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Rute equations are develvped for inhibition by substrate, in tie presence of a competitive inhibitor, fir cases where the

substrate and inhibitor may add on to the acetyl enzyme or the Michaelis complex.
An experimental investigation of the effect of ¢is-2-dimethylaminn-

used to study the mechanisi of substrate inhibition.

It is shown how the equations may be

cyctohexanal v the inhibition of acetylchnlinesterase by acetylcholine, together with similar studies in the literature with

choline and prostigmine, showed that the snbstrate inhibits by comnbining with the acetyl enzyme.

uisin of substrate inhibition is discussed.

Introduction

High concentrations of acetylcholine are known
to inhibit its hydrolysis by acetylcholinesterase.
In general the phenomenon of inhibition by excess
substrate has been attributed to the formation
of an inactive ternary complex of the enzyme with
two molecules of the substrate. (With two-sub-
strate reactions involving a compulsory order of
addition of the substrates to the enzyme sur-
face, an alternative mechanism is possible.!) Ac-
cording to a mechanism (i) proposed for acetyl-
cholinesterase,” the enzyme possesses, near the
catalvtic esteratic site, two anionic groups that
can interact with the positive charge of the quater-
nary nitrogen atom in acetylcholine. Two ace-
tylcholine molecules may be bound at these sites
i such a way that neither substrate miolecule is
able to interact in the required manner with the
esteratic site, and cleavage of the ester bond in
acetylcholine hence does not occur. In another
suggested miechanism (ii) only one anionic site is
involved; one molecule of substrate becomes at-
tached to the anionic site and neither molecule is
then able to react further.® Still another pos-
attached to the ucetvlated enzvme and blocks
deacetylation.*

It was shown in Part I of this series® that a sub-
stance containing a quaternary nitrogen atom may
inhibit not only by adding on to the free enzyme
at the same site as the substrate but also by adding
o1 to the acvl-enzviue, in which the anionic site is
free. If the inhibitor possesses an appropriately
placed electronegative grouping,® this interacts
with a catalytic grouping in the esteratic site
and blocks deacylation. Such substances do not
inhibit through attachment to the Michaelis com-
plex. In view of this, substrate inhibition may
similarly be due to the addition of a molecule of
acetvicholine to the acetvl-enzyme as in mecha-
nism (iii). Possibly the carbonyl oxygen interacts
with the esteratic site, blocking deacetylation.

The reasoning which has suggested that acetyl-
choline may inhibit through attachment to the
acetvl enzyvme also suggests that other compounds
contaming a quaternary nitrogen atom, such as

113 R, Krupka and K. J. Labller, Can, J. Biochvm. Physiol., 38,
TR {10y

i2y F. Bergmann, I. B. Wilspn and 1), Nachmansohn, Blochim. Bio-
phys. Avta, 6, 217 (1950).

1y 13, A, Zeller and A. Bissegger, Hele, Chim. Acta, 26, 1519 (1843).

(11 1. B, Wilson anil E, Cabib, THis Jour~aL, 78, 202 (1930).

i) R. M. Krapka and K. J. Laidler, {bi7., 83, 000 (1961).
e 8. 1L Friess and W, J. McCarville, ibid., 76, 1303 (L{31).

The molecular mecha-

choline, should also become attached to the acetyl
enzyme. The latter compound, however, lacks
a locus of high electron density. For this reason
the suggestion is raised that such a compound
might fail to inhibit deacetylation even though
it is attached to the intermediate in question.

This appears to be particularly likely since the
acylation process, which involves the splitting of
the bond joining the acetate and choline portions
of the substrate, would give rise to an acetyl-
enzyme containing an attached choline niolecule.
It does so because the forces between the positive
nitrogen of choline and the anionic site continue
to operate in the acetyl-enzyme. This arrange-
ment would result in a very inefficient catalvtic
mechanism if choline was inhibitory.

Friess and Baldridge” showed that the optimal
separation of the ammonium ion and the electro-
negative locus of the inhibitor is 2.5 A. or less.
Consequently certain inhibitors of acetylcholin-
esterase, such as prostigmine and eserine, may be
too large to make suitable contact with the esteratic
site, This might be due to the presence of the
acetyl grouping in the acyl-enzyme. In addition,
of course, such inhibitors might lack a suitably
placed electronegative center. These considera-
tions would lead one to expect that among the
inhibitors of acetylcholinesterase which contain
a quaternary nitrogen atom all could be bound to
the free and acetyl enzymes; certain of these in-
hibitors would block deacetvlation, while others,
because of size or the position of an electronegative
grouping, would not do so.

