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SUMMARY

Time effect of thmree tetraalkylamnmonmium conimpoimmuds on time imycinolysis of pimcnylacctate

by acetylcholimmestcm-asc at. low iommic stm-cngtin imas been exammuinued. Tetr-aetlmylammmnmomuiumm

iodide is shown to increase nonucompetitively time numaximunmu velocity of hydrolysis, prob-

ably by accelerating the rate-limmuiting deacetylation step of time iuydnolysis. Tetramethyl-
ammonium iodide acts as a purely competitive inhibitor, wimile tetra-n-propylammonuiunnmm

iodide decreases the maximum velocity, probably by blocking deacetylation. The effects

of MgCl2 amud NaC1 on pimenylacetate imydrolysis imave been stuidicci, and a competition
between on-ganic and inorganuic catiomus for the aniommic site of acetyhated acetylcimolinester-

ase proposed.

INTRODUCTION

Roufogalis and Thonmas ( 1 ) reported timat
some quaternar-y ammonium compounds

potentiated the rate of hydrolysis of acetyl-
cimohine by acetylcimolinesterase, and that

this occun-red above optinumunum substrate con-
centrations. When the medium contained
NaCi (0.1 M) anmd MgCl2 (0.04 r�m) , this

accelerated rate of imydrolysis was less timan
that of the optimmuum rate in the absemmce of

time quater-nary amuumoniurn compounds.

However, at ionic strengtlms of 0.01 or less

the optimum rate of huydm-olysis was greaten
than that of the optimum rate of time con-
trol. A suggestion w’hicim arose from timese

results was that at low ionic strengtim of time

medium, conmpounnmds sumch as tetraetiuylammi-
moniurm (TEA) potentiated time acetyicimo-

linesterase by accelerating time deacetyla-
tion step mu time imydr-olysis as well as by

competing witim excess acetyleholine for the
acetylated enzynuue. In omdcr to obtaimu numore

direct evidence timat time deacctylatiomm step
can be accelerated by t.etractiuvlanuunmomuiunmuu

and other organmic and inom-ganic cationus, time

effect of a rmunmber of timese cations on time
hydrolysis of phenylacetatc by acetylclmo-

linesterase imas nmow been studied. Time
choice of subst n-mute was governmed by time

following considen-ationus: (a) time nutte-

clctcrnumining step in time hyclrolysis of pimen-
ylacetate is, like acetylcimohine, the deace-

tylation step (2) ; (b) phenylacetate is not.
subject to inhuibitiomu by excess sunbstrate

and commsequemmtly, unlike acctylchohinme, its

kinetics can be cormveniently stu(lied at low
ionic strengtiu over a range of relatively
imigh substrate concentr-ations ; (c) l)imemu�’l-

acetate, being neuntral, does nuot enmten into

coulombic interaction witim time aimiommie site

of acetylcimolinest.ei-asc and consequemutly
does not compete with cationis for this site;

anud (d) pimenylacetate does not contrihunte
to the iommic stremmgtim of time me(iiunnm.

MATERIALS AND METHODS

Arm aumtomumatic titrimumetm-ic mumet hmod of ammal-
ysis was used, essenmtially as h)revioumsly
described (3). Time requnired quiammtities of
phenylacetatc (a solumtiomm of 0.5 M fresimly

1)repared in reclistilled nuetimamuol) nuethmammol
(to a final conucemmtration of I % by vohmnmme)

and compound beimmg studied were mumade up

to 19.0 nil witim glass-distilled watem- mm mu
jacketed glass vessel maimmtaimmecl at 37#{176}.
Nitrogen was fiusimed thm-ouglm timis solumtiomu
for 2.5 mm. A portionu of a solution of
pumn-ifiecl bovinme er-ytimroeyte acetylcimolines-
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tenase (Nurtritionmal Biocimerimicals Compora-
tion ; l)nepamedl mm glass-distilled w-atel- as a

0.3 numg/nml solumtionm minueT kept at 4#{176})was

kept at 37#{176}for 5 mimm. Timis solution was

added to tine n-eaction vessel via a 1-mumi

Pil)ette, amid the titrator was started. The
meactionms weme camm-ied out at either iH 7.4

±0.1 or l)H 8.4±0.1. At low’ ionic
strelmgtim time value of time pH of a solution
as indicated by a mmietei was foumuci to be

inmflueimcecl by stim-ring of tine solutiomu. The

obsem-ved value of a stirred solution was
lower than time value of time sammue solution
wimen time stimm-cr was switeimedi off. Simmee time
neactionm solutions were stirred during the
course of time experimmient�, time 1)11 stat was

set at a pH value timat was founmcl to be
equivalemut to p11 7.4 or p1-I 8.4 mm time unu-

stirred solumtiomu anmd time actunal pH of the
reaction nmmixtun-e was nea(I at tine end of

eachu ruin onu the cessation of stirning. Non-
enzymatic rates of imydrolysis were deter-
mmmcd at �‘anious ionic stn-enmgtims and at time

two 1)11 values, an(l time necessamy eomree-
tions wene nmuade to time results.

