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In the past few years there has been considerable interest in the
kinetic effects of certain species, such as Mylaxim and THA (9-amino-
1,2 3 4-tetrahydroaminoacridine) (1), which act as inhibitors in the
acetylcholinesterase-catalyzed hydrolysis of acetylcholine. Both com-
pounds are essentially associated (completely inhibit enzyme activity)
with the enzyme in less than a few minutes (2 to 4 min). As available
assay methods are incapable of following the rates of such rapid reac-
tions, it was of eonsiderable interest to develop a simple rapid technique
for these studies.

The kinetic-based method for measurement of acetylcholinesterase
activity for inhibition studies is essentially a problem in prod-
ucts analyses, which, under normal conditions, are acetic acid and
choline. As a sensitive analytical mcthod for the alcoholic OH group of
the choline molecule is not available, previous methods for following the
hydrolysis rates have monitored the rate of production of the protons
generated in the reaction. All of these methods are unsuitable for follow-
ing fast reactions, however, The Warburg manometric method (2), while
being the standard method of determining the enzyme activity, is in-
herently slow in response and limits the choice of medium to a bicar-
bonate buffer. Titrimetric methods, employing a pH-Stat, such as the
methods of Wilson (3) and Main and Dauterman (4), require the use
of unbuffered media and are extremely slow because of the very long
response time of the glass electrode and the mechanical servo system
controlling the addition of NaOH (specially designed pH stats, however,
are available which have response times of less than 10 sec). Volume
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changes on tritration further complicate this method. Although the
method of Einsel et al. (5) solves the volume change problem of the
above methods by coulometrically titrating the H*, the response time
of this technique was reported to bhe very slow. Reliable measurements
could be made only at 4-min intervals.

The inherent difficulties in the wethods which monitor the rate of
proton formation have led investigators to alternate methods of analysis
using artificial substrates, One of the most promising approaches has
been to employ the thio ester analog, accetylthiocholine:

0
|

CH3(C—-—CHCHy—N—(—CHjy)s™

as the substrate. This approach is possible as the thio ester appears to
possess almost 1dentical characteristics and chemical properties as the
oxy ester with respect to its reaction with cholinesterase (6). [It should
be noted, however that this similarity iz not general. When assayed
against AchE, the acetylthiocholine is hydrolyzed at a much faster rate
than acetylcholine (7)]. The most suitable of the methods devised for
the thio ester hydrolysis is that of Ellman ¢t al. (6), which employs the
very fast reaction of product —SH group of thiocholine with 5,5-dithio-
bis-2-nitrobenzoate to form a colored species, 5-thio-2-nitrobenzoate,
with a large extinction coefficient at 412 my. The rate of the hydrolysis
is conveniently followed by measuring the rate of formation of the
colored species. This method allows a frce choice of buffer. Although
this method can be used for rapid reactions, it does suffer from the
disadvantage of interference by other colored specics and from the fact
that the wavelength employed for monitoring the reaction docs not
correspond to a peak, butb lies on a slope of the adsorption eurve which
limits the accuracy.

Fiserova-Bergerova (8) has reported that thiocholine exhibits a well-
defined polarographic wave. Thus, it is possible that polaregraphy would
be an accurate and simple method of following the rapid reaction of this
system. This paper deseribes the technique devised employing polaro-
graphic monitoring of the reaction, comparcs the results obtained with
those obtained spectrophotomectrically, and discusses the aceuracy and
precision of the method.

METHODS

The acetylthiocholine (as the iodide salt) and acetylcholinesterase
were obtained from bovine erythrocytes and purchased from Sigma
Chemiecal Co., St. Louis, Mo. The acetylthiocholine, S, solutions werc
0.035 M and maintained at pH 7 by mecans of a phosphate buffer, B,
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which had an ionic strength of 0.05. The enzyme, E, solutions were
prepared as 100 units/cc with the same buffer. Both these solutions were
deaerated with N, and stored frozen. The 5 5’-dithiobis-2-nitrobenzoate
was purchased from Aldrich Chemical Company, Milwaukee, Wis. Solu-
tions of this compound were prepared by dissolving 99.7 mg in 25 ml of
the buffer. Neostigmine bromide, employed as an inhibitor, I, was pur-
chased from Mann Laboratories, New York, and was prepared as a
0.001 M solution in the deaerated buffer. The phosphate buffer was
prepared from KH,PO, (Baker Analyzed Reagent) and NaOH (Ac-
culate) in triply distilled deaerated water. All solutions were stored
under N,.