Theory.—The suggestion (iii) that substrate in-
hibition occurs through combination of the sub-
strate with the acetyl enzyme, together with the
suggestion that certain inhibitors may become
attached to this enzyme species without blocking
deacylation, leads to the formulation of a scheme
for the inhibition of acetylcholinesterase by comi-
pounds containing a positive nitrogen atom. Such
a formulation is shown in Fig. 1. The scheme is
made quite general by allowing the complex be-
tween the acetyl enzyme (ES’) and the substrate
(S) to break down to iorm products with a rate
defined as bk;, where b is a factor equal to zero or
larger. Neither substrate (S} nor inhibitor (I)
is able to add on to the Michaelis complex (ES),
but both can add on to the acetyl-enzyme (ES’).
The inhibitor can also add on to the free enzyme
(E).

i7) S. 1, Friess and H. D. Baldridge, ibid., T8, 199 (1951,
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Fig. 1.—Reaction scheme for substrate inhibition: in the
presence of an inhibitor I which can combine with the free
enzyme and the acyl enzyme but not with the addition com-
plex. This scheme appears to apply to the data.

Rate equations for substrate inhibition will now
be derived on the basis of this formulation; it
should then be possible to determine whether or not
the scheme is in agreement with experimental
findings. Application of the steady-state treat-
ment to the scheme in Fig. 1 gives rise to

. RIELR[S] _
) - j kg(l + K![S] + ﬁKl[I])
L+ Klll + KIS L+ o ks =+ aﬁKi(I])z
1)

where
2 1w = k
BKi = k'i/(B'-i + aks), K—k-———o—_1+kzand
_ ks
il ey v
Assuming that b is sufficiently small so that the
term 5K [S] can be neglected, the expression for
the optimum substrate concentration can be
determined by setting dv/d[S] equal to zero. It
is then found that the optimum substrate concen-
tration in the presence of inhibitor is given by

p - e+ KD+ agRiI]))
[S] opt ( k2 KKS { (2)

where K is approximately equal to ks/k-s. If a
and @ are unity and K; = Kj, equation 2 becomes

_ k| .
Sl = e P a+ R @
In the absence of inhibitor ([I] = 0) equation 2
becomes
S B T )
Slovs = 35 KRS ®

Under these conditions the ratio of the substrate
optimum in the presence of the inhibitor to that
in its absence is

IS1 omt = 10
Sl — Lt Ki[I] (5)
Similar reasoning shows that if ¢ is zero
[S]%op: _ 11/
Blowe — (1 + K;[1hY (6)

It will now be useful to compare this scheme
(Fig. 1) with that shown in Fig. 2. The latter
represents cases i and ii described in the Introduc-
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Fig. 2.—Another scheme for substrate inhibition, in
which the inhibitor conibines with the addition complex; the
data are inconsistent with this scheme.

tion. For simplicity the acetyl enzyme is not
shown. In this scheme the substrate becomes
attached to the Michaelis complex but not to the
acetyl-enzyme. Application of the steady-state
treatment shows that in the presence of the in-
hibitor the reaction velocity is

JELS S R )
o ks [E]o[S] (k_y + By + aksaRi[1)) )
1 + Ki[I] + kl(l + Ks/[S] + QKI[I])[S]

(boy + By + akzaKi(I)]

where oK; = k'/(R'~; 4+ aks;). The optimum
substrate concentration can now be expressed
in terms of the inhibitor concentration for three
different cases. In the first case the complex
ESI is not formed; that is, « is equal to zero.

Here

where K = ki/(k~1 + k3). In the second case,
aaK; is equal to K;. It is then found that

1 /2
mm=[a+mmmq+mu+mmnma]

9)
In the third case the complex ESI does not react

to form products; that is, @ equals zero. Here
! +Ki[I]$l/z
Slow = {15500 (10)

Equations 10 and 8 are seen to be identical.