Phemmylacetate (Bn-itishn Drug I-louses) was
redistillecl before use. Tine followiimg com-

poumuds ��‘crc lnSe(l tt5 receivedi : tetmammmetimyl-
amnmomuiummm iodhide amm(1 t etna- in -� )m-opylanm-

monium iodide (Bn-itish T)nurg Houses) , aimd

tetraethylanmmmmoimiunu iodide (Hopkins and
WTilliarns) - Sodiunmm chloride ( Bn-itislm Drug

I-louses) anmd numagnmcsiunmm cimiomide (By-

Products and Cimemicals Pty. Ltd.) were

botim of analytical reagent grade.
Estimation of kinetic pai-ameters. Values

of K,,,)11), U, V0 andl the stammdarcl eri-oms of

timese were estimumate(1 by time \Veigimtcdl sta-
tistical analysis (lescrihed by Wilkinson
(4). A KDF 9 conmmputem was used for the

analysis of time n-esults.
Time probable er-mom- mm thud ratio of V/V0

was estimated fm-onm time formula (ref. 5)

I I� Vtmam
P = ± + 10-

when-c a and b are time stan(lan-d em-rons of V0

and V m-espcctiveiy.

RESULTS AND DISCUSSION

Time imydrolysis of acetyl esters by acetyl-
ehohinest.erase is consi(Iemedl to proceed in

timree stages (mef. 6):

k2 ki

1 + �‘- E - S -* EA -* E + acid

wimere E is time free emmzyme, S is time sub-
strate, E - S is time Mieimaehis complex, and

EA the acctylated enzynme. It has been

simown timat such a tiumee-step mechanism

follows Micimaclis-Menten kinetics (7) as
simown in Eq. 1:

- _______________________

- 181+ Ru(app)

(I

wimere v is initial velocity of pm-odumct formna-
tion, k(cat) the overall catalysis rate is

equal to (k2k3)/(k2 + k3) and Krn�ipp

(K5k3)/(k2 + k3) (K� is the equilibrium

constant for Micimaelis comumplex formation).

Equation 1 can he m-eairammge(1 into time form

of Eq. 2

V = 1� - ‘�(tPn) (�i) (2)

wimere -I�() :::: k((.at) [E01 and is time maxiimiummm

velocity in time absence of imuimibitors or
accelerators. Fi-onmm Eq. 2 it can be seen tlmat

a plot of v agaimmst v/IS] gives a straight
line wimich has a slope of �Itm(app) and the
y intercept is � Timis is time plot dune to

Eadic (8) . In time presenmce of accelerators
01 inimibitors time y intercept gives U, the
maximummu velocity in time presence of tiuesc

compounds. \\Timen 1” is greater timan V0

there is mmoncompet-itivc acceleration, ammd
wimerm T� is less timan V� there is noncomimpeti-

tive immimibitiomm. Wimen T-T= V�, the kinetics
arc purely competitive. Since time hydrolysis

of pimenylacetate is ratc-himmmited by deacet-
ylation (i.e., k2 > k3) and since a cationic

compound canu m-cact with botim the free en-
zyme, E, ammcl the acetylated enzynuc, EA

(9), amm increase or decrease of V witim me-

spect to V0 will probably be related to an

effect on time deacetylation step of the
iuydm-olysis sequemmce (2).

In Fig. I time effect of tiurce tetraalkyl-

arimmommiurmm iodides is simown in media of
iomuic strengtim less timan 0.005 and pH 8.4.
In time presence of tetraethylammonium

iodide (TEA) time imydrolysis of pimenyl-
acetate proceeds witim a maximum velocity
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1’ia. 1 . Effect of TMA, TEA, and TPA on

phenylacetate hydrolysis at p1! S.4 ± 0.1 and

ionic strength !ess than 0.005

Time control curve is the conmmpositc of five

separate determinations. Time values of V/[S1 for

TMA and TPA have been dotrblcd to avoidl

crowding of the (hagranm. V, for the control curve

has been arbitrarily set at 10.00, and represents a

maximum hydrolysis rate of approximately 40

�M/min. Batch 1 acetylcimolinesterase was used

(see text). S #{149}TMA, 1.12 x 103M; O-O
TEA, 1.12 X 10� i�i ; E-E� TPA, 2.21 x 10’ r�n.

approximately twice that of time control.
Under timese conditions TEA inimibits phen-

ylacetate hydrolysis but does so with a
nonconnpetitive component of acceleration.