In general, the rates of the hydrolysis reaction were followed by ap-
plying a constant —0.20 volt vs. saturated calomel electrode (S.C.E.)
to the dropping mercury electrode (D.M.E.) in the polarographic cell
and recording the increase in the anodic (oxidizing) current as a func-
tion of time. These rate curves and also polarograms of the system were
obtained with a Sargent model XV recording polarograph. The D.M.E.
used in these experiments had a drop time of 2.71 sec at a height of 61.3
cm of mereury in the buffer solution with —0.20 volt vs S.C.E. applied
potential. Under these conditions the outflow of mercury was 1.63 mg/
sec. The temperature of the polarograph cell was maintained at 25°C ==
0.1° by means of a thermostated water bath. All solutions were brought
to thermal equilibrium before a measurement was started. In general,
5 ml of the buffer solution was added to the polarograph cell and the
other components then added. In the rate measurements, the enzyme
was added last and stirred briefly with N,, and the rate curve was then
recorded. All potentials reported were measured with reference to a
S.C.E. which made electrical contaet with the solution in the polaro-
graphic cell by means of an agar-agar KCI salt bridge.

All spectrophotometric measurements were made with a Beckman DU
spectrophotometer.

Correlation of rate data obtained polarographically with that obtained
spectrophotometrically by the method of Ellman (6) was carried out
under three different conditions in order to minimize the possibility of
procedural errors: (I) the constituents of the reaction mixture were
90 ml of B, 7.2 ml of §, and 1.8 m] of E. At 5-min intervals, 0.500-ml
aliquots of this solution were taken and added to 1.0 ml of I (to stop the
reaction), and diluted to 10 ml with B. (Note that the correlation study
was carried out by stopping the reaction and analyzing the product by
both methods. This was done so that an exact comparison of the two
methods could be made. Normally the reaction rate is recorded con-
tinuously as the reaction proceeds in the polarograph cell) (2) The



360 RIDGWAY AND MARK, JR.

reaction solution consisted of 10 ml of B, 0.80 ml of S, and 0.80 ml of E.
At 200-sec intervals, 0.500-ml aliquots were added to 0.50 ml of I and
diluted to 10 ml. Portions of this solution were analyzed by both tech-
niques. (3) The solution consisted of 10 ml of B, 0.8 ml of S, and 1.20 ml
of E, and 0.100-ml aliquots were taken at various times (recorded) and
treated and analyzed in the same manner as (2).

All rate data reported in this paper was analyzed statistically by the
method of Bennett and Franklin (9) and straight-line plots were drawn
by means of a conventional least-square lincar regression treatment of
the data.

RESULTS

Figure 1 shows the characteristics of the polarograms obtained for
this system. Curve 0 of Fig. 1 represents the background current ob-
tained for the phosphate buffer alone. Curve 1 represents the wave
obtained for a 5.5 103 M acetylthiocholine iodide-buffer solution.
Note that a wave appears at approximately —0.1 volt vs. 8.C.E. This
wave 1s probably not a result of the oxidation of the substrate itself,
but probably represents the oxidation of mercury in the presence
of iodide ion to form a mercury-iodide compound. This conclusion was
substantiated by measuring several different polarograms containing
different concentrations of substrate and then repeating the same meas-
urements, with buffer solutions containing only KI in the same concen-
tration as S. The waves were essentially identical. Also, Fiserova-
Bergerova (8) reported that no wave was observed at this potential
when salts other than the iodide salt were used. Curves 2-8 of Fig. 1
represent the polarograms obtained at successive 10-min time intervals
following addition of 40 units of the cnzyme to the same solution
corresponding to curve 1. Note that a new wave appears at morc nega-
tive potentials which inercases with time. The half-wave potential, £,,.,
is —0.405 volt vs. S.C.E. This wave (and half-wave potential) corre-
sponds almost exactly with that reported by Fiserova-Bergerova (8)
for thiocholine, P, which is the produet of the enzyme-catalyzed hydrol-
ysis. Figure 1 shows that this polarographic wave is well defined in this
system and by monitoring the current as a function of time at a constant
applied potential, E,, of —0.20 volt vs. S.C.E., the rate of production of
thiocholine is easily followed.

The electrochemical characteristics, such as E,,., electrocapillary
curves (10), mercury height (11) dependence, and wave shape are al-
most identical to those reported by Stricks and Kolthoff (12) and Tachi
and Koide (13) for the anodic wave of a similar sulfhydryl-containing
compound, glutathione, under similar conditions. They concluded that
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Fi1c. 1. Polarographic characteristics of the acetylthiocholine-cholinesterase sys-
tem at 25°C = 0.1° and pH 7.0 (phosphate buffer; ionic strength 0.05): (curve
0) background wave of phosphate buffer; (curve 1) 5.5 X 10* M acetylthiocholine
in buffer; (curves 2-8) same as curve 1, except 40 units of cholinesterase added
and polarograms run at 10-min intervals.

the wave corresponded to mercury oxidation in the presence of the
sulfhydryl group to form a complex of the type, (R—S),Hg.

