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The Influence of Tetraethylammonium Ion on the Reaction between
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SUM�t1A HY

The values of the affinity constant (Ka) and the first-order inhibition rate constant (k�)

of selected inhibitors of acetvlcholitiesterase (acetvlcholine hydrolase, EC 3.1.1.7) were de-

termined in the presence and absence of tetraethylammonium ion (lEA). Although TEA
is believed to act a.s a purely competitive inhibitor toward cationic compounds, the preselit
study reveals that this is not a general case. TEA did reduce the rate of inhibition by the
organophosphate diisopropylphosphorylthiocholine in a purely competitive manner, but its

effect on the rates of inhibition by two cationic carbaniates was more complex. TEA at 0.5 m�
reduced the apparent value of Ka , but increased the apparent /� value of Iieostigmine. At

higher TEA concentrations anomalous curving was observed in the inhibition plots of di-
methylcarbamylcholine. These results indicate that the inhibitors are boulid simultaneously
with TEA to the enzyme, and this suggests that TEA binds to an allosteric site.

Similar studies on inhibitors that contained the smaller fluoride leaving group revealed

that TEA acted as a purely competitive inhibitor toward diisopropvl phiospliorofluoridate.

On the other hand, it is estimated that TEA may increase the first-order stilfotiation late by
methanesulfonvt fluoride from 72.5 mimr’ to 2376 �

I NT1IOI)U(’TION

Tetraethivlammoniuni iOIl is believed to

bind to the anionic j)OrtiOIl of the active site

of acetylcholinesterase (acetylclioline liydro-
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lase, IX’ 3.1 .1 .7), thereby preventing the

binditig of substrates and inhibitors con-

taining eat ionic leaving groups (1, 2). This

purely competitive effect is described by time

following sCii(’flW.

K0

EH+CX - EHCX-�--EC+ sx

�\Ii�A� _�_J
K’

El-IA
(1)

lIere RH is titi’ enzyme, CX is a carban1ate,

orgaiiopiiospiiate, Or sUlfoliate inhibitor, and

.1 is tet raet hylammomum loll. Format ion of

reversible C( tmj dcx bet weemi enzyme and
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inhibitor, utah between enzyme and TEA,2 is

controlled by the affinity constants, K,, amid
K , respectively. (1arbaniylat ion (phos-

phorylation, sulfonation) proceeds by the iij-
reversible k2 step with release of the leaving
group HX. Whien i �< K,, , time over-all in-

hibition rate is given by the bimolecular rate

colistalit k1 . Other evidence (3, 4) indicates

that if the inhibitor contains a small fluoride

leaving group, TEA may bind to the vacant
anionic site and accelerate the imihibition re-

action occurring at the esteratic site. The
following scheme depicts time influence of
TEA on this inhibition reaction.

K
El-i +CX T��EHCX-�-EC+ lix

EHA + cx ________ EHACX EAC + HX (2)

In addition to K,, , , and K, Eq. 2

contains three other constants: K’ , is time

binding cOnstallt for TEA and time enzyme-

inhiibitor complex, while K0’, and Ic2’, are time
reaction constants for tile inhibitor and TEA-
enzyme complex, respectively.

Equation 1 indicates that TEA will affect

only the K0 value of cationic inhibitors.

There are at least three reports (5-7) sug-

gesting that acetylcholinesterase may pos-

sess additional (allosteric) binding sites. If

this does occur, TEA and a cationic inhibitor

may bind to tile enzyme simultaneously. The
inhibition scheme may then resemble that of

Eq. 2, in that the apparent Ic2 value as well as

the apparent K0 value may be changed in

the presence of TEA. Time present study was
initiated to determine whether TEA would
affect the K�, and Ic2 values of cationic in-

hibitors.
The influence of TEA on inhibition by

compounds with small fluoride leaving
groups was also studied, since all previous
work has related the acceleration effect of

TEA to the over-all inhibition constant Ic1
which is actually k2/K,, (8).