The effect on this mechanism of addition of the
inhibitor to the acetyl-enzyme can be determined
by deriving the rate equation for the scheme shown
in Fig. 3. The substrate again adds on to the
Michaelis complex, but for the purposes of the
present discussion addition of the inhibitor to the
Michaelis complex can be neglected. The rate
equation is found to be

ko[E]K[S]

' , By (14 KT
1 + Ki[I] + KI[8] %1 + K5I8+ a1+ a«ﬁKi[I])%

g =

(11)
The optimum substrate concentration is
_ (L K1) e

The fact that this result is independent of the
values of ¢ and 8K, is particularly important from
the standpoint of the present discussion.
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Fig. 3.—Another scheme for substrate inhibition, in which
the inhibitor combines with E and ES’ but the second sub-
strate molecule combines with ES: the data are inconsistent
with this scheme.

The conclusions resulting from the comparison
of the scheme in Fig. 1 with those in Figs. 2 and 3
may now be summarized. Consideration of the
scheme in Fig. 2 shows that, depending upon
whether or not the inhibitor adds on to the Michae-
lis complex and upon whether or not the ESI
complex can react further, the substrate optimum
may be related to the first power or square root of
the inhibitor concentration (equations 8, 9 and 10).
Equation 12, derived on the basis of the scheme
in Fig. 3, shows that whatever this relation is,
it is not altered by addition of the inhibitor to
the acetyl enzyme. This conclusion is independent
of whether the acetyl enzyme-inhibitor complex
is inactive or can react to form products. It is
therefore possible to distinguish experimentally
between substrate inhibition caused by addition to
the acetyl enzyme from that caused by addition to
a previously formed reaction intermediate (such as
the Michaelis complex), provided that an inhibitor
is available which is known to become attached to
the acetyl enzyme and to block deacetylation.

Application to Acetylcholinesterase.—It has been
shown that ¢zs-2-dimethylaminocyclohexanol blocks
deacetylation but does not block the acetylation
process in the acetylcholine—acetylcholinesterase
system. It also competes with the substrate for
the free enzyme. The action of this inhibitor
is thus of the apparent non-competitive type.’
Other inhibitors, such as choline, exhibit simple
competitive behavior®® If the scheme shown in
Fig. 1 actually represents the behavior of the
acetylcholinesterase system, the relation of sub-
strate optimum to cis-2-dimethylaminocyclo-
hexanol concentration should be that given in
equation 6. For simple competitive inhibitors the
relation is of the form of equation 5 or 6, depending
upon whether or not the inhibitor attaches in a
non-inhibiting manner to the site of substrate in-
hibition.

Several sets of results applying to the effect of
competitive inhibitors on the acetylcholine-acetyl-

(8) 1. B. Wilson, J. Biol. Chem., 197, 215 (1952).

(9 R. M. Krupka and K. J. Laidler, Tuis JoUrNAL, 83, 1454
(19613,
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Fig. 4.—Plots of substrate concentration at the optimum
against inhibitor concentration, for the acetylcholine hy-
drolysis; the prostigmine data are from Augustinsson and
Nachmansohn,!9 those for choline from Augustinsson.!1

cholinesterase system are available in the literature.
The data of Augustinsson and Nachmansohn® for
prostigmine and those of Augustinsson!! for choline
are plotted in Fig. 4. It is seen that the substrate
optimum is related to the first power of the inhibi-
tor concentration, in agreement with equation 5.
A shift in substrate optimum at one concentration
of eserine was demonstrated by Burgen.!? Ac-
cording to equation 5 the ratio of the optima in the
presence and absence of inhibitor is approximately
equalto 1 4+ K; [I]. Use can be made of the value
for the reciprocal of K (6.1 X 10~3%) determined by
Augustinsson and Nachmansson! under what ap-
pear to be similar conditions; for the inhibitor con-
centration used, 2.62 X 1077 34, the predicted ratio
is approximately 5.30. The actual ratio is 5.15, in
excellent agreement with equation 5.

The interpretation of these results is therefore
that choline, prostigmine and eserine must become
attached in a non-inhibitory manner to the site of
substrate inhibition. The substrate and these in-
hibitors all contain a positive nitrogen atom. In
the case of choline, Wilson® concluded that the
hydroxyl group is not important in the binding, the
principal attractive force being due to the tri-
methylammonium group. It follows that the site
of substrate inhibition must contain an anionic
group.

The critical test of the theory is therefore the
behavior of the system in the presence of cis-2-di-
methylaminocyclohexanol, since this inhibitor was
shown to block deacetylation.? As noted above,
the behavior with this inhibitor should be in agree-
ment with equation 6.

