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SUMMARY

The inhibitory effect of bisquaternary compounds on erythrocyte membrane-bound
acetylcholinesterase (acetylcholine acetyl-hydrolase, EC 3.1.1.7) was investigated by
kinetic methods. The membranes were obtained by osmotic hemolysis of human erythro-
cytes. A special photometric method was used for measurements, which made it possible to
record the enzyme reaction in the steady-state phase. In contrast to former investigations,
in which the reaction medium contained Nat+ and Mg?*+ ions at rather high concentrations,
these ions were omitted in the present experiments.

Kinetic analysis of the results yielded the following types of inhibitory mechanisms: d-
tubocurarine and gallamine, partially competitive-partially noncompetitive; succinylbis-
choline, partially competitive-noncompetitive (‘“mixed inhibition’’). The noncompetitive
portion of the mechanism of all compounds investigated is interpreted in the following way.
d-Tubocurarine, gallamine, and succinylbischoline are bound to a site distinct from the ac-
tive site of acetylcholinesterase. This site, called the “regulatory site,” does not show cata-
lytic activity and contains at least two negative charges. The presence of noncompetitive
inhibition suggests that the binding of these effectors to the regulatory site must be com-
bined with a conformational change, which affects the enzyme reaction rate negatively in
the case of d-tubocurarine, gallamine, and succinylbischoline. The phenomenon of substrate
concentration-dependent activation and inhibition, which is observed with the effector
pentamethonium, is explicable only if the existence of a ternary enzyme-substrate-inhibitor
(ESI) complex is accepted. This means that the reaction mechanism is expected to be par-
tially noncompetitive in this case too, and consequently pentamethonium has to be desig-
nated as an allosteric effector. The regulatory site, whose existence is proved by the pres-
ence of the noncompetitive part of the reaction mechanism, could be identical with the
cholinergic receptor defined by pharmacological experiments.

INTRODUCTION

The structure and catalytic properties of
isolated acetylcholinesterase (acetylcholine
acetyl-hydrolase, EC 3.1.1.7) vary dra-
matically with ionic strength [cf. Changeux
(1)]. Some time earlier, Wolf (2) had shown

! Present address, Zentralinstitut fiir Biochemie
und Biophysik, Freie Universitit Berlin, 1 Berlin
33, Arnimallee 22, Germany.

that divalent cations such as Mg?*t and Ca?*
have pronounced inhibitory or activating
effects on acetylcholinesterase activity, de-
pending on the substrate concentration.
Consequently, an analytical kinetic treat-
ment of this enzyme reaction has to consider
the effect of these ions. For example, it is
possible that in the presence of sufficiently
high Mg?* concentrations kinetic behavior
may be simulated that obscures the real
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properties of the enzyme. In many cases
cations (especially Mg?*+) affect the kinetic
properties of regulatory enzymes in much the
same ways as do the organic effectors [cf.
Atkinson (3)]. It should be noted that in
previous experiments the reaction medium
usually contained Nat and Mg?t ions [e.g.,
Krupka (4)].

In addition, in most experiments the con-
centration range of substrate and effector
has been too narrow. This might explain
why former investigators were able to de-
scribe the kinetic behavior of acetylcholin-
esterase by ordinary or slightly modified
Michaelis-Menten (5) kinetics. For the
majority of enzymes, however, Michaelis-
Menten or Briggs-Haldane kinetics (6) is
inadequate. Therefore the computed con-
stants are often “apparent” and their
numerical values have no simple interpreta-
tion, and hence are of little value in deduc-
ing molecular mechanisms [cf. Botts and
Morales (7)].

With respect to these considerations and
with the aim of obtaining further insight into
the kinetic properties of acetylcholinester-
ase, we have investigated the curare-like
compounds, pentamethonium and tetra-
methylammonium iodide, by steady-state
kinetics, omitting the conventional addi-
tions of Nat and Mgt and measuring the
reaction rate over a wide concentration
range of substrate and effector. Moreover,
care was taken to ensure that all measure-
ments were carried out within the steady-
state phase of the reaction.

