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SUM MARY

Time imihibitory effect of bisquatermmary compounds on erytbmrocyte membrane-bouimd

micetylcholiumestermuse (acetylcimolimie mucetyl-hmydrolase, EC 3 . 1 . 1 . 7) i�’as investigated by

kimietic methods. Time membranes were obtained by osmotic hmemolysis of humami erythmro-
cytes. A special pimotometric metlmod ivtts used for nieasurememmts, �vhicim made it possible to
record the enzyme reactiomi in time steady-state pimase. 1mmcontrast to former investigations,

mi �vimicim the retictiomi medium contmuined Xa� amid )dg?+ iomms mit rather higim comicemmtratioims,
these ionms were omitted mi time present experimemmts.

Kimietic aumabysis of time results yielded time followimig types of immhibitory mecimtunisms: d-

I ubocurariume tumid gallamine, partially competitive-partially umommcompetitive ; succimmybbis-

cholimme, j)mirtimully competitive-mmonconmpetitive (‘ ‘ mixed immimibitioum”) . Time umoncompetitive
j)ortiomm of time mecimammism of all compounids immvestigated is immterpreted imi the following way.

d-Tubocurarimme, gallamine, amid succimmyibiscimolimme tire boumid to musite distimmct from time ac-

tive site of acetyicholinesterase. Timis site, called time “regulatory site,” does not show cata- #{149}
lytic tuctivity and contmuiims at least two negative chmurges. Time presemice of mmommcompetitive

iumimibitiomi suggests that time bindimig of these effectors to time regulatory site must be corn-
bimmed with a commformatiommtul chmammge, w’imicim affects time emmzynme reactioum rmtte mmegatively in
time case of d-tubocurarimme, gtullamine, amid succimmylbiscimolimme. Time pimeumomemmomi of substrate
cotmcemmtratioum-dependemmt activatioum timid immimibitiomm, whicim is observed witim t lie effector

pemmt tumetimommiunm, is explicable ommly if time existemice of mutermmary emmzynme-substrate-inlmibitor
(ES!) complex is accepted. This metuns that time remuction mechammisni is expected to be par-
timilly mmommcompetitive immthis case too, timid conmsequemmtly peumttimetimommium has to be desig-
mmmuted tis an albosteric effector. Time regulmttory site, whose existemmce is proved by the pres-
ence of the nommcompetitive part of time reactiomi nmechammism, could be idemitical wit-u time
cimolimmergic receptor definmed by pimarnmtucologictml experimemmts.

INTRODUCTION tlmtut (livalent catioums sucim as Mg2� amid Cai+

Time structure and catalytic properties of have prommoummced inhibitory or activatimmg
isolated acetvlcimolinesterase (acet vlcimoiine effects omm acetylcholmnest erase activity, de-
acetvl-imvdrolase, EC 3. 1. 1 .7) vary dra- pemidmng omi time substrate concentratiomi.

m itmc’ull� with ionic strengtim [cf Changeux Commseciuenth, an aimal� tmc ml kinetic treat
(1)1. Some time earlier Wolf (2) had show-n ment of timis enzyme reaction has to comisider

the effect of these momis. For example, it is
1 Present address, Zentralimistitut f#{252}rBiochemie possible timat in time presence of sufficiently

umid Biophysik, Freie Universitiit Berlin, 1 Berlin high Mg2� concentrations kinetic behavior
33, Armiimallee 22, Germany. nitty be simulated that obscures the real
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properties of time emizyme. 1mm mammy ctuses
cations (especially Mg2�) affect time kimmetic
properties of regulatory enzymes in much time
same ways as do time organic effectors fef.

Atkimisomi (3)J. It simould be noted that in
previous experimemmts time reactiomi medium

usually contmuined Xa+ tumid Mgi+ ions [e.g.,

Krupka (4)1.
In additiomi, mm most experimemmts time comm-

centratiomi rammge of substrate amid effector
imas been too mmarrow. This might explain
w’imy former imivestigators were able to de-

scribe time kinetic behtuvior of acetylcimolin-

estermuse by ordimmarv or sbigimtly modified
p Micimaelis-Memiten (5) kinetics. It’or time

maj omit y of emmzymes, imowever, Miclmtuelis-
Mentemi or Briggs-Haldanme kinetics (6) is
inadequate. Therefore time computed con-
stamits are oft-eu “apparemit” timid their

mmumerical values have no simple immterprettt-
tiomi, tumid Imence are of little value ium deduc-
immg molecular mecimanisms [cf. Potts timid

