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SUMMARY

The effects of quaternary ammonium compounds and inorganic ions on the decarbamyl-
ation of dimethylcarbamylacetylcholinesterase at low ionic strength have been investigated.
Both similarities and differences between the effects of these compounds on deacetylation
and decarbamylation have been noted. Small quaternary ammonium compounds, such as

tetraethylammonium and cis-2,6-dimethylspiro(piperidine-1 , 1’-pyrrolidiniurn) bromide.
accelerate decarbamylation, an effect which has also been observed with deacetylation.
Larger quaternary ammonium compounds, such as tetrapropylammonium, have no effect.

on decarbamylation, whereas these compounds block deacetylation. Diethyldi(2-hydroxy-
ethyl)ammonium iodide accelerates decarbamylation 71-fold, whereas this compound has
a small inhibitory effect on deacetylation. NaCI and MgCl2 accelerate decarbamylation, and
organic and inorganic cations compete for the carbarnylated enzyme. Different protein
conformations of aeetl- and dimethylearbamylacetyleholinesterase have been suggested.

iNTRODUCTION

The experiments of Wilson (1) and
Bergmann et al. (2) established that the
hydrolysis of ester substrates proceeds

through an acyl-enzyme intermediate. It is
now generally accepted that organophos-
phates and at least some carbamates form

corresponding phosphoryl- and carbamyl-

enzyme intermediates (3, 4). In previous
communications (5, 6) it was suggested

that certain quaternary ammonium com-

pounds potentiated the hydrolytic activity

of acetylcholinesterase by accelerating the

deacetylation step in the hydrolysis se-
quence. To obtain further evidence for this
mechanism, the effect of these quaternary
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grants from the National Health and Medical Re-
search Council of Australia and the Pharmaceu-
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ammoniuin compounds on the decarbamyl-

ation of carbamylacetylcholinesterase has

been studied, since it appeared probable
that decarbamylation could serve as a
model for deacetylation (7). The half-life

of the carbamyl-enzyme is in the order of

minutes (8, 9), whereas the half-life for
the acetyl-enzyrne is some micro-seconds
(10). Thus decarbamylation is some 10�

times slower than deacetylation, and the

effect of cations on this reaction may l)e
studied directly.

It has been shown (5, 6) that the presence
of inorganic ions can mask the effects of

quaternary ammon ium compounds on
acetylcholinesterase activity. In the present.
study the effect of quaternary ammoniurn

compounds on decarbamylation has been
examined in the absence of added inorganic

ions. The effects of NaCl and MgC12 and
mixtures of inorganic and organic cations
on decarbamylation have also been investi-
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and 2,6-dimethylspiro (piperidine- 1,1 ‘-pyr-
rolidinium) bromide (II) have been de-

scribed (5).
2,5-Dimethyl,spiro (pyrrolidine-1 ,1’-piper-

idinium.) bromide (III) was prepared by
the reaction of 2,5-dimethylpyrrolidine (2

mole equivalents) and 1,5-dibromopentane

(1 mole equivalent) in redistilled methanol
by autoclaving for 50 mm at 125#{176}.The

total concentration of reactants was kept
below 5% (w/v) to ensure intramolecular

cyclization. The reaction solution was dis-

tilled to dryness under reduced pressure on

a water bath, the solid residue was dis-
solved in water, sodium hydroxide (1 mole
equivalent) was added, and the solution

was distilled to (Iryness under reduced pres-

sure on a w’ater bath. The product was
recrystallized from chloroform; m .p. 242-
243#{176}.

gated. A comparison of the effects of a
number of compounds on deacetylation and

(lecarbamylation has been made, and some
similarities and differences between the ef-
fects of these compounds on the two re-
actions are reported here.

o-Nitrophenyl dimethylcarbamate was
used to form dimethylcarbamylacet#{149}ylchol-
inesterase. Bender and Stoops ( 1 1 ) re-

ported that this substrate reacts stoichio-

metrically with acetylcholinesterase.