Experimental

The general procedure and experimental mate-
rials have been described in Part I of this series.®

Results

The variation in the substrate optimum at sev-
eral concentrations of c¢is-2-dimethylaminocyclo-
hexanol is shown in Fig. 5. The solid line drawn
from the substrate optimum in the absence of in-
hibitor and intersecting the other curves near the

(10) K. B. Augustinsson and D, Nachmansohn, J. Biol. Chem., 179,
543 (1949).

(11) K. B. Augustinsson, Acta Physiol. Scand., 158, Suppl. 2 (1948).

(12) A.S.V. Burgen, Brit. J. Pharnacol., 4, 219 (1949).
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experimental maxima was calculated from equation
6. The broken line was calculated from equation
5. It is seen that the experimental curves have
maxima which are in excellent agreement with the
values calculated from equation 6.

Discussion

In general, substances containing a positively
charged quaternary nitrogen atom inhibit acetyl-
cholinesterase competitively.813 These substances
are bound to the anionic site in the enzyme surface,
to which the substrate itself (acetylcholine) is
normally attached. The inhibitors choline, pro-
stigmine, eserine and c¢is-2-dimethylaminocyclohex-
anol all possess such a positive nitrogen atom.
Work by Friess and Baldridge? on inhibitors which
are functionally similar to c¢is-2-dimethylamino-
cyclohexanol has shown that the positive nitrogen
of these compounds is indeed involved in binding to
the enzyme. It may therefore be concluded that
acetylcholine and all the inhibitors, including cis-2-
dimethylaminocyclohexanol, become attached to
the anionic site. Choline, prostigmine and eserine
were also shown to become attached to the same
site as the inhibiting molecule of substrate, and it
was shown that this site must also be an anionic
site. It follows that c¢is-2-dimethylaminocyclo-
liexanol should also be able to add on to the latter
site,

The experimental results have shown that the
substrate optimum is related to the concentration
of c¢is-2-dimethylaminocyclohexanol by a square
root law (equation 8), It was shown that this re-
lation is obtained only if (1) the inhibitor and excess
substrate do not compete for the same site, or (2)
they do compete for the same site, but both the
substrate and the inhibitor block further reaction
of the intermediate to which they are bound. The
first explanation is excluded, and therefore both the
inhibitor and substrate must block the reaction at
the same stage in the reaction sequence. The in-
hibitor in question was shown to block deacetylation
only?®; it follows that it is this reaction which is
inhibited by excess substrate. It then follows from
the fact that the substrate inhibits deacetylation
that the inhibitors eserine, prostigmine and choline
must become attached to the acetyl enzyme without
appreciably blocking deacetylation, since otherwise
the first power dependence of substrate optimum on
the inhibitor concentration would not be obtained
(equations 2 and 5).

The scheme proposed (Fig. 1) is therefore sup-
ported by the experimental evidence in a number of
ways. Thus the facts which have been brought out
are:

(1) ces-2-Dimethylaminocyclohexanol competes
with the substrate for the anionic site in the free
enzyme; it is also bound to the anionic site in the
acetyl-enzyme, and in this position it interacts with
the esteratic site and blocks deacetylation.

(2) The substrate can also become attached to
the anionic site in the acetyl-enzyme. It can then
interact with the esteratic site, blocking deacetyla-
tion.

(3) Certain inhibitors such as choline, prostig-
mine and eserine compete with the substrate for

(13) I, B. Wilson and F, Bergmann, J. Biol, Chem., 188, 479 (1950),
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Fig. 5.—Plots of rate against acetylcholine concentration
for various concentrations of ¢is-2-dimethylaminocyclo-
hexanol. The full curve through the maxima is the theoreti-
cal curve corresponding to eq. 6; the dotted curve that cor-
responding toeq. (5). (The units of Vare 1071 mole sec.™1)