Morales (7)).
\Vitlm respect to these commsidertutiomms timid

i�’itii time aini of obttuiimimig furtimer immsigimt immto

the kimietic properties of acetylcimolimmester-
ase, w’e immuve imivestigated time curare-like
compoummds, I)emmtametimommium tuml(l tetrtu-

� metimybanimnonium iodide, by steady-sttmte

kimmetics, omittimmg time commvemmtiommtul muddi-

tions of Nti+ timid MgI+ amid measurimig time
reactiomi rate over a wide commcentrmition
ramige of substrate ami(l effector. )�Ioreover,

care i�’mis takemi to emisure timat all nmeasure-
ments were carried out witimirm time steady-
state pimmuse of time remiction.

MATERIALS AN!) METHOI)S

Hunmaum em’ytimrocyt e ghost s were preptired

accordimig to time method of Dodge ci a!. (8).

Salts were removed by repetit ed dialysis

� againmst 100 volumes of 50 m�n Tris imvdro-

chloride, pH 7.8, amid fimiaily agaimmst twice-

redisti lied water. Subsequemmt iy time ghost-s

were ivopimilized. Time specific activity of

batch I was 0.25 ummit/nmg of dry nmmiterimml,

mind tlmtit of btitcim II wits 0.4$ umiit/mg of
dry material.2 Time differemmce betweemm time

2 Omie umiit is defined t’’Emizyrne Non�enclat tire:

Hecomnmendat iomms (1964) of the Imit ernat ional

Union of Biochemist rv,’’ Elsevier, Anisterdami as

two batcimes is due to time use of differeimt pH

vmtbues during time preptiratiomi (bmttcim I, pH
7.4; batch II, j)H 7.8). Time dried gimosts coim-
tamed time followimmg mimoummts of iomms, esti-

mmuted by fitume I)imOtoflietr� : sodium =

0.013 % of dry materitul ; I)ottissium

� 0.01 9 ; magnesium � 0.02 #{182}�; cmuicium

� 0.07%; iromi � 0.008� (±20�).
Chemicals. Pimemmol red amid Tris (2-amino-

2-imydroxvmethyl-1 , 3-propandiob) (Merck,
Germammv) ; acetylcimoline iodide, pemmta-
met imommiunm , succimmvlbiscimolimme dicim bide,
t et ranmet im�’lammommium iodide, amid decti-

metimommium (F�1uka, Switzerlammd) ; (/-tubo-
cumarine chloride (Scimucimardt, Germmunmy);
gallamimme triethiodide (K & K Laboratories,

U. S. A.). Time wmit-er ivtis twice redistilled imi
ti (1umtrtz mil)pturatus.

Assay fllethO(l. The reactiomi rate �vui��
metusure(l by a pimotometric method muccord-

iimg to (;regoire ci a!. (9) witim time following
modificatiola4. Time test solutiomm commtainmed
time folbowimmg iii a fimmal volume of 10.0 ml:
0.8 mii Tris imydrocimboride buffer, 52 �tg of

l)iieliol red, tumid 0.8 mg of emizyme prepara-
t iomi. Subst rat e concentrat ions were varied
from 0.02 to 10 m�i. The effector commcemmtra-
tiomms are indicated in time figure legemmds. Time
iommic stremigtim used imi timose experimemmts
�vimose results were submitted to kimmetic

interpretation was betweemi 0.0002 amid 0.002.

All conmpomments were dissolved in twice-
re(listiiled u�’mtter. After time middition of sub-

strtite, time remtctiomm wmts followed at 546 mini

ommlv wit-imimm time immitiab pimtmse of zero reactioim

order, usimmg tin Eppemidorf pimotometer com-

bimmed �vitim a recorder. In order to nmmiimmtain

time tempermiture at 30#{176},time cuvette imobder

� t�o�miie�ted wit.lm mi timernmostat.