MATERIALS AND METHODS

o-Nitrophenyl dimethylcarbainate was

prepared by the reaction of dimethyl-
carbamyl chloride (10.8 g) and o-nitro-

phenol (13.9 g) in dry pyridine (100 ml),
according to Bender and Stoops (ii). The

material was recrystallized from petroleum
ether; m.p. 57#{176}[reported (11), 56.7-57.0#{176}].

The following compounds were used

without further purification: acetylcholine

perchlorate, tetramethylammonium iodlde,
tetra-n-propylammonium iodide, and tetra-
n-butylammonium iodide (British Drug
Houses) ; and tetraethylammoniuin iodide

Hopkins and Williams). Phenyl acetate
British Drug Houses) was redistilled be-

fore use. Sodium chloride (British Drug
Houses) and magnesium chloride (By-
Products and Chemicals Proprietary, Ltd.)

were of analytical reagent grade.

The syntheses of 2,6-dimethyl-1 ,1 ‘-Spiro-
bipiperidinium bromide (compound I)

Ca3

(I)

Cu3

(III)

Diethyldi(2-hydroxyethyl)ain.mon iuin io-

dide (11’) was prepared by refluxing 2-
diethylaminoethanol (1 mole equivalent)

and 2-iodoethanol (2 mole equivalents) in

dry methyl ethyl ketone for 6 hr. The solid

which formed was filtered off and recrystal-

lized from absolute ethanol; m.p. 230-231 #{176}.

CH3

Br C Br�

CH3

(II)

CI! CH + CI! .CI! .011
3 2..� ., 2 2

Br N

,‘
CH3CH2 CI!2.CH2.OH

(IV)

CH3.CH2 �

‘N 0 I�

/

CH3. CH2

(V)

I
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C11HnBrN

Calculated: C 53.2, H 8.9, N 5.6
Found: C 52.9, Fl 8.8, N 5.5

(‘�l12oINO?

Calculated: C 33.2, H 7.0, N 4.8
Found: C 33.3, H 6.9, N 5.1
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N,N-i)iethylinorpholiniunt iodide (I’)

was prepared by refiuxing morpholine (8.7

g) and ethyl iodide (16.0 g) in redistilled

methanol (100 ml) for 6 hr. Sodium hy-
(Iroxide (4 g) was added and stirred until

dissolved. Ethyl iodide (16.0 g) was added,
and the reaction mixture was refiuxed for
a further 6 hr. The resulting solid was re-

crystallized from absolute ethanol-ethyl
methyl ketone; m.p. 246-247#{176}.

CH81N0
Calculated: C 35.4, H 6.7, N 5.2

Found: C 35.0, H 6.7, N 5.2

Enzynuitic Procedure

o-Nitrophenyl dimethylcarbamate (0.04
ml, 3.25 x 1Q� r�i in 0.05% methanol) was
added to 4.0 mg of bovine erythrocyte

acetylcholinesterase (Nutritional Biochem-
icals Corporation) . The mixture was in-

cubated at 37#{176}for 70 ± 10 miii in a stop-

pered vessel. An aliquot (0.02 ml) was

diluted to 40 ml with glass-distilled water

or a solution containing the organic or in-
organic compound under investigation. The

pH was adjusted to 7.5 ± 0.1 and main-
tamed at this value by the addition of

0.01 N NaOH. The solution was maintaine(l

at 36.3#{176} under a stream of nitrogen. At
suitable intervals over a pei’iod of up to 3

hr, aliquots of 3.2 ml were removed and

diluted to 20 ml in a second jacketed vessel
with a solution containing acetylcholin e

and sodium chloride. The concentrations of

these in the final i’eaction mixture were
0.001, and 0.1 �r, respectively. The remain-
ing free acetylcholinesterase activity was

then determined at pH 7.40 * 0.05 and 37#{176}

titrimetrically, as previously described
(12). A daily control was run, i’epeatiiig

the above procedure, but omitting the
u-n itrophenyl dimethicarbamate. A qua-

ternary ammonium compound, used in the
decarhamylation studies, was necessarily
present during the determination of re-

maining free enzyme activity, but the in-

hibition of free enzyme activity caused by

its presence was small, and appropriate cor-

rections wei’e made with similarly treated
controls.

RESULTS AND DISCUSSION

The reaction between acetylcholinesterase

and o-nitrophenyl dimethylcarbamate has
been followed by Bender and Stoops (11).

