D 
= 0, and 

Division of eq d by eq e gives 
rate - =  

klA(k-lB + k2C) - k-iB(klA + k-2D) (k1 + k2) 
( f )  k l A  + k-lB + k,C + k-2D ] klk2 

With suitable initial velocity simplification and gathering of 
terms, the last equation can be recast into the Michaelis- 
Menten form shown in the text as eq 1. 

Registry No. AcCh, 51-84-3; vesamicol, 22232-64-0; (*)-tram- 
6-methoxyvesamico1, 120447-25-8; methyl 1 ,I-dimethylisonipecotate 
iodide, 5 1023-67-7; (&)- 1,1-dimethyl-3-benzoyloxypyrrolidinium 
iodide, 124805-68- 1; (&)-cis- 1 -benzyl- 1-methyl-3-acetoxypyolidinium 
bromide, 14 1434-9 1-5; (&)-trans- 1 -benzyl- 1 -methyl-3-acetoxy- 
pyrrolidinium bromide, 141434-92-6; cis-cyclopentylmethyl 1- 
benzyl-1-methylisonipecotate bromide, 141 376-35-4; rram-cyclo- 
pentylmethyl 1-benzyl- 1-methylisonipecotate bromide, 141 376-36-5; 
cis-benzyl 1-benzyl-1-methylisonipecotate bromide, 124805-73-8. 
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