In time presence of tetrametimylanmmmonuium
iodide (TMA) time maximumum velocity does

not differ significantly fronm timat of time
control. Under these conditiorus TMA is

thus a purely conupetitivc inhibitor of
pimemmylacetate hydrolysis. In time presence

of tetra-n-propylamimmonuium iodide (TPA)
the maximum velocity is lower timan timat of
the control. TPA is timus a partially muon-
competitive inhibitor of piuenylacctate Imy-

drolysis. Time tetraalkylammumoniumnm com-
pounds have beemu studied at a nuummmmhcrof

different concentr-atiomus. Timese n-esuits are
summarized in Table 1.

It has been simown (10, 11) t.hat acetyl-

cholinesterase is polydisperse at ionic
strengths of less thuan 0.003, amid as the

ionic strength is increased it beconmes more
homogeneous. Time acceleration nmow ob-
served with TEA cannot be due to a non-

specific ionic strengtim effect because botim

TMA and TPA at similar ionic strenugt.hs
to that used witim TEA simow completely

TABLE 1

The effect of TMA, TEA, and 7’PA on the

fliriximu7n re!ocily of hydrolysis of

pheny!acetate at pH 7.4 and 8.4

am! ionic strength less

than 0.001

V/1’� gives time ratio of time nimaxinmirm velocity in
lie presence of conmmpoummd (1) to tinat in its absence

(U,) and time probable error associated with this

ratio.

Conmm-

pOUfl(l

Conmcenm-
tration

X 10� M

I ‘I 1�o

1)H 7.4 1)11 8.4

TMA 1.12
2.24

4.48

1.3() ± 0.08
1 24 ± 0.0(1

1.26±0.11

1.02 ± 0.15
1 .05 ± 0.29

-

TEA 0.51
1.12

4.48

1.94 ± 0.34

2.00±0.19

150 ± 0.41

-

2.21 ±0.48

1.68 ± 0.37
TPA 0.00221

0.0111

-

-

0.62 ± 0.03

0.43 ± 0.02

different effects. Anu even nmmore striking
structumm-al specificity anmong spiranm quater-
nuary ammoniumm conripounuds imas been re-

ported in a previous conmumunication ( 1).

Krupka (12) imas simownu timat at. pH 5.0

hydrolysis of acetylcimolinne is accelerated

by TEA jim a manner sinmuilar to time effect
of TEA on pimenylacetate hydrolysis now
reported. Timis was explained in ternmus of a
protection by TEA againmst protonmation of

an essential groump of pK - 62 in time vicinu-

ity of time anionmic site.

Kinetic studies omm time imydrolysis of
piuenmylacetate at low iommic strength Imave

now been nma(le mit pH 8.4 ammcl 7.4. A group
of pK - 6.2 will be protonmated to time cx-

temut of only 0.6% at pH 8.4 and 6% at pH
7.4, and consequently it is mnnuhikely that
protectiorm of sucim a group against protona-
tion coumid i)e time nmmcciuanisnmu of aceelen-ation
by TEA at thmesc imigher pH values. Table 1
shows that time effects of tetraalkylanu-

monium conmmpounmds ar-c essentially time

same at PH 7.4 ammd pH 8.4.

Time nesults obtaimued lucre at low ionic
stremmgthm differ quite nmarkedly fronu the

results oi)tainued by other- workers in nuedhia
containing relatively imigim concenutrationms of

immorganic ions. Time effect of tetraalkyl-
amnuonmium conmmpounmmds orm acetylcholine hy-
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drolysis at i)H 7.4 and 26#{176}lmtus been studied

by Knupka ( 13) in a mmmediumnm conutaimming

NaCl (0.1 �t) amid MgCl2 (0.04 �m) . Time re-

suits obtaimmed unmdem- these commdit.ions mdi-

cated timat TIXIA inimil)its time deaeetvlatiomu

step of time imydnolysis quite stnonglv, TEA
immimibits time deacetylatiorm, but onmly weakly,

and TPA inhibits time (Ieacetvlatiorm almost

completely. Inu on-der to obtaimm sonmme in-
sigiut into time n-easons lou- time diffem-ences

obtained betweenu time rcsumlts of Krupka at
imigh iommic stmeimgth and those ieponted lucre

at low ionic stm-ermgthm time effects of NaC1

and NIgCl2 oru acetylchmolirmester-ase hydrol-
ysis of �imemmylacctate have b)eemm exanmmilmedl.