RESULTS ANI) i)ISCUSSION

Kinmetic ammalvsis of time stemmdv state is

based on a reaction scimeme proposed by

various investigators, incbudimmg Botts (10),

Bolts tumid Morales (7), Ltuidler (11), ammd

Oimlenbuscim (12).

t hat anmoumit which will cattilvze the t rammsfornia-

tiomi of 1 �tnmoie of substrate per mimiute wider opti-

muni comiditiomis (imi the presemit case 30#{176},1)11 8.0,

4 HiM acetvlcholimie)
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fliis scheme amid time kimmetics derived from it

do miot include time subst-rtute immimibition

typical of micetylcimohimmest erase mmt Imigim sub-

si i’ttt e comicentratiomms.

Time Iernmimmologv used imm this �)a�)e� is
acconmmo(btuted to thmil of Webb (13). Time
synmbois tiI�e (lefimmed tis follows.

S

I

I

V = reactiomm rmite in 1)ieseimce
of ammv substrmite commcen-
tration amm(l absemmce of

inhibitor
1’ � = retmctiomm rtite imi lresemmce

of tmmmv sumbstrtite amid in-
imibitor coimcemmtrtmtion

I’,I,,,x = k9[E], = iimitimmg value of reac-
tiomi m�mtte at imifimute sub-
strate comicemitration imi

- absence of immimibitor
1’�,x = hmmiitimmg vmmh.ie of reac-

flout rmite tit immfimnte sub-

strtite commcemmtrmttion ammd

a givemm imihibit or commeen-

tratiomi

React ion rate equal ion Jar 13 = 0. 1rommm t hme

scimenme pi’esemited above, time foliowimmg

simmiplified expressiomm is derived, if �3 = 0.

T�

= K�,( 1 + [Il/K1) (1)

+ [51(1 + [I);aKj)

�vl i icli in time convemit iommal double-reciprocal

fornm beconmes

� i ( [I]

�j iuax � + aK1
(2)

Equation 2 is applied immtime case of succimmvl-

biscimolimme.

Reaction rate equation for 13 � 0, but not

in nc/i (/reater luau 1. Ironm time sammme sclmeme,

time followimmg complete equation is derived.

/�‘�1 + “2 -

= Am

�iK

= aK., =

= K = et1umilibriunm commstant of
time retuctiomi E + I El

= aI�, =

- _________ V,,,�xaK1[S1 + V,,,�1(13k2/k1)[5l + 131Tx,,ax[Sl[11

= K,,aK1 + K�(13k2/k1) + (13k21/k2[I] + aK1[S] + (13k2/k1)[Sl

+ K�,a[I] + K�,(/3k2k1 )[Il/K1 + (i3k�,’k1)[Il2/K1 + [SIfI)
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E = free enzyme
El, = total emmzvnme concentra-

tion

S = substrmute
P = retictiomm products

I = immimibitor
k = remiction rate commst ant

K C( 1uilibrium coimst ant

= i\lichtuelis commstamit

C( lui hibriuni commst ammt of
time reactiomi E + S

ES

equilibrium coimstammt of
time reactiomm El + S

ESI

et1uilibriunm coiistaimt of

time react-iou ES -f- I �±

ESI

3)

U

a = cimarmucterizes cimtummge in

coimstamits K8 timid K in-
duced by bimmdimmg of I

and 8, respectively, to E
13 = cimturticterizes ratio of rate

commst ammts of time reactiomms
ESI -� El + P timid

ES -� E + P

1mm (liscussimig time effects of time immimibitors
studied in time l)reSelmt immvestigatiomi it is

sufficiemmt to commsider 13 values bet w’eemm 0

timid 1, tumid 13 not much gretuter tlmamm 1. As-
sumimmg time presemmce of a complete equilib-

rium mimomig E, ES, El, tummd ESI, time follow’-

immg commditiomms must be realized: k2 �< k..�

k2 �< k1, 13k2 �< � amid �3k2 �< kli . Because
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Fw. 1. Activity-[SJ rurres for enzymatic hp-

drolysis of (lcCIyl(’hOline by aretyleholine.stera.s’e in

the presence of rariou.s ronren (rations of .s uccin p1-

bischoline

0-- �O, 0.5�imi; �---�, 1 �m; �- - --D, 2aM;

#{149}----#{149},5 /2M; � 10 ,�m; 7-7, control.

k2 �< k1’ thmemm13k2 �< k�’ if 13 is not much
greater timami 1 (see above).

On account of timese comisideratiomms Eq.