MATERIALS AND METHODS

Human erythrocyte ghosts were prepared
according to the method of Dodge et al. (8).
Salts were removed by repeated dialysis
against 100 volumes of 50 mm Tris hydro-
chloride, pH 7.8, and finally against twice-
redistilled water. Subsequently the ghosts
were lyophilized. The specific activity of
batch I was 0.25 unit/mg of dry material,
and that of batch II was 0.48 unit/mg of
dry material.? The difference between the

2 One unit is defined [‘‘Enzyme Nomenclature:
Recommendations (1964) of the International
Union of Biochemistry,”’ Elsevier, Amsterdam] as
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two batches is due to the use of different pH
values during the preparation (batch I, pH
7.4; batch II, pH 7.8). The dried ghosts con-
tained the following amounts of ions, esti-
mated by flame photometry: sodium =
0013% of dry material; potassium
S 0.01%; magnesium = 0.02%; calcium
= 0.07%; iron = 0.008% (+20%).

Chemicals. Phenol red and Tris (2-amino-
2-hydroxymethyl-1,3-propandiol) (Merck,
Germany); acetylcholine iodide, penta-
methonium, succinylbischoline dichloride,
tetramethylammonium iodide, and deca-
methonium (Fluka, Switzerland); d-tubo-
curarine chloride (Schuchardt, Germany);
gallamine triethiodide (K & K Laboratories,
U. S. A.). The water was twice redistilled in
a quartz apparatus.

Assay method. The reaction rate was
measured by a photometric method accord-
ing to Grégoire et al. (9) with the following
modifications. The test solution contained
the following in a final volume of 10.0 ml:
0.8 mM Tris hydrochloride buffer, 52 ug of
phenol red, and 0.8 mg of enzyme prepara-
tion. Substrate concentrations were varied
from 0.02 to 10 mM. The effector concentra-
tions are indicated in the figure legends. The
ionic strength used in those experiments
whose results were submitted to kinetic
interpretation was between 0.0002 and 0.002.
All components were dissolved in twice-
redistilled water. After the addition of sub-
strate, the reaction was followed at 546 nm
only within the initial phase of zero reaction
order, using an Eppendorf photometer com-
bined with a recorder. In order to maintain
the temperature at 30°, the cuvette holder
was connected with a thermostat.

RESULTS AND DISCUSSION

Kinetic analysis of the steady state is
based on a reaction scheme proposed by
various investigators, including Botts (10),
Botts and Morales (7), Laidler (11), and
Ohlenbusch (12).

that amount which will catalyze the transforma-
tion of 1 umole of substrate per minute under opti-
mum conditions (in the present case 30°, pH 8.0,
4 mM acetylcholine).
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This scheme and the kinetics derived from it
do not include the substrate inhibition
typical of acetylcholinesterase at high sub-
strate concentrations.

The terminology used in this paper is
accommodated to that of Webb (13). The
symbols are defined as follows.

E = free enzyme
[E]. = total enzyme concentra-
tion
substrate
reaction products
inhibitor
reaction rate constant
equilibrium constant

|
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= Michaelis constant

I
I

equilibrium constant of
the reaction £ + S =
ES

— = aK, = equilibrium constant of
the reaction EI + S =
ESI

—124 = K; = equilibrium constant of
! the reaction £ + I = EI

~=f = oK; = equilibrium constant of
the reaction ES + I =
ESI
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v = reaction rate in presence
of any substrate concen-
tration and absence of
inhibitor

v; = reaction rate in presence
of any substrate and in-
hibitor concentration

Vmax = ko[E], = limiting value of reac-
tion rate at infinite sub-
strate concentration in
absence of inhibitor

V! .« = limiting value of reac-
tion rate at infinite sub-
strate concentration and
a given inhibitor concen-
tration

Reaction rate equation for § = 0. From the

scheme presented above, the following
simplified expression is derived, if 8 = 0.

anx
" T Ka(1 + U1/K)
+ [SI(1 + [1)/aK:)

which in the conventional double-reciprocal
form becomes

11 (1
a‘m(”a—m)

1 U]\ Kn
+v:;<1+z)m

v

(1)

(2)

Equation 2 is applied in the case of succinyl-
bischoline.

Reaction rate equation for 8 # 0, but not
much greater than 1. From the same scheme,
the following complete equation is derived.