the free enzyme. They also become attached to
the acetyl-enzyme without blocking deacetylation.
The Effect of the %,/k; Ratio on Substrate In-
hibition.—It has been reported by Wilson® that
although acetylcholinesterase is inhibited by high
concentrations of acetylcholine, it is not inhibited
by high concentrations of N-dimethylaminoethyl-
acetate, a compound which closely resembles acetyl-
choline. Studies of Wilson and Cabib* have shown
that the ratio of &; Lo &, is larger for dimethylamino-
ethylacetate than for acetylcholine. It is seen from
equation 4 that the substrate optimum is propor-
tional to the square root of the ratio k3/k»; the sub-
strate optimum of the former substance would
therefore occur at a higher value than that of acetyl-
choline. A possible explanation for the failure to
detect substrate inhibition may be that sufficiently
high concentrations of substrate were not tested.
The Second Anionic Site.—1It is known that sub-
stances possessing two quaternary nitrogen atoms
separated by a distance of approximately 14 A, such
as curare and stilbamidine, are extremely powerful
inhibitors of acetylcholinesterase.* An explana-
tion which has been given for this behavior? in-
volves the postulate that there are two negative
sites in each active center of the enzyme, separated
by a distance of about 14 A. The inhibitor is
thought to attach itself simultaneously to these
sites and to cover up the esteratic site in doing so.
According to this explanation monoquaternary ions
only inhibit appreciably when two of them are
attached to the enzyme—one at each negative site.
Inhibition by substrate occurs when substrate
(14) R, B. Barlow and H. R. Ing, Nature, 161, 718 (1948),
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molecules are bound to both anionic sites, The
distances between each negative group and the
esteratic site is thought to be about 7 A.

The suggestion that the binding of two mono-
quaternary lons is necessary for inhibition is ruled
out since the reciprocal of the velocity is propor-
tional to the concentration of the inhibitor rather
than to the square of the concentration. The
explanation of substrate inhibition is ruled out by
the present experiments. Friess and Baldridge’
concluded from inhibition studies with substituted
cyclic compounds that the distance from the anionic
site to the group in the esteratic site with which the
electronegative substituent of the inhibitor inter-
acts is not greater than 2.5 A, Wilson and Quan®
found that the distance between the anionic site
and the basic group in the catalytic center was ap-
proximately 5 A. These findings therefore appear
to be in disagreement with the postulate of the
second anionic site.

The explanation of the powerful inhibition shown
by drugs such as stilbamidine may be twofold. It
seems likely that the second cationic ammonium
group interacts with a negative group on the enzyme
surface, but this group may not be closely associated
with the active center, either functionally or spa-
tially. It wasshown by Cavallito and Sandy® that
among bis-quaternaries of equal hydrocarbon chain
length there is often a marked increase in anticho-
linesterase activity associated with an increase in
the lipophilicity of the substituents on the positive
nitrogen atoms. These authors suggest that the
increased inhibitory power associated with in-
creased chain length may be due partly or wholly to
increased lipophilicity rather than to interaction
with two negative sites.

Neutralization of the Anionic Site.—Bergmann
and Shimoni®” showed that inhibition by the tetra-
methylammonium ion drops off rapidly below pH 7,
suggesting that the anionic group, to which the in-
hibiting ion becomes attached, is neutralized. The
apparent pK for the dissociation is 6.5. Since no
negative groups which add on a proton at this pH
are known in proteins, Bergmann and co-workers®
suggested that the behavior was due to the inter-
action of the anionic group with an adjacent residue
which was positively charged below pH 6.5. They
suggested that the latter might be the basic group
of the esteratic site, whose pK is 6.5. The diffi-
culty with this explanation is that when the basic
group accepts a proton, becoming positively
charged, the enzyme is no longer able to catalyze
the hydrolysis of the substrate. In order to ex-
plain the experimental observation the enzyme
must hydrolyse the substrate but must be unable to
complex with the inhibitor. It therefore appears
necessary to postulate a second group adjacent to
the anionic site which becomes positively charged
below pH 6.5. This group may have no direct role
in the enzymatic catalysis.

(15) 1. B. Wilson and C. Quan, Arch. Biochen. Biophys., T8, 131

(1958).

(16) C. J. Cavallito and P. Sandy, Biochem. Pharmacol,, 8, 233
(1959).

(17) F. Bergmann and A. Shimoni, Biockim. Biophys. Acta, 9, 473
(1952).

(18) F.Bergmann, R. Segal, A, Shimani and M. Wurzel, Biochem. J.,
63, 684 (1956).
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Structural Requirements for Substrate Inhibi-
tion.—It is probable that interaction of the sub-
strate with the esteratic sites in the free and acyl
enzymes is of a different nature; in the former a
bond is formed between an electrophilic carbon atom
and the basic group of the enzyme, while in the lat-
ter there is probably attraction between an elec-
tronegative grouping of the substrate and the acid
group in the enzyme. In acetylcholine the re-
quired electronegative group may be the carbonyl
oxygen atom.

