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Abstract It has been shown that the kinetic schemes proposed by earlier workers to describe the 
reactions of carbamates with acetylcholinesterase are incomplete. A reaction scheme has been developed 
and tested by the use of methyl- and dimethyl-carbamoylcholines; it adequately explains the reaction% 
ohserved in the carbamate-enzyme system, including the catalysis of decarbamoylation of carhamoy- 
lated acetylcholinesterase by excess carhamate. This study has been extended to include the reaction 
of acetylcholinesterase with more complex carbamates. pyridostigmine, physostigmlne. mobam and 
decarbofuran 

The inhibition of acetylcholinesterase by carbamates 
has been studied by many workers [l 31 and schemes 
to represent the inhibition have been proposed [3 91. 
However. the observation [7] that the spontaneous 
reactivation of carbamoylated acetylcholinesterase is 
accelerated by free carbamate showed that these 
schemes did not fully account for all the facts. A rein- 
vestigation of the carbamate-acetylcholinesterase 
reaction was therefore necessary. 

It was decided initially to investigate the reaction 
of acetylcholinesterase with the structurally simple 
mono- and dimethyl-carbamoylcholines and then to 
extend the study to include the more complex carba- 
mates, pyridostigminc (I). physostigmine (II). mobam 
(III) and decarbofuran (IV). 

.1lAlXKIALS AND METHODS 

The enzyme used was purified bovine erythrocyte 
acetylcholinesterase. E.C.3.1.1.7. (ex Sigma Chemical 
Company). Mono- and dimethyl-carbamoylcholine 
iodides and pyridostigmine bromide were prepared 
in our laboratories by published procedures [3a. b]. 
and the identities of the compounds were confirmed 
by melting point and spectroscopic methods. Physo- 
stigmine sulphate. mobam. and decarbofuran were 
obtained from British Drug Houses (U.K.). Mobil Oil 
(U.S.A.) and Bayer (F.D.R.) respectively. 

Apprrunt~rs. Potcntiometric titrations were carried 
out using a Radiometer TTTlc Autotitrator and 
SBR2c Titrigraph fitted with an SBU titration assem- 
bly using a G2222B glass electrode and a K41 I2 rcfer- 
ence electrode (all ex V. A. Howe Limited). 

/ 
CO.NHCH, 

Corhamo~~ltrrior7. The carbamate was dissolved in 
water to give a 10m2 M stock solution (it was shown 
that there was no measurable hydrolysis of the com- 
pounds in this aqueous solution). 0.5 ml of enzyme 
solution (containing ca. Z/lmolar units of acetylcho- 
linesterase in pH 7.4, 5 x 10m3 M phosphate buffer. 
made up to a total ionic strength of 0.1 M with 
sodium chloride) was pipetted into each of ten tubes 
contained in a water bath at 37 An appropriate vol 
of carbamate solution was pipetted into tube I and 
after shaking a 0.1 ml sample was immediately 
removed and added to 10 ml of 0.1 M sodium chlor- 
ide solution containing acetylcholine iodide at 
5.0 x 1O-5 M in a Radiometer pH-stat thermostatted 
cell. The solution was assayed at pH 7.4 and 37 using 
a twin syringe pH-stat technique so that the substrate 
concentration was maintained constant. The second 
syringe containing acetylcholine iodide (IO-’ M) was 
driven synchronously with the syringe containing 
sodium hydroxide (IO-’ M). 

An identical amount of carbamate was added to 
tube 2 and a sample was removed after an appro- 
priate time interval for assay. This procedure was 
repeated at varying time intervals until a constant 
value of enzyme activity was reached. Reactions were 
then carried out using different concentrations of car- 
bamate. 

At the maximum concentration of carbamate in the 
assay solution, further inhibition during the assay 
period was minimal. 