Not all the inhibitors of interest were

2 The abbreviatiomis used are: TIA, tetraethyl-

ammonium chloride; 1)FP, diisopropvl phosphoro-

fluoridate.

suitable for kimietic analysis. The niagnitudes

of K,, and Ic2 could (lot be determined for di-

met hvlcarbam�l fluoride. These constants
were obtained for meth anesulfotiyl fluoride,

but only ill tile absence of TEA. It was found
that TEA produced purely competitive in-

hibition toward inactivation of acetylcholin-
esterase by time cat io�nc organophosphate

dnsopropvlphosphorylthiociioline. How-ever,

a purely competitive effect was also noted
with DFP, which has a fluoride leaving

group.

TEA did not produce purely competitive

ill hibition with tile cat ionic carbamates neo-

stigmine and dimethylcarbamyicholine. At

0.5 mu, TEA produced a decrease in affinity,

but an increase in Ic2 , w-ith neostigmine. At

hi igher TEA concent rat ions, anomalous
curving was observed in the dimethylcar-

bamylcholine inhibition plots.

MATERIALS ANI) METHODS

In/i ibition procedure. K0 and Ic2 values

were determined by the procedure reported

by Main and Iverson (9). Inhibition occurs

in time absence of substrate in an all-glass in-

ii ibit ion react ion vessel i Ilcorporat ing two

side arms, a mixing plenum, and a substrate

chamber. A removable plunger isolates the

mixing and substrate chambers. A mixture of

TEA arid inhibitor (0.5 ml) is placed in one

side arm, and 0.5 ml of enzyme solution is

pipetted into the other side arm. The plunger
is inserted, and the vessel is placed iii a w-ater

bath at 25#{176}.After temperature equilibration,

10 ml of substrate (30 mu acetyicholine

chloride) at pH 7.0 are pipetted into the sub-

strate chamber. The inhibition reaction is

started by tipping the vessel arid shaking it

quickly to mix time contents. Inhibition oc-

curs at pH 7.0 amid 25#{176};tue ionic strength

is 0.02 ii. Tile inhibition reaction is stopped

by pulling on the plunger, allowing sub-

strate to flood the side arms arid dilute the

inhibitor as well as complex the remaining

free enzyme. Elapsed time is measured on a
foot-operated timer calibrated to 0.1 sec.

The contents of the vessel are then dumped

into a pH-st at (Radiometer, Copenhagen)

vessel containing 20 nil of 30 m�i acetyl-

choline chloride, pH 7.0, at 25#{176}.The total

assay volume is 3i ml. The residual activity



is assayed approximately 10 sec after termi- yielded a molecular weigiit of 413 (calcu-

iiatioli of the inhibition reaction. The ac- lated, 41 1 .3) ; m.p. 154#{176}(recorded, 153-154#{176}).

tivity of the emizynie remaining umiiliilibited 1)inietiiylcarbaniylcholimie iodide was pre-

is recorded as a progress curve. Iii most in- pared according to Wilson el al. (13). Vol-

stances these recordings are linear, but some hard titration gave a molecular weigimt of
potent organophosphate inhibitors may con- 300 (calculated, :302.2) ; m.p. 213-214#{176} (re-

tinue to inactivate the enzyme even after corded, 212#{176}).

dilution and in the presence of high sub- \Vith the exceptioil of neostiginine, all iii-

strate concentrations. In addition, carba- hibitors were diluted directly into distilled

mate-inhibited enzyme undergoes regenera- water. No alcohol was used. Time maximum

tiOIi during the assay, producing nonlinear final concentration of ethanol in time neo-

recordings. The effects of these interfering re- stignhilie (letermnmatiomms was 0.5 #{182}�. It was

actions may be eliminated by drawing found thiat relatively low colmcentratiolms of

tangents to the progress curves and extra- TEA had to be used (0.5, 1.0, and 2.0 mu)

polating to zero time to provide a true initial to approach the K,, values of time inilibitors

velocity (10). acting in time presence of TEA.