Certain halogen-substituted esters which lack a
quaternary nitrogen atom, such as isopropyl bro-
moacetate and ethyl chloroacetate, are hydrolyzed
by acetylcholinesterase.’® These substances also
shown inhibition by excess substrate, and with them
there is no question of attachment to an anionic
site. A probable explanation of inhibition by
these compounds is that the halogen atom present
in the acyl group of the substrate is strongly elec-
tronegative and interacts with the acidic part of the
esteratic site in the acyl enzyme. This suggestion is
supported by the fact that certain substances con-
taining a chlorine atom inhibit acetylcholinesterase
in a non-competitive manner,* indicating that they
block deacetylation.

The size and shape of the molecule may deter-
mine whether or not it can block deacetylation, for
the presence of the acetyl group may prevent con-
tact between a large inhibitor and the esteratic site.
This is particularly true if the optimal distance be-
tween the latter and the anionic site is not greater
than 2.5 A, as shown by Friess and Baldridge.”
This, together with the fact that the interactions
with the esteratic site in the free and acyl enzymes
appear to be of a different nature, may account for
the much smaller size of the association constant for
substrate inhibition as compared with substrate
binding to the free enzyme (X, of course, represents
a minimum for the strength of binding of eizyme
and substrate).

Acknowledgment.—Thanks are due to the De-
fence Research Board of Canada for their support
of this work under Grant 9510-08.

Appendix

Further Discussion of the Theory.—The theory of sub-
strate inhibition developed was shown to predict the shift
in the substrate optimum in the presence of two classes of
inhibitors. The theory can be checked further to see
whether it predicts the change in the maximum velocity,
as well as the general shape of the curves obtained as the
substrate concentration is increased. When this is done,
it is found that the theory is in complete agreemlent with
the results with ¢is-2-dimethylaminocyclohexanol but that
the behavior with choline and prostigmine is more complicated
than the simple theory suggests.

The behavior with ¢is-2-dimethylaminocyclohexanol may
be considered first. It can be shown by substituting equa-
tion 2 into 1 and putting ¢ equal to zero and 8 equal to
unity that the reciprocal of the maximum velocity is

1V K1 1 kK
Tniax kzk:;l?‘ {E]D )szs

7\ L7
20 + &+ () 0+ K

=
J

(13)

(19) F. Bergmann and A. Shimoni, :bii., 86, 50 (1933).
(20) 8. L. Friess, THIS JOURNAL, 79, 3268 (1957},
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Fig. 6.—Plots of reciprocal of optimum velocity against
concentration of ¢is-2-dimethylaminocyclohexanol. (The
units of 1/ Vopt are 108 sec. mole™1.)

s . k=
Substitution of the experimental value® for K, and k—2K,
3

which is approximately equal to the experimental value of
K, shows that the factor (£.K/k;K.)Y? is approximately
equal to 10. The term in the first power of 1 4+ K;[I] in
equation 13 will therefore predominate over that in the square

root, and a plot of against the inhibitor concentration

max
should be linear. This is shown to be the case in Fig. 6.
It is also easily shown by substituting numerical values
into equation 1 (with ¢ = 0 and 8 = 1) and plotting the
data graphically that the theory predicts curves of the shape
found experimentally (Fig. 5).

In the work of Augustinsson!! on cholinesterase plots
of several general shapes were obtained. These are il-
lustrated in Fig. 7. The plot for the enzyme from Sepia
“liver’’ inhibited by clupeine (curve III) corresponds to
equation 1. The latter predicts that at sufficiently high
concentrations of substrate the rate is increased by the
addition of the inhibitor; thus under these conditions equa-
tion 1 becomes

_ k[El( + apKi[I])

v = Z.[S] (14)

At higher substrate concentrations than are shown in curve
IITI the rate should diminish.