The commercial enzyme preparation used in this study was found to
contain some polarographically active component or group which was
not, however, associated with the active sites of the enzyme itself. This
“material” exhibits a poorly defined cathodic double wave beginning at
approximately 0 volt vs. S.C.E. The height of this cathodic wave was
directly proportional to concentration of the enzyme, and its height
decreased linearly with time when the enzyme solution was electrolyzed
at a constant voltage of —0.25 volt vs. S.C.E. (on the second plateau).
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The rate of decrease of this wave was found to be 5.5 X 107 pamp
ml/min/unit concentration enzyme, which results in a finite error in
determining the rate of production of the thiocholine during slow
hydrolysis reactions, as shown in Table 1. As the measured current at
—0.20 volt will be the sum of this eathodic current and the anodic
thiocholine current, this material results in an error which is easily
circumvented.

TABLE 1
COMPARISON OF THE POLAROGRAPHIC AND SPECTROPHOTOMETRIC (6) METHODS
d[}]}l}maﬁl 1(6) ]method &« Polarographic
thiocholine id) »
T ) 107 (T2 )omen X107 gighigeholinel o 11 st dev.,
Sam- mole/liter/min/unit  pamp/liter/min/unit (dig)_0.2volt ' mole/liter/uamp
Run ples enzyme concn. enzyme coner. mole/liter/pamp X 104
1a 9 0.912 5.57 1.646 0.0451
2% 9 0.925 5.58 1.663 0.0312
3¢ 9 0.925 5.58 1.671 0.0793
3¢ 9 0.925 5.72 1.715 0.0196

e Corrected algebraically for (d;/dt)_¢evois Of the electroactive enzyme material (see
text).

b Enzyme stock solution pre-electrolyzed (see text).

¢ Uncorrected data.

One can also simply corrcet for the small change in the current result-
ing from the electrolysis of this “material,” as its time rate of change is
linear and can be subtracted from the total over-all current change to
give the time rate of change of current resulting from the oxidation of
thiocholine. Electrolysis of the stock enzyme solution (containing the
buffer) at —0.25 volt vs. S.C.E. for a period of 1.5 hr using a D.M.E.
completely removes this polarographically active ‘“material” without
affecting the enzyme activity (see Table 1). This pretreatment step is a
more sure way of circumventing this source of error and could be ac-
complished much faster by using a macro stirred Hg pool electrode
during the constant potential electrolysis. Table 1 shows that the pre-
treatment of the enzyme solution and algebraic correction yield the same
numerical results for the rate of hydrolysis. Note that the correction or
removal of this “material” is necessary only when very slow hydrolysis
reactions are being studied, as the rate of change with time of this wave
is very small when the D.M.E, is used.

In the experiments performed to compare the polarographic method
with the spectrophotometric method of Ellman (6), it was found that
rate of change of concentration of thiocholine, d[thiocholine]/dt, on
hydrolysis as measured by the method of Ellman (6) was directly
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proportional to the rate of change of the diffusion current at —0.20
volt, (di;/dt) 620 verr, for all three different solution conditions tried
(9 runs were made for each solution condition) as shown in Table 1.
This is further evidence that the anodic wave observed corresponds to
thiocholine oxidation.

The value of the Michaelis-Menten constant, K, (4, 6), for the
cholinesterase-catalyzed hydrolysis of acethylthiocholine calculated from
rate data obtained by the polarographic method of this paper was
3.23 X 10* mole/liter. This value compares reasonably well with the
value of 1.40 X 10* mole/liter reported by Ellman (6), which was
calculated from rate data of Ellman (6) obtained by the spectrophoto-
metric method. Table 2, which compares the K,, values obtained for
several different substrates, shows that the difference between the K,
values measured polarographically and spectrophotometrically for ace-
tylthiocholine is within the range of disagreement (degree of accuracy)
obtained by other investigators for the K, of the acethylcholine hy-
drolysis.

TABLE 2
VALUES oF K,, FOR THE CHOLINESTERASE-CATALYZED HYDROLYSIS OF
DIFFERENT SUBSTRATES

Acetylcholine Acetylthiocholine Phenyl acetate
1.508 X 104 1.40> X 104 6.672 X 1074
2.00° X 10~ 3.234 X 1074
5.50¢ X 107

¢ Main and Dauterman (4).
b Ellman (6).

¢ Feinsilver et al. (1).