Enzyme. Acetylchohinest erase, purihed

from Eleclrop/iorus electricus tissue, is-as ob- RESULTS

tamed from ‘Worthington Biocheniical \‘alues of K,, , Ic2 � aiid Ic, were determined
Corporation. Stock solutions w-ere prepared graphicaihy as described by Maill amid Iver-
in 10 mu sodium phosphate buffer, pH 7.0. somi (9), usilig tile equation

No other salts w-ere added. One milliliter of

the working solution hydrolyzed 5.4 �Lmoies

of 30 mu acetylchohitie in 1 miii at pH 7.0

2 1 � � (3)

p Ic2 Ic2

and 2,5#{176}.

It has been reported that preparations of

acet\-lciiOhiliesteraSe are not ilomogeneous

but contain multiple molecular forms of the

i�hmt’� p = 2.3 (� log m’/�t) and r is time ob-
served velocity of time uninhiibited emmzvme.

EqunttiOll 3 i� � linear transformation of

enzyme. Previous inhibition studies (1 1, 12)

have shown that in the preparation used in
the present study, approximately 98 � of time

.,�

p = � ( 4
‘ + Ito

activity is accounted for by one major form
of the enzyme.

\\imemi i �< K,, Eq. 4 reduces to

Subslrate. Acetylcilolilie cimloride was ob-

tamed from Sigma Chemical Company. Time ( �)

residual enzyme w-as assayed iii 30 mu

acetylchohine. The high substrate concelm- wimicil can be written as p = i/c, , where k� is

tration ��‘as used to reduce inhibition by or- tile bimolecular rate constant (see Eq. 1).

ganophiosphate during time assay, arid to Time rates of inactivation of acetylcimolin-
bind quickly the free enzyme remaining after

inhibit lou.

In/i ibitors. Tetraethylammomiiuni chloride

was obtained from Sigma Chemical Corn-
.

PaIl\’; methanesulfonvl fluoride, from East-- � )

man Kodak� arid DI’ 1 from Mann Researcu

Laboratories. Neost igmine(3-trimet imvlami-

nophenyl N ,N-dimethyl carbamate) was

a gift from Hoffmanni-La Roche, Inc. J)i
isopropylphosphorylthioclmoline iodide [me-

esterase by selected illhmibitor coflcelltratiolms

were fitted by regression analysis, �- ieldi ng

� Time abscissa intercept of a plot of i/p
. -

against i yields - It,, , the slope is 1 /1c2 , and
. . .

the ordilmate intercept is 1 /k�

Influence of TEA on in/i ibit ion by cation ic

i,,/tibitors. Time plots of i/p against i for time

catiolmic organophospiiate diisopropylphos-

phorylthiocholine are silowlm in l’ig. 1. Time

thiodide of O,O-diisopropyl S-(2-dimethyl- values for time inhibition constants are given

amino)ethylphosphorothiolatel w-as prepared ill Table 1. As expected, TEA affects time

by Dr. W. C. Dauterman. Volhard titration value of K, and not that of k2
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Effect of TEA on apparent values of inhibition cons/ants K, , k, , and k1

K� is the apparent TEA bindimlg comistammt determimmed from the k� values, assuming purely competitive

imihibition (see Eq. 6).

I’EA
concentration K0 k2 k1

.�c ,fljfl� M1 ?fl1�1

1)iisopropylphosphorylt hiocholimie

1)i isopropyl phosphorofi uoridat e

1)inmet hylcarhamylcholimie

K

(1.4 8.3 x 10�

(3.4 5.1 x 10’

6.3 2.5 x 10’

M

3.2 X 10-#{176}

3.2 X 10-#{176}

7.0 X 10-#{176}

7.0 X 10-#{176}

1.7 x 10’

1.7 X 10-”
2.1 X 10”

4.0 X 10’

2.9 X 10-’

3.9

(3.4

4.6#{176}

3.6#{176}

1.1 X 10’

2.8 X 10�

2.8 X 10�

2.0 X 102b

Methamiesulfommyl fluoride
I )imet hylcarbamyl fluoride

0

0

1.0

a 1)etermimied from the i/p values at the lowest carbamate concemitratiomu (see Fig. 2).