Vinax@Ki[S] + Vinax(Bk2/k:)[S] + BV max[S][]

Vi T KooK + Kn(Bks/ki) + (Bka/k)I] + aKi[S] + (Bko/k:)[S]

(3)

+ Knoll]l + Kn(Bko/k:)UIV/K: + (Bhao/k)UT/K: + (81U

a = characterizes change in
constants K, and K; in-
duced by binding of 7
and S, respectively, to E

B8 = characterizes ratio of rate
constants of the reactions
ESI — EI + P and
ES—SE+ P

In discussing the effects of the inhibitors
studied in the present investigation it is
sufficient to consider 8 values between 0
and 1, and B8 not much greater than 1. As-
suming the presence of a complete equilib-
rium among E, ES, EI, and ESI, the follow-
ing conditions must be realized: k., < k_,,
ke Lk, Bks K k_;, and Bk, < k', . Because
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Fia. 1. Activity-[S] curves for enzymatic hy-
drolysis of acetylcholine by acetylcholinesterase in
the presence of vartous concenlrations of succinyl-
bischoline
O0—0,0.5 um; @—@, 1 puu; 0—0, 2 pm;
B—W, 5um; A—A, 10 um; V—VY/, control.

k., < k¢ then Bk, < k{ if B8 is not much
greater than 1 (see above).

On account of these considerations Eq.
3 may be simplified to

can be used for the estimation of the K ; and
a values. For the Dixon plots, Eq. 2 has to
be transformed into the following expression:

1 1

v " Vm.x<‘+[s1>

1 1]
+W( +[b])

From the Dixon plot the following 1/v; inter-
cepts are obtained:

. 1 1 K,
Jim, (—) = v—(’ + m)

The slope of the straight lines is expressed as

(7)

d( 1/v.~

) _
diy anx( [S])

The plot of the Dixon 1/v; intercepts as a
function of the reciprocal substrate concen-
tration leads to a straight line, from whose
slope Km and V,nax can be estimated (Fig. 7):

. (aK; + 81

aK; + [I]) (Km + BlokilI)/ ak—ikr) [(aK: + olI])/(aK: + [I])] + [S]

In the case 8 = 0, Eq. 4 is reduced to Eq. 1.

Mechanism of inhibition by succinylbis-
choline. The results for the inhibitor succinyl-
bischoline can be discussed employing Eq. 2.
In both the Lineweaver-Burk (14) and Dixon
(15) plots, these results yield straight lines
(Figs. 4 and 5).

From the Lineweaver-Burk plot the fol-
lowing 1/v intercepts are obtained:

in (2)-7L0+%) ®

In order to estimate 1/Vmax and 1/aK;,
these intercepts are plotted against [I]
(Fig. 6). The slope of the Lineweaver-Burk
lines

d(1/s) _ Kn 0
=7\l T ) (8)

li 1/v;
“llm ( /v ) - (10)
~d@/18) Vm.x

[S] (1)

The intercept of this line yields Vux :

lim 1-) =1
(710 \V; V max (ll)
[S]=+e

The shift of the optimum substrate con-
centration to higher values in the presence
of increased inhibitor concentrations char-
acterizes phenomenologically the competi-
tive part of the “mixed inhibition.” In
contrast, the increase in 1/V . values re-
sulting from the increase in inhibitor con-
centrations indicates the simultaneous pres-
ence of noncompetitive inhibition. The ex-
tremely low value of « = 6.9 emphasizes
the preponderance of the noncompetitive
part of the succinylbischoline inhibition
mechanism. Purely noncompetitive inhibi-
tion is characterized by K,/ = K,, which
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Fi16. 2. Activity—[S] curves for enzymatic hy-
drolysis of acetylcholine by acelylcholinesterase in
the presence of various concentrations of d-lubo-
curarine

O—O0, 1l um; @—@, 2 um; O——0O, 5 uM;
BN 10 KM A—Ar 20 BM; A'—_'Ay 100 KM
V—V, control.

means that « = 1 [“simple noncompetitive
inhibition” according to Laidler (16)].

In the case of purely competitive inhibi-
tion (@ = ), the substrate and inhibitor
compete for the active site. In contrast to
this, two binding sites for acetylcholine and
succinylbischoline are required on account
of the low value of a. Although K.’ is not
exactly equal to K, the inhibition by suc-
cinylbischoline has to be characterized as
noncompetitive.