Dectrrhamo~lotion. I ml of enzyme solution (ore- 
pared as above) was incubated at’ 
with the required concentration 

37 for about? hr 
of carbamate to 

OCONH.CH, 

O.CO N(CH,), 

EJr- 

CH3 hi, iH, &~NH.cH, 

(I) (II) (III) (rn) 

‘CH, 
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obtain maximum inhibition of the enzyme. Of this 
solution. 0.5 ml was then diluted to 100 ml with pH 
7.1. 5 x 1O~‘M phosphate buffer (of total ionic 
strength 0.1 M with sodium chloride). Aliquots 
(IOml) were assayed at appropriate time intervals 
using the method described above (with the acetyl- 
choline iodide concentration again 5.0 x 10m4 M). 

The linear rates of acid production observed indi- 
cated that negligible decarbamoylation of the inhi- 
bited enzyme occurred during the assay. The concen- 
tration of carbamate in the diluted solution was so 
low that no significant carbamoylation of the free 
enzyme would occur. The decarbamoylation rate 
cocfhcient, X,, obtained was thus unambiguous in that 
it was measured in the absence of carbamate. The 
rate coefficient was evaluated by plotting In@, - E,) 
against time. where: 

E, = final measured enzyme activity 
E, = enzyme activity measured at time, 1 

The final enzyme activity, E, , was found to be in 
close agreement with the value obtained from a blank 
experiment carried out with no carbamate i.e. Eo. 

HESULTS AND KINETIC ANALYSIS 

It has been suggested that acetylcholinesterase (E) 
reacts with organophosphates and carbamates (CX) 
in an analogous manner to its reaction with sub- 
strates. Thus. the reaction is supposed to proceed via 
a complex (ECX) to give a carbamoylated enzyme 
(EC) which can be hydrolysed to regenerate the 
enzyme [I 5.61. 

E + (‘x & ECX A EC”‘- E + product 

(1) 

whcrc 

[ECX] 

li ’ = E?jTCX] 

k2 = rate coefficient for breakdown of complex to 
form carbamoylatcd enzyme 

I<, = rate coefficient for decarbamoylation of 
carbamoylated enzyme 

The reaction reaches a steady state, where the rate 
of carbamoylation is equal to the rate of decarbamoy- 
lation. the extent of carbamoylation of the acetylcho- 
linestcrase depending upon the concentration of car- 
bamate. It has been observed. however, that the car- 
bamate itself can increase the rate of decarbamoyla- 
tion of the carbamoylated acetylcholinesterase [7]. 

The present inhibition data were analysed using the 
kinetic scheme: 

E + CX”‘-EC- L E 
(2) 

or 

WI 
~~ = k,[E,, - E] - X,.[E] 

dt 
(3) 

where 

E, = E + EC 

can be solved to give: 

and 

E0 = original enzyme activity 
E, = enzyme activity at equilibrium 
E, = enzyme activity at time. t 
It, = rate coefficient for carbamoylation 
k, = rate coefficient for decarbamoylation 

From the reaction scheme given in Equation I it can 
be seen that 

k = yGlCx1 
c 

I + K,CCXI 
(7) 

The data in Table I and Fig. I show that the appar- 
ent second order rate constant k,/[CX] (E kJ for both 
monomethyl and dimethyl carbamoyl cholines are ap- 
proximately constant over the concentration range 
used. Thus it is not possible to distinguish between 
a bimolecular carbamoylation step and a unimolecu- 
lar carbamoylation step preceded by an association 
step with only a low affinity constant for the complex. 
i.c. I<, is so small that Equation 7 reduces to: 

k, = kZ.K,.[CX] (8) 

Since the results listed in Table I show that the 
values of kd, the rate constant for decarbamoylation 
of the carbamoylated acetylcholinesterase, incrcasc 
with increasing carbamate concentration, the simple 
scheme of Equations 1 and 2 must be modified to 
account for this acceleration process. The variation 
is shown in Fig. 2. 

The reaction scheme and kinetic analysis conse- 
quently proposed to account for these deviations in- 
volves a direct interaction between the carbamate and 
the carbamoylated enzyme to produce a complex. 
which breaks down to regenerate enzyme as shown 
in the following Scheme. 