4 This study.

Study of the Kinetics of Inhibition by Neostigmine Bromide. A few
experiments were performed which studied the kinetics of the inhibition
of the cholinesterase catalyzed hydrolysis of acetylthiocholine by neo-
stigmine bromide. The experiments illustrate the applicability of the
polarographic method for studying these types of reaction. In these
experiments, the inhibitor was added to the enzyme-substrate systems
([£] = 3 units/ml, [S] =3 X 10 M), mixed, and the rate of produc-
tion of thiocholine followed polarographically [according to Goldstein
(14) this order of addition of inhibitor leads to competitive inhibition].

A value for K,, [related to the equilibrium constant, K;, when steady-
state measurements are taken, by the expression K, = (K;/1) + (ks/
k,), where k; and k, are rate constants for the subsequent reactions of



364 RIDGWAY AND MARK, JR,

the dimethylcarbamyl-enzyme derivative formed and where ks >> k.
(15, 16) ] for an inhibitor reaction, under competitive conditions, can be
calculated according to Wilson (17) from the expression:

[Z]

[(Ve/V) — 1] {1 + ([S)/Kw)]
where [I] is inhibitor concentration (107 M in this experiment), V° is
the uninhibited reaction veloeity, and ¥V is the equilibrium inhibited
velocity. A value of K, of 3.6 X 107 M with a standard deviation of
0.6 X 100" M was calculated from the data of 5 runs. This value is
comparable to that reported by Wilson (17), K,, = 0.93 X 107 M, which
was obtained under noncompetitive conditions (14) and at an ionic
strength of 0.02 and pH of 7.2, and that reported by Augustinsson and
Nachmansohn (18), K,, = 1.6 X 107 M, obtained under competitive
conditions.

The rate of association, K;, of neostigmmine with the cholinesterase
was caleulated also by two different methods under two different in-
hibitor concentration conditions.

Under exactly the same solution conditions employed above in the
K; measurements, K, can be calculated for a compctitive reaction, ac-
cording to Wilson (17), from the expression:

23(V — V9 Jr—=1)
R AT . i
where V, is the reaction velocity at any time, ¢,, before equilibrium and
the other symbols have the same meaning as above. The value of t,,
employed in this experiment was 1 min. A value of K, = 6.0 X 10*
sect M with a standard deviation of 0.4 X 10* sec* M was obtained
from the data of 5 runs. Wilson (17) obtained a wvalue of 1.2 X 10*
sec’* M for K, for a reaction run under noncompetitive conditions.
Employing conditions which give a much faster rate of inhibition
([I] =10 M, [S] and [I] same) and using the expression derived by
Main and Dauterman (4) for K, (competitive conditions, also):

2.3 ] 170
b ] (K & 1S T8 7,
a value of K; = 5.9 X 10* sec* M == 0.6 X 10* sec* M was obtained

for 5 runs (#; = 1 min). The reaction under these conditions was quite
fast. Total inhibition was obtained within 4 min.

K

K,

K1=

DISCUSSION

It was found that the polarographic method agrees very well with
the spectrophotometric method of KEllman (6) with respect to the rate
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of production of thiocholine on the cholinesterase-catalyzed hydrolysis
of acetylthiocholine. The major advantage of the polarographic method
is its simplicity and ability to follow fast reactions, as demonstrated by
the results obtained in this study using large concentrations of the
inhibitor, neostigmine bromide, which simulates the rates expected with
the fast inhibitors (1). Reliable data on the rate of change of enzyme
activity is obtained after a few seconds (~5 to 10 sec) after addition of
the inhibitor to the enzyme-substrate system. This time lapse is a
result of the brief mixing period followed by the time required for the
solution to become quiescent after mixing after the inhibitor is added.
This “dead time” could be reduced substantially by using either a
rotated mercury electrode (19) or a mercury-coated platinum electrode
(20) employing voltametric conditions (21) which do not require the
solution to become quiescent before data can be taken. Further reduction
of the “dead time” could be accomplished by using fast mixing tech-
niques, such as the stop-flow system of Chance (22), in conjunction
with the stirred-electrolysis conditions of voltametry.

SUMMARY

A rapid and simple polarographic method for following the rates of
the cholinesterase-catalyzed hydrolysis of acetylthiocholine and the
rates of inhibition of this hydrolysis is deseribed. This method has the
advantage that it can follow quite rapid reactions, as meaningful data
can be obtained after 10 sec of mixing of the solutions. The method
follows the rate of increase of the anodic polarographic wave of thio-
choline produced by the hydrolysis. The validity of the method was
determined by comparing the rates of production of thiocholine spectro-
photometrically and polarographically, Also the values of K, for the
hydrolysis, and K,, and K, for the inhibition reaction of neostigmine
were determined and compared to values reported in the literature.
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