Determimmed from the limiear portiomi of the curves (see Fig. 4).

Taken froni Iversomi amid Mai ii (11).
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FIG. 1. Effect of TEA on inhibition of acetyl-

choline.qterase by diisopropylphosphorylthiocholine

0, no TEA presemit; #{149},1 mit TEA present;

13, 0.5 mat TEA present. The slopes of the plots of
i/p against i are constant, indicating that k2 does
not change and that TEA acts in a purely competi-

tive manner toward inhibition by the organo-
phosphate. Inhibition occurred at 25#{176}and pH 7.0.

The followiiig equation describing inhibi-
tion is obtained from Eq. 1.

Pk2k�(K$)
(6)

It yields a value of 32 j�u for K,, the TEA

binding constant. This K1 value is consider-

ably lower than estimates obtained from the
interference of TEA with acetyichohine
hydrolsis, i.e., 250 j�M (4). This may be due

in part to the relatively low- ionic strength

(0.02 u) used in the present study, compared

to the ionic strength of 0.1 u used by other
workers (4). As the ionic strength decreases,

it is expected that Coulombic interaction of

TEA with an anionic site w-ill increase, pro-

ducing greater affinity.

The inhibition constants for the cationic

carbamate dimethylcarbamyicholine are

listed in Table 1. The plots of i/p against i

TABLE 1

771.11

0 7.8 X 10-#{176}

0.5 1.3 X 10-’

1.0 2.5 x 10�

0 1.6X10-’

0.5 1.3 X 10-2

1.0 2.4 X 10-2

0 3.4 x 10-’

0.5 2.3 X 102

1.0 1.6 X 10�

2.0 1.8 X 10�

21.6 1.3 x 10’

22.6 1.7 x 10’

21.2 8.9 x 10�

Neostigmimie 0 (3.2 X 10� 110.4C 1.7 X 106C
0.5 1.9 X 10-’ 151.7 7.8 X 10#{176}

1.0 3.9 X 10#{176}

3.0 X 10-’ 72.5 2.4 x 102

2.0 x 10’

1.2 X 10’
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FIG. 3. Plot of I p against i for inhibition of ace-

tyicholin es/era.ue by inc/han e.sulfon yl fluoride

Ic, is 72.5 minm; K, is 0.3 ii. Immhibit ion occurred

at 25#{176}amid pIt 7.0.
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FIG. 2. Effect of TEA on inhibition of ace/yl-

cholinesterase by dime/h ylcarbam ylcholine

13, no TEA added; #{149},2 mat TEA present;

0, 1 mat TEA present; A, 0.5 mat TEA present.

Inhibition occurred at 25#{176}amid pH 7.0. The fitted
dashed lines were used to determine the K, amid Ic2
values with 1 mat amid 2 mat TEA present. The K1

values for TEA at these concemitratiomls were de-
termined from the i/p values of the extrapolated

hues amid also from the i/p values of the lowest
carbamat e concentration - The K1 values obtained

from the latter method are given in Table 1; at

1 mat TEA i/p = 6.42 mat min’ for 0.2’2 mat carba-

mate, amid with 2 mat TEA i/p = 9.40 mat iflimr’

for 1 mM carbamate.

are shown in Fig. 2. In tile preselice of 0.5 mu
TEA, the apparent affinity decreases but tile

apparent value of Ic2 increases from 3.9 to 6.4

miur’. Iii the presence of 1 mu and 2 mu
TEA, the i/p plots are nonlinear, but ap-

Proximate linearity at the higher inhibitor
concentrations. The K0 arid k2 values were
obtained by fitting lines to tue linear portion
of the curve. The k2 values so obtained were

close to that found in the absence of TEA,

giving the appearance of purely competitive
inimibition. Using timese extrapolated ic,

values arid assuming purely competitive

inimibition, the K1 for TEA varies from 0.17
mu at 0.5 mu TEA to 0.45 mu at 1.0 mu
TEA. How-ever, if the i/p values at time
low-est actual carbamate concentrations are
used as a measure of k,, i.e., p = i/c, (see

Eq. 5), then K1 becomes relatively constant
at 0.17 mu, 0.17 mu, and 0.21 mu witim 0.5,

1.0, and 2.0 mu TEA, respectively. These

results show that at selected illhibitor con-

cerltrations, TEA appears to be a purely
competitive inhibitor. Nevertimeless, it is

apparent that this is not the case over a
range of inhibitor concentrations, since time
i/p plots were not linear.