Schrm, 

E + CX “‘FC + CXAE 

II 
h, 

EC‘C‘X 1-E 

This scheme can be analysed kinetically as follows: 

which can be considcrcd as two opposing first order 
reactions provided the carbamate is in considerable 

K = ..LECCX] 
4 [Em] ’ 

molar excess. as is usuallv the case. The differential 
equation for Equation 2 is 4El 

dt 
-~ = k,[EC] + k5[ECCX] - ki[E][C’X] 

WI 
~ = k,[EC] - k,[E] 
dt 

[EC](k, + k.5. K,[CX]) - ki[E][CX] 
W)I 
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Table 1. Rate coefficients for carbamoylation of acetylcholincsterase and the decarbamoylation of 
carbamoylated acetylcholinesterase 

Dimethyl-carbamoylchoiine Monomethy~-c~~rbamoylcholinc 

104[CX] 

I03k, 

v-‘) 

k, 

CCXI 
(M-Is-‘) 

104kd 1()3k, .-!k_ 
[C-X] 

1 O”k, 

(s-l) (s-‘1 (M-‘s-l) (SC’) 

1.0 
2.0 
2.5 
3.5 
4.0 
5.0 
6.0 
7.5 
8.5 

10.0 
15.0 I 

0.77 
1.05 
I .37 
1.93 
..- 
2.82 
3.13 
4.61 
5.07 
6.23 

10.0 

7.1 
5.3 
5.5 
5.5 

3.93% 
4.72 
5.18 
5.32 
5.46 

5.6 7.02 
5.2 7.34 
6.2 8.80 
5.9 8.28 
6.2 9.32 
6.7 Il.1 

x.07* 

4.40 22.0 13.1 
5.33 21.3 15.0 

~-” 
8.68 21.7 19.1 

IO.9 21.8 20.6 
- 

18.1 24.2 24.6 

23.4 23.4 26.0 
31.4 24.9 28.0 

* Measured by decarbamoylation method-see Experimental Section 

104CCXJ, M 

Fig. 1. Variation of the calculated rate coefficients for car- 
bamoylation of acetylcholinesterase with carbamate 

concentration. 

since 

[El0 = [E-j + [EC] + [ECCX] 

CElo = I31 + CWU + K,. [‘=I) 

Combining Equations 10 and 9 gives: 

(10) 

F = k3 ; :‘iK@ ([El0 - [E-J) 

4 

- 4 lIEI CCXI (11) 

Equating coefficients in Equations 4 and I I, it can be 
seen that : 

k = k, + ks. KsCCXI 
d ______--____ 

1 + K,,[CX] 

If K4 is small, as is the case with K ,, 
12 reduces to 

then Equation 

kd = k, + kSK4[CX] (13) 

If the curvature of the kd - [CX] plot is not very 
great, then Equation 13 is adequate and it is not poss- 
ible to separate k5 and K4. 

(12) 

Fig. 

I I 
0 5 K! L5 

IO4 CCXli. M 

2. Variation of the calculated rate coefficients for 
However, the slope of the kd - [CX] plots de- 

creases as the carbamate concentration is increased 
decarbamoylation of carbamoylated acetylcholinesterase 

with carbamate concentration. 

showing that there is significant association i.e. K, 
is not negligible. It should therefore be possible to 
calculate k, and K,. 

Values of kS and K4 were calculated by obtaining 
a least mean squares fit of Equation 12 to the experi- 
mental values of kd in Table 3 using an iterative 
method [lo]. 

Values of k,, which are calculated by combination 
of Equations 5 and 6, viz. 

kd = ;. kohy (14) 
0 

are reproducible to ca. +lP/,. The errors on k, are 
proportional to kd and weights were taken as propor- 
tional to l/k:. The values of k, shown in Table 2 
were assumed to be without error so that the estimate 
of error on k, and K, is reduced. 