The kinetics of the release of o-nitrophenol
was interpreted in terms of the following

reaction sequence:

k’ k’ /.�‘,

E + S�=�ES-ES’--�E + P2
k’ \

P1

where E is the free enzyme, S is the car-

bamate substrate, ES is the enzyme-sub-

strate complex, ES’ is the carbamyl-enzyme,
P1 is o-nitrophenol, and P2 is N-dimethyl-

carbamic acid.
For the hydrolysis of o-nitrophen�l

dimethylcarbamate, the ratio k’2/k’3 was
found to be greater than 200. Decarbamyla-
tion is thus very much slower than car-
bamylation, and it is possible experimen-
tally to study the decarbamylation reaction
directly. Decarbamylation has been con-
sidered to be analogous to deacetylation

(7) , since in both cases an acyl-enzyiru
reacts with water to yield free enzyme and
products. The two reactions are shown

below:

E-COCH, + H20 - EH + CH3COOH

E-CON(CH,�2 + H,O -� EU + CO2 + (CHd,NH

There is a large difference in the rates of

the two enzymatic reactions (decarbamyla-

tion is lO� times slower than deacetylation
and both similarities and differences be-
tween the effects of a(lded compounds on

the two reactions might be expected.
Effect of tetroalkylainmonium con -

pounds. Figure 1 shows the effect of four
tetraalkylammonium compounds on the
rate of decarbamylation in the absence of

added inorganic ions (ionic strength less
than 0.005). The rates of decarbamylatiori
were seen to follow pseudo first-order

kinetics. Teti’amethylammonium iodide,
tetra-n-propylammonium iodide, and tetra-
n-butylammonium iodide have no effect on

the rate of decarbamylation. These com-
pounds neither inhibit nor accelerate the
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Fir.. 1. Effect of TM1I, TEA, TPA, and TBA on decarbamylalion of dimethylcarbainylacetyicholinesterase

a is the percentage of carbamylated enzyme at t = 0, and x is the percentage of decarbamylation. The
ionic strength of the control was less than 0.005. 0, Control; X, TMA, 5.60 X 10� �c; �, TPA, 1.11 x 10�

, TBA, 4.44 X 10� M; �, TEA, 5.10 X 10� M.

decarbamylation reaction. On the other
hand, in the presence of tetraethylam-

monium iodide, the rate of decarbamyla-
tion is accelerated about 4-fold. These re-

sults are given in Table 1, which compares
the effect of the tetraalkylammoniuln corn-
pounds on deacetylation and decarbamyla-

tion. It can be seen that TMA1 does not.
accelerate or inhibit either deacetylation or
decarbamylation. TEA accelerates both
leacetylation (2-fold) and decarbamyla-

non (4-fold). The larger compounds TPA

and TBA, however, have different effects
on the two reactions; whereas TPA and
TBA block deacetylation quite strongly,

they have no effect on decarbamylation.

Krupka (13) considered that large quater-

nary ammonium compounds, such as TPA,

may block deacetylation by overlapping
with the acetyl group on the enzyme and

interfering with its reaction with water. If
this explanation is correct, the failure of
TPA and TBA to block decarbamylation
may be due either to a situation in which

the enzyme-carbarnyl bond is at a distance
1 The abbreviations used are: TMA, tetramethyl-

ammonium; TEA, tetraethylammoniu.rn; TPA,
tetra-n-propylammonium; TBA, tetra-n-butyl-

ammonium.

from the anionic site greater than the length

of a butyl chain (results obtained with
compound IV make this unlikely) or to a

situation in which the larger dimethyl-

carbamyl group sterically hinders over-
lapping of the propyl or butyl side chain

with the acyl-enzyme bond. Probably a
more satisfactory explanation is that groups
larger than the ethyl groups of TEA
cause un favorable con formational pertur-

bations of the acetyl-enzyme (12), thus
inhibiting the rate of deacetylation. The
protein structure of the carbamyl-enzyme
may be already unfavorably perturbed by
the dimethylcarbamyl group (compare
rate difference of 108 in deacetylation and
decarbamylation), and binding of even such

large groups as TPA and TBA to the al-

ready perturbed enzyme may have little

effect.
Effect of spiran quaternary ammonium

compounds. In a previous communication
(5) a high structural specificity was ex-
hibited by a number of spiran quaternary
ammonium compounds with respect to their
ability to potentiate the hydrolysis of ace-
tylcholine by acetylcholinesterase, and this
specificity was related to their effect on the

deaeetvlation reaction. Further evidence for
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TABLE 1