Mechanism of inhibition by d-tubocurarine
and gallamine. The results of the succinyl-
bischoline experiments show straight lines
on both Lineweaver-Burk and Dixon plots
(Figs. 4 and 5) within the concentration
range tested. In addition, the Lineweaver-
Burk plots for d-tubocurarine and gallamine
are linear (Figs. 8 and 9), whereas the Dixon
plots (Figs. 10 and 11) are nonlinear. As
shown in the following discussion, the effect
of the two inhibitors can be described by
assuming a partially competitive and par-
tially noncompetitive mechanism according
to Eq. 4. Figures 10 and 11 show that the
values calculated by applying Eq. 4 are in
agreement with the experimental values.

WOMBACHER AND WOLF

v [Skt/min)

I ' 'l 1 ) — i A
105 w0 1073 02
sy M

F1G. 3. Activity-[S] curves for enzymatic hy-
drolysis of acetylcholine by acetylcholinesterase in
the presence of various concentrations of gallamine

V—-V, control; A—A, 1 uM; A—A, 2
w; O—O0, 5 uM; @—@, 10 uM; O—0O, 20
uM; B—M, 50 um.

The estimation of the most important
constants, a, 8, and K,, may be shown
briefly. [For further information concerning
the additional constants and a critical dis-
cussion of the kinetics applied to the prob-
lems of this investigation, see Wombacher
(17).]

It is evident that the equilibrium con-
centration of the ESI complex is compara-
tively low in the presence of low inhibitor
and high substrate concentrations, so that,
especially if B is very low, the contribution of
the ESI complex to enzymatic catalysis can
be neglected. Therefore, in the Dixon plots,
sections of curves are obtained that may be
considered approximately as straight lines.
After extrapolation they intersect at one
point with the coordinates:

1 —1/a
(- )
In the case of gallamine a K value of 0.5
uM is obtained (Fig. 12); the corresponding
value for d-tubocurarine is 0.65 uM. Viax
and K,, are determined using the intercepts
of the Dixon plot, which are plotted against

(12)
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F1a. 4. Lineweaver-Burk plot
The curves represent the following concentrations of succinylbischoline: @—@), 0.5 um; O—O, 1
M A—A, 2puM; A—A, 5pm; O—0, 10 py.
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Fi1a. 5. Dizon plot
The curves represent the following concentrations of the substrate acetylcholine: O——0, 20 um;
B, 40 uM; O——O, 100 uM; @ —@, 200 um; A——A, 400 um; A——A, 1 mna.
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F1a. 6. 1/vintercepts of Lineweaver-Burk plot for F1G. 7. 1/v intercepts of Dizon plot for succinyl-

succinylbischoline, plotled as a function of inhibitor  bischoline, plotted as a function of 1/[8]
concentralion
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F1a. 8. Lineweaver-Burk plot
The curves represent the following concentrations of d-tubocurarine: ——@, 1 pm; O—0), 2 uM;
O—@,5um; O—O,10um; A—A, 20 uM; A—A, 100 pn.
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F1a. 9. Lineweaver-Burk plot
The curves represent the following concentration of gallamine: ——M, 1 uM; O——0, 2uM; @——O,
5um; O—O0,10pM; A—A, 20 uM; A—A, 50 pM.

1/[S]. From Fig. 13 a K. value of 32 uM is
obtained.

The estimation of « and g8 is more difficult
than the estimation of the Kn and Vmax
values. Equation 4 is transformed into

1_ 1 (1+[11/aK.-)
v Vaux \1 + BlI]/aK;

Kn + ks/kr(BlI)/aK:)
Vmax

(P tedc)

+ (13)

As the [;—] — free term 1is identical with the

intercepts of the Lineweaver-Burk plot, it
may be written

11 (l+[I]/aK.~) (14)

max Vm.x 1 + ﬁ[I]/aK.
and, further,
anx 1+ [I]/QK.

T 14 Allek: 1Y)

The terms a and B can be calculated using
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Fi1a. 10. Dizon plot
The curves represent the following concentrations of the substrate acetylcholine: A——A, 20 um;
O—©,40 uv; —, 100 um; ®—@ 200 um. The dashed lines represent the theoretical curves ac-
cording to Eq. 4.
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F1a. 11. Dizon plot
The curves represent the following concentrations of the substrate acetylcholine: ¢ —@, 40 um;
A—A, 100 um; B—N), 200 uM; V——V, 400 um; O——O, 1 mm. The dashed lines represent the the-
oretical curves according to Eq. 4.