Table 2 shows the calculated values of k5 and K, 
together with standard errors. Best fit calculated 
values of k, are shown in Table 3 together with the 
observed kd values. 

It should be noted that since the errors are large 
and the values of k, and K, heavily negatively corre- 

; 
VI 

2 
d 
0 - 

x 
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kited it is unlikely that the errors arc normally distri- 
hutod. 

Equation I2 can be rearranged to yield 

and thus it is also possible to evaluate l\5 and K, 

graphically. Values obtained from the graphical 
method are included in Table 2 in parentheses. It can 
be seen that there are some quite large variations o\et 
the data obtained by the statistical method. The 
graphical method, although much more convenient 

to use. sufl’ers the normal mconvenience of a Hofstee 
plot. i.e. lack of surveyability since both J’ and .Y con- 

tain L,,. and also that when L, ~ I\, is small. considcr- 
able errors will be observed in the function 

The scheme derived is a general one. but in the 
limiting case of very low carbamate concentrations. 

it can be seen from Table I that the rate coefficient 
for decarbamoylation, calculated from Equation 2 
approaches the value for the rate coefficient for decar- 
bamoylation measured in the absence of carbamate. 

Thus the kinetic schemes of eat-lie]- workers can be 

justitied in this limitins case. 

It can ho seen that csccllcnt agreement is obtained 
between the rate constants I,, for decarbnmoylation 

of the tnonomethylc~~rbamoyl~~~e~i acetyIcholinester- 
;IXS produced from the various carbamates studied. 

thus indicating that /c, is a spontaneous decarbamoq- 

Iation rate constant. A similar agxxmcnt is found for 
the rate constant for decarbamoylation of dimethyl- 
carbamoylated acetylcholinesterase produced from 
the two dimethylcarbamoyl compounds studied. No 
such agreement is found amongst the values of L,. 
which also in\ol\es a decarbamoylation reaction. 

F~urthermorc. it might be expected that the same 
order of reactivity for dccarbamoylation of mono- 

methyIcarbamoylated acetylcholinestcrasc relative to 
dimethyl-carbamoylatcd acetylcliolinester~is~ ~vould 
be observed as for !,,. Howxer. in the cast of !i,. 

decarbamovlation is occurring in the presence of the 
carbamate jtself and therefore the nature of the ester 

goup of the intact carbamate may play an important 
pal-1 in the decarb~unolation reaction. For the 

Mobam 

Decarboluran 

Pyridostigmine 

Dlniethq Icarbamo)lcholine 

IO” [CX] 
1O’A‘, ohs. 
104L,, cnlc. 

IO” [CX] 
IO%, ohs. 
I04h, talc. 

IO” [(‘Xl 
IO%, ohs. 
I O’L,, talc. 

I o4 [CX] 
IO%, oba. 
IOJ!%,, talc. 

Monometh~lcarbamo~~~h~~line I OJ [CX] 2.0 2.5 
lo4/Q ohs. Ii.1 15.0 19.1 20.h 71.0 26.0 7x.0 
IO%,, talc. 13.1 15.3 I x.3 70.0 23.3 25.X 79 i 
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dimethyl and monomethylcarbamoylated enzymes 
where the ester group is the same, i.e. choline, the 
error on I;, for dimethyl-carbamoylcholine is too 
large to give a meaningful comparison of the k, ratio 
with the corresponding ratio of k, values for the 
simple decarbamoylation. To substantiate this 
explanation. it would be necessary to examine the 
dimethylcarbamoyl analogues of physostigmine, 
mobam and decarbofuran, and the monomethylcar- 
bamoyl derivative of pyridostigmine. 

The larger k, value relative to I\, is probably a 
consequence of a conformational change of the carba- 
moylated enzyme or a change in the micro environ- 
ment of the carbamoylated site. A study involving 
quaternary ammonium compounds is being under- 
taken in order to invjestigate this difference. 
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Medisch Biologisch Laboratorium. TNO. Holland. for 
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