3 may be simplified to

ctiml be Use(1 for t ime t’st imimmit ioim of t hit’ K , timm(1
a vtuhues. 1’()m� time l)ixomi I)10t5, I’:(l. 2 iitis to

be trtmmmsfornmed immto tin’ fohlo�vimig (‘Xl)IessiOmi

+_i �
V,,,,,� \a l��l I K,

l’romn t lie I)ixon Plot t hit’ 11)11O\VitIg 1 i i iimti’m’
Cel)ts tii’e obtaimmed:

1mm (1 ) = �I ( � � K�) � �
[I1-..o c, I �iax

‘i’iie slope of time stm’aigiit limit’s is eXl)rt’sst’(l tis

(l�(��i2:i�) 1 (1 � K�’\ I ((fl

(l[Ij I’t,,:,x \a [SJ I K

‘l’iie l)bot of time l)ixomi I - u’ , immtercel)ts mis mu

fummctiomm of tIme reciprocal subst rmite comicemm-

traliomi letids to a straight limme, froni wimose

slope K,� amm(l 1 ‘max Ctt!i hi’ (‘stinmate(l ( l”ig. 7)

(l( 1mm ( l/l’i )“\

�\E�It:.O I = K,,, (10)

(!( I [51 ) I �

(4)

I I I

The shift of time optinmuni substrate comi-
centration to higher values in time lreseumce

of increased inimibitor concentrations char-

acterizes pimenomenologicalby the compet i-

tive part of the “mixed inhibitioim.” In
(�) contrast, the increase in 1 /Vm�5 values re-

sulting from t.he imicrease in inhibitor comm-
centrations imidicates time simultaneous pres-

ence of noncompetitive inhibition. The ex-
tremely low value of a = 6.9 empha.sizes
the preponderance of the noncompetitive

part of the succinyibisciioiine imihibition
((i) mechanism. Purely noncompetitive inimibi-

tion is characterized by K �‘ = K,, whiciu

Time imitercept of t his limme yields I ,,,�In the case 13 = 0, Eq. 4 is reduced to Eq. 1.
Mechanism of inimibitiomm by succinylbis-

choline. The results for time immimibitor succinyl-
biscimoline can be discussed employing Eq. 2.
In botim the Lineweaver-Burk (14) amid Dixon
(15) plots, timese results yield straight lines
(Figs. 4 amid 5).

From time Linew’emuver-Burk j)lot the fol-
low’ing 1/v intercepts are obtained:

(i\ 1 1 [11
him t-j=-�;---i1+---;;-
m.si-� \V1/ 1’ ,,,,,� ak1

In order to estimate 1 /V,,,ax tumid 1/aK

timese intercepts are plotted against [11

(Fig. 6). Time slope of time Lineweaver-Burk
lines

d(1/v1) - K,,, (i [11

(1(1/[S]) TI,,RX \ + K1
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C

E

I,’

=

IUftX \ l��”�l

(aKi + 13[Il’\ [SIV� = max � aK1 + [I] I (K8, + $k2k,III/aLkm) [(aK1 + a�IJ)/(aI� + [I])J -ri�i

fi\

1mm 1 1 =

11: \u’,/
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Fiu . 2. A etivi (!/E*S I curie’s for cnzijmalic Fm!/-

rlrolu�.si.s of a(’el!,lrholine bi� arelql(’holine.slerase in F’mn. 3. Ar1iriIy-[�S’1 rurr(-s for enzymatic hy-

(he pre.v’n � of curio us (()nren (rat s��n.s of il-i i,bo -

(urarine

(1�’�1!/51s o,f (iret!/l(�holi ni 1)y (irIIylrholine.s’terase in
the presence of V(lriOu.5 concentrations of gallanuine

0- - 0, 1 him; #{149}-- #{149},2 �m; 0 - 0, 5 i.’�i; comitrol; A -----A, 1 .iM; A ---A, 2

.-- -U, 10�mm; A -A, 2Oj�mm; A A, 100 tiM; /2mm; 0 0, 5 MM; #{149}-----�, 10 Mit; S -----D, 20

-�--- (omitrol. �iM; #{149}- --#{149}, 50 ,u�i.

mimemimis timttt a = 1 [“simimple mmoimconmpetitive TIme estimation of time mmmost- important
immhibitiomm” accordimmg to Laidler (16)1. commstmummts, a, 13, timid K1 , nma-v be shown