Eq. 15, which characterizes the dependence d(V,ux/Vrax

on inhibitor concentration of the ratio of the dll
maximum reaction rate in the absence and (17)
presence of the inhibitor. From this equa- - _1_[ (1/a) = (B/a) ]
tion 8 can be eliminated, as K L[1 + (8/a)([I]/K)]?
. Vimax 1 Thus, the determination of a is possible

[P]Tn T T8 (16) using the maximum slope of Eq. 15:
For the determination of «, the first deriva- lim d(Vimax/ Thex _ (l - /3) 1 (18)
tive of Eq. 15 is taken. [1]=0 d(I) K;: ]a
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Fi1G. 12. Approximate linear portion of Dizon plot for gallamine
The curves represent the following concentrations of the substrate acetylcholine: A——A, 40 um;

O—0O0, 100 uu; @—@, 200 um.

According to Fig. 14, in the case of gallamine,
a = 16 and 8 = 0.42; the corresponding
values for d-tubocurarine are 7 and 0.22.

Finally, the question of the blocking of
one reaction path, e.g., by steric hindrance
by the inhibitors d-tubocurarine and gal-
lamine, may be discussed. This possibility
arises not only because of the size of these
molecules, but also because of the presence of
the [/]? term in the denominator of the reac-
tion rate equation (Eq. 4). This question
may be resolved on the basis of the follow-
ing consideration. In the case of steric
hindrance of enzymatic catalysis by the in-
hibitors d-tubocurarine and gallamine, the
reaction rate would fall to zero in the pres-
ence of high inhibitor concentrations, since
all enzyme would be “trapped” in the form
of the EI complex and would be unable to
react with substrate. However, experiments
show that high concentrations of d-tubo-
curarine and gallamine yield a finite value
for the reaction rate, the limiting value
BV max - Hence it follows that there is no
blockage of a reaction path in the present
case.

Succinylbischoline as well as d-tubo-
curarine and gallamine show, in addition to
the competitive component, noncompetitive
inhibition. This noncompetitive part is
characterized by a decrease in Vax , which
cannot be abolished by an increase in sub-
strate concentration. In view of this indica-

a2 - r

Cmin/Skt ]

oo .

lim (1/v;)
(g8, 1]

1 1 I
as0¢ 04 iesy m! 25104
F1G. 13. 1/v intercepts of Dizon plot for galla-
mine (Fig. 12), plotted as a function of 1/[8]

ax

1
m

oo

onl 1 1 A
125 © 2 S0 11 um

F16. 14. Vinax/Vhax plotted as a function of in-
hibitor concentration (gallamine)

This plot describes a graphical method for de-
termining the value of « and 8 from the highest and
lowest slopes of the curve.
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TaBLE 1
Summary of kinelic constants

Inhibitor K; @ B8
74
Succinylbischoline 0.75 69 0
d-Tubocurarine 0.65 7.0 0.22
Gallamine 0.50 16.0 0.42

tion of noncompetitive inhibition, the kinetic
behavior can be described only if a ternary
ESI complex is accepted. In contrast to the
inhibition by succinylbischoline, this ESI
complex participates in the enzymatic
catalysis, which is represented by the 8
values for d-tubocurarine and gallamine
(see Table 1).

Inhibition by other quaternary nilrogen
compounds. In the last section quaternary
compounds such as succinylbischoline, d-
tubocurarine, and gallamine were shown to
act as very potent inhibitors of acetylcho-
linesterase. Consequently it is rather sur-
prising that pentamethonium, likewise a
bisquaternary nitrogen compound, not only
inhibits but also activates acetylcholinester-
ase, depending on the substrate concentra-
tion (see Fig. 15). In contrast, decamethon-
ium, a homologous compound, inhibits very
powerfully over the total range of substrate
concentration (Fig. 16). The kinetic be-
havior of the effectors pentamethonium,
decamethonium, and tetramethylammonium
iodide (Fig. 17) cannot be described by Eq.
4, which is based on an equilibrium analy-
sis. However, a consideration should be dis-
cussed that may explain the transformation
from inhibition to activation and integrate
this behavior into the kinetic picture of
acetylcholinesterase obtained so far. Wolf
(2), investigating the effects of Mg?* and
Ca?* ions on acetylcholinesterase, found
inhibition by these ions in the presence of
low and activation in the presence of high
substrate concentrations.? The dependence
of activation and inhibition on substrate
concentration, which is also observed in the
case of pentamethonium and, to a lesser
extent, with tetramethylammonium iodide,