The other plots however are more complicated. That
for the enzyme from bovine erythrocytes in the presence of
clupeine (curve V) shows an inhibition at very high sub-
strate concentrations which tends to be independent of
the inhibitor concentration. At somewhat lower substrate
concentrations, however, the rate is increased in the pres-
ence of the inhibitor. In the absence of the inhibitor the
rate decreases more slowly than the simple theory predicts
(that is, with b equal to zero), as is shown by a comparison
of curves I and II. Another example of such behavior
may be the enzyme from Helix blood in the presence of
choline (curve V). These curves are explained if & is greater
than zero and if the substrate can interact with the esteratic
site even when the inhibitor is attached to the anionic site.
Such addition of the substrate to the acetyl-enzyme—
inhibitor complex would then be non-competitive with
respect to the inhibitor. The association constant for this
addition would of course be smaller than that for the
addition of the substrate to the acetyl-enzyme, so that at
the substrate optimum little of the comiplex ES’IS would be
formed. Another possible contributing factor is that,
even if 8 is less than unity, the plot according to equation 2
([S]opt against [I]) may appear to be linear, provided that
B8 does not become very small. In this case the inhibitor
is less effective in protecting the acetvl-enzyme against
substrate inhibition.

With prostigmine and choline the rate in the presence of
the inhibitor at no time exceeds that in its absence, and at
very high substrate concentrations the two rates closely

(21) 1. B. Wilson, in W. D. McElroy and B. Glass, editors, “'Sym-
posium on the Mechanism of Enzyme Action,” Johns Hopkins Press,
Baltimore, Md., 1954, p. 642,
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Fig. 7.—Plots of rate of acetylcholine hydrolysis against

the logarithm of the substrate concentration. Curve I is
the theoretical curve for no inhibitor, corresponding to the
simple theory with b = 0; II is the experimental curve for
bovine erythrocyte cholinesterase which deviates slightly at
the higher concentrations. Curve III is for the enzyme
from Sepia “liver” inhibited by clupeine; I\ for bovine
erythrocyte cholinesterase inhibited by clupeine; V for the
enzyme from Helix blood inhibited by choline; VI for bo-
vine erythrocyte inhibited by choline. (All data are from
Augustinsson.1t)

approach one another (curve VI). We have seen that,

with these inhibitors, —i and [Slopt are linear functions of [I].

The explanation of this complex behavior may be similar
to that suggested in the preceding paragraph. An addi-
tional factor is discussed below.

The Effect of Irreversible Inhibitors on the Substrate
Optimum.—The effect of diisopropylphosphorofiuoridate
(DFP) and tetraethylpyrophosphate (TEPP) on the
substrate inhibition of the acetylcholine-acetylcholinesterase
system was studied by Augustinsson and Nachmansohn.10
It was found that the substrate optimum was not altered
in the presence of the inhihitor, although the optimum veloc-
ity was reduced. In this system

ki
E + I —> EI (15)

At the time that the experimental measurement is made,
the amount of the enzyme-inhibitor complex can be con-
sidered to be constant. For simplicity we may consider
the scheme of substrate inhibition where

R k.
E +S <> ES—>E + products  (16)
k)
and
ES + S X ES, (17)

The steady-state treatment of this scheme shows that
k([Ele — [EI)KI[S]

= ! 1
1+ KI[S] (0 + K,[8)]) (18)
where K = ky/(k., + k) and K, = [ES:] /[ES][S]
The substrate optimum is
_ 1 )Y
[S]opt = KK'Sg‘ (19)

Equations 18 and 19 are in agreement with the experiments,
since the substrate optimum is independent of the inhibitor
concentration and the velocity is reduced in the presence of
the inhibitor.

Although experimentsreported by Burgen?!? and Augustins-
sonltshowed that the substrate optimum was shifted greatly
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in the presence of eserine, experiments carried out by Augus-
tinsson and Nachmansohn showed that the optimum was
shifted only slightly with this inhibitor. The explanation
for these seemingly contradictory results is probably that in
the experiments of the latter workers the inhibitor was used
under essentially irreversible conditions. This is possible
because in the presence of the substrate a period of about
8 minutes is required before eserine and the enzyme equili-
brate, forming the enzyme—eserine complex, while a longer
period of 40 to 50 minutes is required for the dissociation of
the latter.!? The inhibition is therefore virtually irreversible
if the enzyme and inhibitor are mixed before addition of the
substrate, as was the case in the experiments of Augustinsson
and Nachmansohn.!?