The nonlinear nature of the dimetimyl-

carbamylcholine inlilibit ion plots was eon-

firmed arid found to be reproducible.

Analysis of tile carbamate by thin-layer

cil romat ography, infrared spectromet ry, and

titration of iodide did not indicate the pres-
ence of a second inhibitor. Because of tile
anomalous kiriet ic results, at tempts were
made to study the effect of TEA on another
cationic carbamate, neostigmine. Witim 0.5
mu TEA, the K0 value could not be meas-
tired directly, but reasonable estimates of

K0 and Ic, could be made. As with dimethyl-
carbamylchohine, affinity w-as decreased and

the apparent k, was increased, but tile i/p
plot did not curve. Only k� could be deter-

milled in the presence of 1 mu TEA. The

values of the inhibition constants are listed

in Table 1. The apparent K1 values for TEA
as determined from the k� values by Eq. 6
were 0.40 mu at 0.5 mu TEA and 0.29 mu
at 0.1 mu TEA.

Influence of TEA on in/i ibition by coni -

j)ounds wit/i a fluoride leaviny group. At-
tempts were made to determine the inhibi-
t ion constants for dimetiivhcarbamvl

fluoride, but althougil values of 70 min’

I0
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4

FIG. 4. Effect of TEA on

choiine.slerase by DPI’

0, mio TEA added; #{149},1 mat TEA present; I,
0.5 mu TEA presemit. The imihibit ion plots are paral-

lel, indicating that TEA acts as a purely competi-

tive inhibitor. Inhibitiomm occurred at 25#{176}and p11

7.0.

were determined at inhibitor concentratioums

up to 30 mu, tue K, value was too highi to
be measured. In tile presence of 0.5 mu
TEA, values as high as 72 rnin’ were
measured, but again K,, was be�-omid the

limits of the method. Tile addition of TEA
resulted in a 6-fold acceleration in tue Ic1

vaiue, an effect previously noted by Metzger
III1d Wilson (4).

K,, and I,-, values of’ 0.3 in and 72.5 miurm,
respectively, were obtained for met hlane-
su1fon�-l fluoride. The i/p plot is shown in

Fig. 3. Since the values of the ililmibitioli con-

stants were already at the limits of resolu-

tioIl, (leterminationls imi the presence of

were not attempted. Kitz and Wilson

(3) have reported that TEA accelerates the

ilmllibitiomm rate a nmxiniuni of 33-fold.

Inhibition constants were obtained for

1)FP in time preseimce alm(l absence of TEA

and are listed jim Table 1. Time i p plots are

shiow�n in l”ig. 4. Althmoughi the appareumt K,

varies, Ic, remajlms constaimt, indicatinlg l)til’ely

competitive ilmhubit ion. Timis result was

unexpected in view of tile possibility that

r#{231}j�o� and time ilmilibitor may bind simul-

taneoush- to time enzyme. The value of K

for TEA obtaimmed from these data is 70 pin.

i)ISCUSSION

file results i�evettl tliIlt TEA ni�i�- or inay

not act as a l)urelY conipetitive inhibitor of

t ime react ion bet i�eemi acetvlchohiniesterase

and cationic iuihibitors. The niechanisni
(lepicted iim F�(1. 1 predicts that tile K1 values

for TEA siiould be independeilt of tile �fl-

imibitors used, sitice initeractioii ivill occur
ouilv witii the free enzyme. \Vhile the K1

values were iii fact relatively constant over

time ra�ige of TEA concentrations employed

is-itii ItIlV ORe conipound, tiie�- varied more

thmall 10-fold between inhibitors, from 32 p’un
for diisopropylpiiospiiorvlthiocholimie to 400
pM for neostignaitie. (1olmsiderilig first tile

I)urelY c()mpetitiVe cases of DFl� arid its
timiocholine analogue, it is apparent that the

relatively large isopropyl function is almost

as significant as a cationic leaving group in

interfering with time bindiiig of TEA. This is

consistent with earlier work of Wilson (14),
who observed that in the diisopropylphos-

phorylat ed enzyme the alkyl funct ions
stronlgly interfered with the approacii of

quaternary ammonium ions to the anlionlic

site.