3 This fact prompted us to omit Mg and Ca*
from our reaction media.

563

LSkt/min d

v

'} A A

1
05 w0 03 w?

s1 M

Fi6. 15. Activity-[S] curves for enzymatic hy-
drolysis of acetylcholine by acetylcholinesterase in
the presence of various concenlrations of penta-
methonium

®—@,005 mM; O—O, 0.1 mM; A—A,
02mM; O—0,05mM; B—W, 1 mM; A—A,
2 mm; V——VY/, control.

can be explained in the following way. The
basis of this explanation is given by a theo-
retical study of Laidler (11) concerning
exact steady-state equations derived from a
general scheme, which is also used by us.
The general case of the action of an effector
is given by an inequality, in which the reac-
tion rate in the presence of effector is com-
pared with the reaction rate in its absence.
After simplification and the adoption of our
terminology, we obtain, in the case of activa-
tion,

a + (Sl/Kn
1 + [S)/Ka

However, if the two sides are equal, there is
no net activation even though the reaction
may proceed in part via the ternary enzyme
complex. If the left-hand side is greater than
the right-hand one, activation results; if
the left-hand side is smaller, inhibition
occurs. Furthermore, the inequality (Eq.
19) shows that there may even be a change-
over from inhibition to activation, and vice
versa, when the substrate concentration is

B> (19)
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F1G. 16. Activity~[S] curves for enzymalic hy-
drolysis of acetylcholine by acetylcholinesterase in
the presence of various concenlrations of decametho-
nium

0—0,0.05um; —@,0.1 um; 0—0, 0.2
wu; B—, 0.5 um; A—A, 1 uu; V—V, con-
trol.

LI | L | L 1
0 | -
» 4
60 .
- 50 J
€
S w0 .
&
-
> 2 -1
2 -
0 - o, -
L1 1 1 | —
05 Cad 03 02
(SI M

Fia. 17. Activity-[S) curves for enzymalic hy-
drolysis of acetylcholine by acetylcholinesterase in
the presence of various concentrations of telramethyl-
ammonium todide

A_—A’ 1 mM; A_‘: 2 mM; O_Ov 5
mM; @—@, 10 mm, V——Y/, control.

varied. Likewise it can be seen from this
inequality (Eq. 19) that the same degree of
activation or inhibition is given only in the
case of a ‘“simple noncompetitive” mech-
anism (i.e., « = 1). Thus, variation of the
substrate concentration can change the
degree of activation or inhibition, and even a
transformation from activation to inhibi-
tion, or vice versa, is possible. This phe-
nomenon is associated with the existence of
a ternary enzyme complex. However, if
“simple noncompetitive” inhibition is pres-
ent or B is equal to zero, this phenomenon
does not occur.

The changeover from inhibition to activa-
tion caused by the same effector when the
substrate concentration is varied is impres-
sive in the case of pentamethonium (Fig.
15). This may be a proof that in the case of
pentamethonium a ternary complex is also
formed, and consequently a noncompetitive
mechanism may be expected too. However, a
“simple noncompetitive’’ mechanism can be
excluded, since in this case the degree of
activation or inhibition would be the same
throughout the entire range of substrate con-
centration, and a transformation from in-
hibition to activation would not be possible.

Acetylcholinesterase as an allosteric enzyme.
In the case of both noncompetitive and the
mixed type of inhibition, it is evident that
the effector molecules bind to sites distinct
from the active site. Thus the noncompeti-
tive component of the mechanism suggests
that the enzyme reaction proceeds by an
allosteric mechanism. The occurrence of a
noncompetitive component in the mechan-
isms of all the inhibitors tested suggests that
cooperative effects between the active site
and an allosteric site, to be discussed below,
are also present in the case of acetylcholines-
terase. These cooperative effects may be due
to conformational change during the enzyme
action [see Koshland and Neet (18)].