Effect of tetraalkylammon ion

compounds on decarbamykition of

dimethy!carbamylacety!cho!inesterase

ak’s/k’, gives the ratio of the apparent first-order

rate constant in the presence of the tetraalkyl-

animonium compound to that in its absence. k’,

represents the rate constant at ionic strength less

than 0.005, and was found to be 5.2 X 10’ min’.
A value of 1.0 indicates no effect on decarbamyla-

Don; values greater than 1.0 indicate the degree of

lirelerat ion of decarbamylation.

Corn-

pound

Concen-

tration

Effect on
decarba-

mylation

(ak’3/k’,)

Effect on de-

acetylationo

TM.k
M X 10�

11.2

56.0
1.3

1.2

None

T1A 5. 1

25.5
3.9

4 .0

2-Fold
acceleration

TPA 0. 111

1.11

1 .2

1.4

Inhibition

TBA 0.444 1. 1 Iiihibitioi,8

Results from Roufogalis
b Result from Krupka (13).

and Thomas (6).

this illeChaIlism has since been obtained.2
The effects of these compounds on decai-

bamylatiomi have now been examined, and

are COiIlpttI’e(l with their effects on deacety-
lation in Table 2. These small spiran

quat.ernary ami nonium compounds exhibit
identical specificities toward the two re-

actions. Thus compound I does not. acceler-

ate or inhibit either decarbamylation or
deacetylation. Removal of one methylene
group of the unsubstituted 6-menibeted

ring of I to give a 5-membered ring gives

II, which accelerates both decarbamylation
(10-fold) and deacetylation (2-fold). Simi-

larly, the transfer of the two methyl groups

of II from the 6-membered ring to the 5-
meinhem’ed ring (III) results in loss of the

ability of the molecule to accelerate die-
call)amylation, and the same effect was

observed with deacctylation (Table 2 . It

thus appears likely that a similar mecha-

Unpublished observations.

nism is involved in the ae(eleratiOn of both
dleacetylation and deca rl)amylation.

Effect of nucleophiles. A larger difference

between acetyl- and dimethylcarbamyl-
acetylcholinestcrase was found when the

effect of diethyldi (2-hydroxyethyl) ammo-
niunl iodide (IV) on the two reactions was

studied. Compound IV blocks the deacety-
lation reaction weakly.2 This compound.
however, accelerates decarbamylation 71 -

fold (1.28 x 102 M) . Cyclization of the two
hydroxyl groups of IV to give V reduces

potency in accelerating decarbamylation

some 35-fold ; the 2-fold acceleration of de-
carbamylation produced by this compound

is in the same or(ler as for the “non-
nucleophilic” quaternary ammonium coin-

pounds, such as TEA. It thus appears

likely that IV accelerates decarbamylation
by a fundamentally different mechanism
from the other quaternary ammonium
compounds. One possibility is that the
hydroxyl groups on IV accelerate decar-

bamylation via a nucleophilic attack on

the carbamyl-enzyme bond, an interaction

between the positive nitrogen of IV and

the anionic site of the enzyme serving to
orientate the hydroxyl group toward the

carbamyl-enzyme bond. The ether oxygen

in V is a much weaker nucleophile than the
hydroxyl group of IV, but the confornm-
tional restriction in this compoun(l could

also l)e important to sonic extent in deter-
mining its lack of activity. The large ae-
celeration of decarbamylation by IV is
even n�ore interesting in the light of the

report of Wilson, Hatch, and Ginsburg (8)

that pyridine-2-aldoxime methiodide, a po-
tent reactivator of phosphorylated acetyl-

cholinesterase, does not increase the rate
of decarbamylation of dimethylcarbamyl-

acetylcholinesterase. The hydroxylamine
group of pyridine-2-aldoxime methiodide is

more nucleophilic than the hydroxyl group
of IV, but the inability of pyridine-2-
aldoxinie methiodide to accelerate deemit’-

bamylation may be related to an unfavom’-
able orientation of the nucleophilic group
of this molecule toward the carbamyl-

enzyme bond. T,Jrlfa\rorable orientation of
the nucleophilic group (s) of IV with the

acetyl-enzyme bond may also explain the
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TABLE 2