The mesults are simownm as Eadic plots mm
Fig. 2. It can be seen fronmm these i)lotS tlmat

in the prcsemmce of Na� andi INIg-� time iuy-

drolysis of pimemmylacetate l)moceeds with a

maximumm velocity (T7) that is gm-eater thamu
timat of time contn-ol imydrolysis mm their- ab-
sence. Furtimermmmom-c, this accelem-ationu is not
simumply dlepenm(lenmt omm iomuic stn-emmgtlm, bunt to

some extemut on time natumne of time cation.
MgCl2 at arm ionmic strength of 0.12 ac-
celerates time luydm-olysis to a greater (legree

thanu does NaCl at- a sinumilar iommic strengtiu
(0.1 ). During time coumn-se of timis womk two

batcimes of acetyleimohimmesterase wen-e umsed.
Time two batcimes imad different appam-ent
Michnachis constanmts ammd wen-e accelerated

diffenently by time inon-ganic ions. Time com-

Fmc. 2. Effect of NaC1 and MgC1, on phenyl-

acetate /mydro!ysis at pH 7.4 ± 0.1

The control curve was obtained at an ionic

strengtim of less than 0.001 and is a composite of

seven sel)arate determinations. V0 for the control

curve imas been arbitrarily set at 10.00 and repre-

sents a maximimm hydrolysis rate of approximately

25 �M/nmin. Batcim 1 acetylcholinesterase was used

(see text). O�Q MgCl2, 0.04 M ; #{149}-�

MgC12, 0.10 M; E1-E1 NaCl, 0.04 M; N-I
NaCl, 0.10 �n.

pamative order- of acceleration by NaCl and

MgCl2 was, Imowever, the same. The ac-
celeration by TEA, usimug the two batches,

was quantitatively time same. These results

am-c summmnumar-ized in Table 2.
Botim organic and inon-ganmic cations are

likely to compete for the same sites on

TABLE 2

‘1�/ie effect of Va(’l �mmm(1.lJq(’l2 #{176}‘� the maximum velocity of pheny!acetate hydrolysis at pH 7.4 and 8.4

V/I-1, gives the ratio of the mmmaximnumn velocity in the presenmce of the inorganic ions (U) to timat of a control

�it jommic strength less than 0.001 (I�, amid the probable error associated with timis ratio. The apparent

Micimaehs constants (K,�,00�) and their standard errors are given. Two batches (1 and 2) of acetylcholimmes-

terase have i)een used (see text

Conmpotnrmd

(‘onicen-

tratiomi

un rll

J\m(app))X 10� M V/i,

Batch 1 Batch 2 Batch 1 Batch 2

Contnol -� 7.4

8.4
1.24 ± 0.24a

1.18 ± 0.1P

0.73 ± 0.12#{176}

- - -

NaCl 004

0.10

0.10

7.4

7.4

8.4

106 ± 0.05
1.13 ± 0.11
1.61 ± 0.26

1.41 ± 0.09
-

-

1.51 ± 0.04

1.60 ± 0.06

1.37 ± 0.12

2.53 ± 0.06
-

-

\lgCl2 0.04

0.10

0.04

7.4
7.4

8.4

1 P) ± 0.08
0.95 ± 0.04

1.84 ± 0.31

1.45 ± 0.08
-

-

2.04 ± 0.13

1.90 ± 0.12

1.73 ± 0.15

331 ± 0.11
-

Standard deviations obtained from (a 7, (b) 5, (c) 9 determinations.



ACETYLCHOLINESTERASE ACTIVITY AT LOW IONIC STRENGTH 185

Mo!. Pharmaco!. 4, 181-186 (1968)

acetylcimolinesterase, presumably for the
anionic site. Timere is evidemuce that the

addition of inorganic cations to time mediumm
decreases the affinity of acetylchmolinester-
muse for acetylcimoline (14, 15) and for ca-

tionic inhibitors (16, 17), and this is pre-

sumably due to competitionu between the

organic and inorganic cations for time
anionic site in the fm-ce enzyme (18). By
analogy, it is likely that thmeme will be com-

petition between organic and inorganic ca-
tions for the free anionic site in time
acetylated enzynme. This can be illustrated

in the following scimeme:

EAT -� 1�A -± EAM

J.ak,

E+A +1
jli,

E+ A
.1.bl�,

E+A+M

where time hydrolysis of EA, time acetylated

enzyme, is rate-linmiting [as is time case in

phenylacetate imydrolysis (2) } , EAT is time
organic cation-acetylated en zyme complex,
and EAM is time mmmetal-acetvlated enzyme
complex. EAT and EAM umnden-go deacetyl-

ation at a and b times timat of EA, mesl)ec-
tively. If there is competitionm between I
and M for EA timen time effect of M onm time

maximum velocity of hmydhnolysis will be
influenced by time presence anudi nmatumm-e of I.