In order to explain the kinetic behavior of
acetylcholinesterase and the effectors in-
vestigated, a ‘two-site” hypothesis is
offered. The existence of two ligand-binding
sites, i.e., one regulatory site in addition to
the familiar active site, is assumed. The
active site consists of an anionic site and an
esteratic site, according to well-known
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models [cf. Wilson (19) and Krupka and
Laidler (20)]. The regulatory site contains
at least two negative charges and, in con-
trast to the active site, possesses no catalytic
activity. It may be supposed that compounds
whose nitrogen atoms are approximately 14
A apart bind preferentially to the negative
charges of the regulatory site. This does not
mean that the negative charges have a
“preformed” distance of 14 A. In agreement
with the “induced fit” theory (21-23), it is
supposed instead that the effector induces a
conformational change at the regulatory
site, i.e., that the positive charges of these
compounds (d-tubocurarine, gallamine, suc-
cinylbischoline) fit the two negative charges
in a suitable position. On the other hand, the
regulatory site should be able to induce a
corresponding conformational change in the
effector. Under these circumstances the
noncompetitive inhibition observed with
these compounds can be interpreted as an
allosteric effect upon the catalytic center of
the acetylcholinesterase molecule. The bind-
ing of these compounds to the regulatory
site and the associated conformational
change lead to a decrease in the catalytic
power of the active site, as shown by the
decrease in Viyax . Since a small competitive
component exists in addition to the non-
competitive main part of the mechanisms
(mixed inhibition), the question arises
whether this competitive part of the inhibi-
tion can also be explained by allosteric
cooperation between the regulatory and the
active site. In this case these compounds
would have to be bound to the regulatory
site, not to the active site. The affinity of the
active site for the substrate is decreased as
a result of cooperative interaction between
the regulatory site and the active site. As
the negative effect on the substrate affinity
of the active site is explicable by a conforma-
tional change of the residues, which are
responsible for the binding of substrate,
the observed increase of the K. value is
real.

However, competitive inhibition, in the
classical sense of direct competition between
substrate and these compounds at the active
site, cannot be excluded. The existence of a
negative charge at the active site suggests
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that all positively charged compounds may
compete directly for the active site. In this
case the observed increase in the K. value
would be only apparent.

Consequently the noncompetitive com-
ponent of inhibition by these compounds
has to be interpreted by an allosteric inter-
action, whereas the competitive component
of inhibition may be interpreted as due to
allosteric inhibition, which is induced by
binding of these compounds at the regula-
tory site, as well as to a direct competition
reaction.

A reaction similar to the competition reac-
tion between substrate and effector at the
active site might take place at the negative
charges of the regulatory site. The exact
number of these charges is still unknown, but
it may be large, since the number of nega-
tive charges on the acetylcholinesterase
molecule is in the region of 300 (24). The
negative charges at the regulatory site are
binding sites for substrate as well, but their
affinity for substrate is considerably lower
than that of the active site, and consequently
only high concentrations of acetylcholine
interfere with the binding of these com-
pounds at the regulatory site. In the absence
and, to a lesser extent, in the presence of
effector, acetylcholine at high concentra-
tions is bound to the regulatory site, and it is
plausible that the substrate acetylcholine
also negatively influences the active site
and that the familiar substrate inhibition
may be interpreted in this way.

The bisquaternary compound penta-
methonium, whose nitrogens are linked by
five methylene groups, shows activation or
inhibition as the substrate concentration is
varied. This remarkable effect is also ex-
plicable by the proposed hypothesis. The
kinetic analysis has shown that a noncom-
petitive mechanism is present in the case of
pentamethonium too. In contrast to com-
pounds such as d-tubocurarine, gallamine,
succinylbischoline, and decamethonium, the
binding of pentamethonium to the regula-
tory site results in a positive effect, i.e., in
activation of the enzyme reaction (increase
in the Vinax values). The binding of penta-
methonium to the regulatory site can be
explained preferably on the basis of the
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“induced fit” theory (21-23). The possible
binding of pentamethonium to the regula-
tory site could be evidence for the view that
the two negative charges postulated at the
regulatory site are not fixed at a distance of
14 A.