In the experiments with prostigmine carried out by the
latter workers,!® the inhibitor and enzyme were incubated

Ricuarp M. KrupkA AND KEITH J. LAIDLER
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together for 1 hr. before addition of the substrate, as in the
work with eserine. The behavior ohserved with prostig-
mine may therefore reflect both an effect of the type de-
scribed by equation 2 and an irreversible inhibition produc-
ing a decrease in rate over the entire substrate range but
resulting in no shift in substrate optimum. In this regard
it is interesting to note that Wilson?? used such a procedure
of mixing prostiginine and the enzyme before adding the
substrate in order to study the inhibition under non-com-
petitive, that is essentially irreversible, conditions. Since
a similar experimental procedure was used in the work with
choline discussed above, it is concluded that an irreversible
type of inhibition may contribute to the observed behavior
of the system at high substrate concentrations.

(22) 1. B. Wilson, Biockim, Biophys. Acta, T, 466 (1951).
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General steady-state equations are derived for enzyme substrate—~inhibitor systems in which reaction involves two inter-
mediates, such as an addition (Michaelis) complex and an acyl enzyme., The inhibitor is assumed to combine with the free
enzyme and the acyl enzyme, but not with the addition complex, and attachment of inhibitor to the acyl enzyme may or
may not block deacetylation. It is shown that if the slow step is the transition from addition comnlex to acyl enzyme the
inhibition is always competitive, and the same is always true if the inhibitor does not block deacylation. Non-competitive
inhibition results if, and only if, the deacylation is the slow process and the inhibitor blocks deacylation. An experimental
study of the inhibition of acetylcholinesterase action by choline, carbachol and eserine shows the behavior to be competitive
even with acetylcholine as substrate, and the conclusion is that these inhibitors, unlike ¢/5s-2-dimethylaminocyclohexanol
(Part II), do not block deacetylation. The structural requirements for the blocking of deacetylation are considered to be
that the inhibitor contains in addition to its cationic center a center of high electron density; the molecule must also be suf-
ficiently compact for the latter center to be able to interact with the acidic site on the enzyme without interfering with the

acetyl group.

Introduction

It has been shown in the preceding papers! that
substances containing a quaternary nitrogen atom
can add on to the free and acetylated enzymes but
not to the Michaelis complex. They can do so
because the grouping in the enzyme to which they
become attached, the anionic site, is free in the free
and acetyl enzymes but is bound to the substrate
in the Michaelis complex. If an inhibitor attached
to the acetyl-enzyme can interact in a specific
way with the esteratic site, deacetylation is blocked.
For such interaction to occur the inhibitor must
contain an appropriately placed electronegative
function,? and it is believed that this is bound to
the acid group in the esteratic site.!

The effect of this behavior on inhibition caused
by high concentrations of substrate was studied
in part IL.™ It was concluded that substrate
inhibition results from addition of the substrate
to the acetyl-enzyme rather than to the Michaelis
complex, There is therefore now a need to develop
the theory for cases of low substrate concentration
and to decide if experimental data are in agreement
with the theory under these conditions. The
simplified reaction scheme, in which substrate
inhibition is neglected, is shown in Fig. 1. Asin the
previous formulation!® the inhibitor adds on to the
free and acetyl enzymes (E and ES’, respectively).
Addition to the latter may or may not result in

(1) R. M. Krupka and K. J. Laidler, (a) THIs JOURNAL, 88, 1445

(1961); (b) ibid., 83, 1448 (1961).
(2) S. L. Friess and W, J. McCarville, ibid., 76, 1363 (1954).

inhibition of deacetylation; that is, the factor a
may be equal to zero or unity or some intermediate
value.

Application of the steady-state treatment to this

scheme gives rise to _
%2 [E]oK[S]

- z k(1 + BKi[T])

L+ Kl + RIS 1+ +aﬁK1[I])$
where 8K = ki'/(F' 1 + aks) and K = ky/(k—; +
ka).
If k; is much smaller than ks, equation 1 de-
scribes the case of simple competitive inhibition,
since the term

1)

v

k(1 + K1)
ka(l -+ a«ﬁKi[I]

is negligible under these conditions.

If k5 is equal to or larger than k;, equation 1 may
lead to a non-competitive form of inhibition. If
a is equal to unity, however, simple competitive
inhibition results under any circumstances. Thus
if ¢ = 1, equation 1 becomes

. k[ELEIS)
, - %
1+ K1) + K[s](l + k—)

This is the equation for pure competitive inhibi-
tion.

Non-competitive inhibition results if ¢ = 0.
In this case equation 1 becomes

) o B[ELKS) @)

1+mm+m$b+2a+ﬂmﬂ

@)