This point. is illustrated in Figs. 3 anmd 4.
As shown in Fig. 3, time maximum velocity

of hydrolysis in time presence of NaCi (0.04

M) and TMA is lower thamu thmat of time

maximum velocity mm time presenmcc of NaCI
alone. Presumably TMA, w-imiciu does not
accelerate deacetylation (TT/V0 � 1) corn-
petes with the Na� whicim dloes accelem-ate

deacetylation (V/V � 2.5) mUlti 50 n-educes
its effect. Time maxinmmummmmvelocity of hy-
drolysis in the pn-cscnce of NaC1 (0.04 �si)

and TEA is greater thuan thuat of time nmaxi-

mum velocity in time presence of NaC1
alone. TEA acceler-ates deacetvlationm to

approximately time sammme extent as Na�. As

shown in Fig. 4, time nuaximunm velocity of

hydrolysis in the presence of MgCl2 (0.04
M) and TEA is lower timan time maximum
velocity in the presence of MgCl2 alone.
Presumably TEA, which is a weaker ac-

celerator than MgCl2 (V/V0 = 2 and 3.3,
respectively) competes witim Mg� for the
anionic site of EA and so reduces its ac-

0 2 4 6 8 0 2 4
VJfSI X no�

Fic. 3. Effect of TMA and TEA on phenyl-

acetate hydrolysis in time presence of NaCl 0.04 M,

/)iI 7.4 ± 0.1

Time control curve was obtained at ionic

strength less timan 0.001 and is a composite of nine

separate determinations. Vo for control curve has

been arbitrarily set at 10.00 and represents a

maxinmum imvdrolysis rate of approximately 20 �rsmf

mm. Batch 2 acetylcholincsterase was used (see

text). 0-0 NaC1, 0.04 �‘ ; #{149}S NaC1
0.04 us, + TEA 1.12 x 10’ r�r. fl-E NaCl
0.04 �n + TMA 1.12 X 10-s M.

celeratinug effect. These results are similar

to results obtainmed by Krupka (13) , who
Imas siuown timat mm time lresence of a mmuixture

of NaCl (0.1 M) anmd i\IgCl� (0.04 M) TEA

slightly decreased the maximunm velocity

of acetyleholinc Imydrolysis and TMA
decreased the maximum velocity quite
strongly.

The commclusion to be din-awn frormu timcsc

results is timat time observable effect of tet-ra-

alkylammmnmmonium ions on imydrolysis of
pimenylacetate by acetylcimohinmesten-ase (he-

pends on the mmmedhiumnumuscdl for time study.
Time true effect of timese compounds is imrob-

ably observed wiuen time reaction medium
containus no added inorganic ions. Under

these conditions TMA inimibits the hydrol-
ysis of pimenylacetate in a purely competi-
tive nuanner, TEA inhibits time iuydroiysis

witim a noncompetitive acceleration com-
ponent, and TPA inimibits time hydrolysis
witim a noncompetitive inmimibition conupo-
nemmt. Time effect of these compounmdls in a
nuedium containing added inom-gamuic ions is
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Fic. 4. Effect of TEA on phcny!acctate hy-

drolysis in the presence of MgC12 (0.04 rsm), p11

74 ± 0.!

The control curve was obtained at an ionic

strength of less thanm 0.001 and is a composite of

nine separate determinations. V, for the control

curve has been arbitrarily set at 10.00, and repre-

sents a maximum hydrolysis rate of approximately

20 �LM/min. Batch 2 acetvlcholinesterase was used

(see text). (TJ-Q MgCl2, 0.04 �n; #{149}#{149}
MgCl, 0.04 � + TEA 3.36 x 10� �m.

only a relative oume and is influmenced by time
nature of the inorganic cation pn-esent. An

equilibi-ium is estabhislued, anmd time organic

and inorganic cations commmpete for the
anionic site of time acetylated enzymmme.
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