The high affinity of the regulatory site for
bisquaternary compounds whose nitrogens
have a distance of approximately 14 A [e.g.,
for gallamine K; = 0.5 pm, which is in good
agreement with the value of 0.3 um found by
Changeux (1)] and the conspicuous non-
competitive behavior in the enzyme mecha-
nism raises the question whether the regula-
tory site defined in our experiments is
identical with the cholinergic receptor pro-
posed by pharmacologists. This possibility
was first mentioned by Changeux ef al. (24)
At present, this matter cannot be resolved,
although the possibility that the active site
is identical with the cholinergie receptor can
be excluded with certainty.

The kinetie analysis of our results indi-
cates that two distinet sites, different from
each other, must exist. They may be situ-
ated either on two different proteins, which
are associated by their quaternary strueture,
or on the acetyleholinesterase molecule, with
cooperative interactions oceurring between
them, as suggested by Podleski (25).

In addition, three other investigations
support the idea that acetyleholinesterase
is an allosteric enzyvme, namely, those of
Kitz et al. (26), Changeux ef al. (24), and
Meunier and Changeux (27). It is quite
interesting that our own results, based on
membrane-bound acetyleholinesterase, do
not differ from those of Changeux and
Meunier, who investigated a very pure,
soluble, erystalline preparation of the en-
zZyme.

REFERENCES
1. J.-P. Changeux, Mol. Pharmacol. 2, 369 (1966).
2, H. U. Wolf, Diplomarbeit, University of
Mainz, 1964.
3. D, E. Atkinson, Annu. Rev. Biochem. 35, 85
(1966).

10.
11.

12.

13.

16.

17.

18.

19.

&8

=

]

S

S

WOMBACHER AND WOLF

. R. M. Krupka, Biochemistry 5, 1983 (1966).
. L. Michaelis and M. L. Menten, Biochem. Z.

49, 333 (1913).

. G. E. Briggs and J. B. 8. Haldane, Biochem. J.

19, 338 (1925).

. J. Botts and M. Morales, Trans. Faraday Soc.

19, 696 (1953).

. J. T. Dodge, C. Mitchell and D. J. Hanahan,

Arch. Biochem. Biophys. 100, 119 (1063).

. J. Grégoire, J. Grégoire and N. Limozin, Bull.

Soec. Chim. Biol. 37, 65, 81 (1955).

Jd. Botts, Trans. Faraday Soc. 54, 593 (1958).

K. J. Laidler, Trans. Faraday Soc. 52, 1374
(1956) .

H. D. Ohlenbusgeh, “Die Kinetik der Wirkung
von Effektoren aufl stationire Fermentsys-
teme.” Springer, Berlin, 1962.

J. L. Webb, “Enzyme and Metaholic Inhibi-
tors,” Vol. 1. Academic Press, New York,
1963.

. H. Lineweaver and D. Burk, J. Amer. Chem.

Soc. 56, 658 (1934).

. M. Dixon and E. C. Webb, “Enzymes.”” Long-

mans, London, 1958,

K. J. Laidler, “The Chemical Kineties of En-
zyme Action.” Clarendon Press, Oxford,
1958.

H. Wombacher, Dissertation, University of
Mainz, 1969,

D. E. Koshland, Jr., and K. E. Neet, Annu.
Rev. Biochem. 37, 359 (1968).

I. B. Wilson, in “The Mechanism of Enzyme
Action” (W. D. McElroy and B. Glass,
eds.), p. 642. John Hopkins Press, Baltimore,

. R. M. Krupka and K. J. Laidler, Nalure 190,

916 (1961).

. D. E. Koshland, Jr., in “The Enzymes' (P.

D. Boyer, H. Lardy and K. Myrbick, eds.),
Ed. 2, Vol. 1, p. 305. Academic Press, New
York, 1959.

. D. E. Koshland, Jr., Proc. Nat. Acad. Sci.

U.S. A. 44, 98 (1958).

. D. E. Koshland, Jr., J. Cell. Comp. Physiol.

54, 235 (1950).
J.-P. Changeux, W. Leuzinger and M. Huchet,
FEBS Lelt. 2, 77 (1968).

. T. R. Podleski, Proe. Nat. Acad. Sei. U. 8. A.

58, 268 (1967).
R. J. Kitz, L. M. Braswell and 8. Ginsburg,
Mol. Pharmacol. 6, 108 (1970).

. J.-C. Meunier and J.-P. Changeux, FEBS

Lett. 2, 224 (1969).