Effect of spiran quaternary ammoniurn compounds on decarbamylation

of dimethylcarbamylaeetylcholinesterase

ak’,/k’, gives the ratio of the apparent first-order rate constant in the presence of the quaternary am-

monium compound to that in its absence. k’1 represents the rate constant at ionic strength less than 0.005,

and was found to be 5.2 X 10’ rnin’. A value of 1.0 indicates no effect on decarbarnylation; values greater
than 1.0 indicate the degree of acceleration of decarbamylation.

Effect on de-

carbamylation

Compound Concentration (ak’,/k’,) Effect on deacetylationa

M X 1O�

cis-2,6-Dimethyl-1, 1’-spirobipiperidiniurn 1. 1 1 .3 None

bromide(I) .5.3 1.1

cis-2,6-Dimethylspiro(piperidine-1,1’- 2.5 5.5 2-Fold acceleration

pyrrolidinium) bromide (II) 11 .4 9.6
2,5-Dimethylspiro(pyrrolidine-1, 1’- 2.5 1 .5 None

piperidinium) bromide (III) 12.5 0.96

“Results from Roufogalis and Thomas (5) (and unpublished observations).

inability of this compound to accelerate
the deacetylation of acetyl-acetyleholin-

esterase. If this is the case, it can be in-
ferred that acetyl-, dimethylcarbamyl-, and

phosphorylacetylcholinesterase may have

different protein conformations, and that
the spatial relationships of the anionic site
and the acyl, carbamyl, and phosphoryl
groups in all three intermediates may be

different.
Effect of quaternary ammoniuni coin-

pounds on decarbamylatian in the presence

of inorganic ions. In the present investiga-
tion, in the absence of inorganic ions, TMA
had no effect on the rate of decarbamy-

lation. Wilson and Alexander (7), however,
found that in a medium containing NaCl

(0.1 M), MgCl2(0.02 M), gelatin (0.005%),

and sodium phosphate (0.02 M), TMA in-
hibits decarbamylation quite strongly. In

order to investigate the discrepancy be-
tween the results of Wilson and Alexander
(7) and those obtained here, the effects of

NaCl and MgC12 and mixtures of these
ions and organic cations were investigated.
The results are shown in Fig. 2 and Table
3. Figure 2 shows that NaC1 and MgCl2

accelerate the rate of decarbamylation 4-

and 6-fold, respectively. This is the same
order found for the acceleration of de-

acetylation by these ions, and the results
serve as further evidence that inorganic

ions potentiate acetylcholinesterase activity
by accelerating the deacetylation step in

the hydrolysis sequence (6, 14), since some

similarity between deacetylation and de-

carbamylation has been shown. Sodium
chloride (Table 3) and TEA (Table 1)
both accelerate the rate of decarbamylation

2Q

r� ‘�
x

0’
0

14

2

0

FIG. 2. Effect of inorganic ions and mixtures of

organic and inorganic ions on decizrbamy!ahon of

dimethylcarhamylacetylcho!inesterase

The control curve is the same as in Fig. 1 (experi-

mental points not shown). a is the percentage of

carbamylated enzyme at t = 0, and x is the�per-
centage of decarbamylation. 0, NaCI, 0.1 M; fl,
MgCI,, 0.04 lu; #{149},NaCl, 0.1 �t + TEA, 5. 10 X

io� M;U, MgCI2, 0.04 M + TEA, 25.5 X 10� M.
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TABLE 3
Effect of inorganic ions and mixtures of organic

and inorganic cations on decarbamylation o,f

dimethylcarbamylacety!cho!inestera.se

ak’,/k’, gives the ratio of the apparent first-order
rate constant in the presence of NaC1, MgCI2, NaC1

+ TEA, and MgCl; + TEA to that in their absence.

ic, represents the rate constant at ionic strength less

than 0.005, and was found to be 5.2 X 10’ min�.