While the effect of TEA oii these organo-

phosphate inhibitors may be interpreted on
tile basis of purely competitive inhibition,

the results show that TEA does not act in

this manner toward the two charged carba-

mates, neostigmine and dimethylcarbam�-l-

cholme. These results at first suggest that a

distinction may be made between the
organopilospilat e and carbamat e inilibit ors

on the basis of the effects of TEA on Ic2

However, the number of compounds used

hiere is limited, and a recent investigation by
Chiu aumd Dautermamm (15) has shown that

20 mu TEA reduces tile apparent Ic2 of the

cationic organOphiosphltte Tetram [0,0-

dietilyl S-(13-dieth\-lamino)etimyl phospimoro-

thliolate] from 126 mirri to 8.0 miuim. It

seenu- likely, thieii, that Ic, effects will occur
with both classes of inhibitors.

If TEA does not act as a purely competi-

tive inhibitor, tile ion and inhibitor must be
bound simultalmeously to the enzyme. The

present evidence (16, 17) indicates that time
anionic site is some 2.5-5 A from the esteratic

site, making it unlikely that any inhibitor
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w-itii a cationic leaving group could bind and
inhibit the enzyme as-hue TEA is bound at

the anionic site. An alteriiative explanation
is that TEA may bind to a site distinct from

the inhibitor-binding site. This site may
resemble the “peripheral anionic site” tiiat

Changeux (5) has suggested to explain the

anomalous kinetics he observed for the
Flaxedil - acetylchohine - acetvlchohnesterase
system. However, unless complete specificity

exists for TEA at this allosteric site, there is
rio reason to believe that TEA cannot bind

to tile anionic site as well, or that the

charged inhibitor itself could riot bind at a
site other than the “active site” of the

enzyme.

With this number of possibilities existing,

the schemes describing inilibition expand to a
point where, at present, it is not possible to

evaluate the inhibition mechanism. Never-
theless, the inhibition plots for dimetimyl-
carbamylcholine (Fig. 2) show’ that as the
TEA concentration increases, the plot of

i/p becomes nonlinear. This suggests that at
the higher TEA concentrations, an enzyme-
TEA-dimethylcarbamylcholine complex may
exist in w’hich TEA aiid the carbamate are

bound to different sites �n the enlzyme.
Since TEA arid the organophosphate com-
pounds are not bound simultaneously to thie

enzyme, it seems possible that the bulky
isopropyl groups on these inhibitors max’

occupy the allosteric site and prevent the

binding of TEA.
Although the results presented above do

not permit determination of individual reac-
tion constants, a first-order sulfonation rate

in the presence of TEA may be estimated by

incorporating data from a study by Kitz and
Wilson (3). These autimors found that TEA

accelerated the inhibition rate of methane-
sulfonyl fluoride a maximum of 33-fold.
Since timis inhibitor has a small leaving group

as well a.s a small alkvl fummct ion, it is possible

that TEA may not affect K, . Time full

acceleration may then be attributed to the

Ic2’ (Eq. 2) rate when time TEA binding sites
are saturated. This means that the Ic2 value

of 72 min�m would be accelerated to a Ic2’

value of 2376 miir’, which is more than 20
times greater than the Ic, obtained for the

potent cationic inhibitor neostigmine (11).

The existence of a sulfonation rate of this

magnitude suggests that some of the more
active acetylchohinestera.se inhibitors, i.e.,

the organophosphonates, may PO��SeSS Ic2

values that w-ould approach or even exceed

this estimated value.
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