A value of 1.0 indicates no effect on decarbamyla-
tion; values greater than 1.0 indicate the degree of
acceleration of decarbamylation.

Compound

Effect on

decarbamy-

lotion

Concentration (ak’,/k’,)

N1tCl
M

0.1 3.9

MgCI, 0.04 6.0
NaC1 + TEA 0.1 + 5.10 X 10� 3.9
MgCl2 + TEA 0.04 + 25.5 X 10� 5.0

4-fold. If organic and inorganic cations

compete for the same sites on acetylcholin-
esterase, possibly the free anionic site on

the carbamyl-enzyme, the simultaneous
addition of TEA and NaC1 (at saturating
concentrations) to the dimcthylcarbamyl-
aeetylcholinesterase should produce accel-
ci’ation of decarbamylation equal to their
individual accelerations. This is what has
been observed ; a mixture of NaC1 and TEA

causes a 4-fold acceleration of decar-
1)amylation (Fig. 2 and Table 3) . MgC12
accelerates decarbamylation about 6-fold,

whereas TEA accelerates it only 4-fold. If
there is competition for a negative site on

the carbamyl-enzyme, the simultaneous

addition of both TEA and MgCl2 to
the dimethylcarbamylacetylcholinesterase
should cause an acceleration intermediate

between their individual accelerations.
Again, this was the case, a mixture of

MgCl2 and TEA causing a 5-fold acceler-
ation (Fig. 2 and Table 3). Thus, if the
effect of TEA on decarbarnylation was

studied with respect to a control in the
presence of MgCI2, it would he concluded

that TEA inhibits decarbamylation,
whereas it has been shown in the present

study that TEA accelerates decarbamy-
lotion. Similar effects on deaeetylation were

obtained with mixtures of organic and in-
organic cations, and a similar scheme is
now proposed:

EIS’�= �ES’�= �EMS’

I ak’, � k’, � bk’3
E+I+P E+P E+M+P

where ES’ is the carbamylated enzyme,

EMS’ is the carbamyl-enzyme-rnetal ion

complex,’ and EIS’ is the carbamyl-enzyme-

organic cation complex. EIS’ and EMS’

are decarbamylated, respectively, at a and!

b times the rate of decarbamylation of
ES’. The inhibition of decarbamylation by

TMA found by Wilson and Alexander (7)
in the presence of inorganic ions can be cx-
plained by this scheme, since TMA, which
does not itself accelerate decarbamylation,
will compete with Na� and Mg�� for the
carbamyl-enzyme and so reduce their ac-

celerating effect.
In summary, the effects of cationic corn-

pounds on the rates of decarbamylation
and deacetylation exhibited both similari-

ties and differences, depending upon the
structure of the cation. Thus tetraalkyl-
animonium cornl)ounds of the size of TEA
or smaller, spiran quaternary ammonium
compounds with 5- or 6-membered rings,
and inorganic ions have similar effects on

the two reactions. Inorganic ions (NaCl
and MgCl2) and some of the quaternary
ammonium compounds accelerate the rate

of decarbamylation. A high degree of struc-
tural specificity is exhibited among the

spirari quaternary ammonium compounds
with respect to their ability to accelerate

decarbamylation, as was found with de-
acetylation . Larger quaternary ammonium
compounds, such as TPA and TBA, and
quaternary ammonium compounds having
nucleophilic groups show considerable dif-

The formation of complex EMS’ is inferred

fro.m evidence that metal ions reduce the affinity

of acetylcholinesterase for acetylcholine (15, 16)

and for cationic inhibitors (17, 18), presumably

because of competition between organic and in-

organic cations for the anionic site on the free

enzyme. By analogy, it is likely that organic and

inorganic cations will also compete for the free

anionic site on the carbamylated enzyme.
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ferences in their effects on the two ic-

actions. Organic and inorganic cations

compete for the dimethylcarbamylacetyl-

cholinesterase, and the presence of inor-
ganic ions can mask the effect of the
quaternary ammonium compounds being
studied.
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