1mmtime emise of �)urely conipetitive imihibi- briefly. [For furtimer imifornimution concerning
tiomi (a = � ), time substrate timid immimibitor time additional constminmts timid mmcritical dis-
conuI)ete for time active site. 1mm contrast to cussiomm of time kimmetics applied to time prob-
this, t\V() bimmding sites for mucetyicimohine and hems of timis investigation, see Wombtucimer
succilmy lbiscimohimme tire required on account ( 1 7) .1
of time loiv value of a. Abtimough K1’ is not It is evidemit timat time equilibriuni con-
extictlv equal to K1 , time inimibition by sue- cent-ration of time ESI coniplex is compara-

eiumvlbiiclmolimie limes to be charmucterized as tively low iii time presemmce of low’ inhibitor
mmommcommmpetitive. amid imigim substrate comicentrations, so timat,

iIec/uauuisuui of inhibition by (1-tubocurarine especituily if 13 is very low, time contribut-iomm of
and qallainine. Time results of time succinvl- the ESI coniplex to emmzvmatic ciutaiysis can
biscimohimmu’ experinmemmts slmow straight hues be neglected. Timerefore, immthe Dixon plots,
Oh botim Limmem�’etuver-Burk amid l)ixon plots sectiomis of curves tire obtained that may be
( l”igs. 4 timid 5) wit-imimi the commcentration comisidered tupproximmiteiy mis straight lines.
rmimmge tested. 1mm addition, time Lineweaver- After extrapolation timey immtersect at one
Bark I)10t5 for (/-tubocurtirimie timi(l gallamnine poimmt with the coordimmtttes:

are limietur ( Figs. 8 timid 9) , wimeretus time Dixon
j)lOts (1”igs. 10 timmd 11) are mmommlimietur. As

slmowmm ill time following discussiomm, the effect

,,

( K -
\ ‘ V,,x( I 13,/a)

of time t\V() imulmibitors can be described by
assuming it pmirtitullv competitive tumid par-

tiallv noncompetitive mechanisni according
to Eq. 4. Figures 10 and 11 simow that the
values calculated by applyimig Eq. 4 are in

.

In the cmise of gallanimmie a K , value of 0.5

�.tM is obtaimmed (Fig. 12) ; time correspomiding

value for (l-tubocurarimme is 0.65 MM. Vmax

amid Km are deternmimmed usimmg time intercepts

agreenment witim time experimentmul values, of time Dixon plot, wimicim are plotted against
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FIG. 6. 1/v intercepts of Lineu’eaeer-Burk plo/for

succinylinseholine, plo//cd us (I function of inhibitor

concentration

REGULATION 01” ACE’rYmA ‘HOLINESTERASE AC’l’IVL’I’Y 559

Fu;. 4. Lineu’earer-Burk plot

The curves represent the foihowimig (oncemit rations of suc(imivlt)ischohimie: #{149}--�, 0.5 �t ; 0-0,

MM; A-A, 2MM; A-----A, 5MM; E-D, 1OMM.

FIG. 5. Dixon plot

The curves represent tIme followimmg comicemmtratiomis of the substrate acetyhclmolimie: �-E, 2() 1s�i;

r-ii, 4OMM; 0-0, 1(M) MM; #{149}-#{149},200MM; A-A, 400 �m; A-A, 1 m�i.

003-

0.02 �

L11
7�-1 543J � 2.5I2� �

71(5) M�

F’m ;. 7. 1 r in terre p/s of 1)ixon pioi for s urin !Jl-

bi.sr/iol,ne, plo//ed as u function of 1 [�S’J



1/[S]. From Fig. 13 a K,, value of 32 �t�m is
obt aimied.

Ti estimatiomm of a amid 13 is more difficult

timmimi time estimation of time Km and Vmax

vmtlues. Equatiomi 4 is trammsformed into

1 - 1 (1+[I1/aKi

t’� l”max \i + 13[I]/aK1

+ K,,, + ki/ki(13[II/aK1) (13)

(1 + [Il/K1 \ 1

�\1 + 13[I]/aK1) [5]

As time -�-- - free terni is identical witim time

intercepts of time Limmeweaver-Burk plot, it
may be w’ritten

1 - 1 (1+111/aK1

V�uax - � ,nax ‘%,,1 + 13[lI/a-Kj

T,,,� 1 + [li/aK1

V�nax - 1± 13[I]/aK1

Time terms a and 13 camm be calculated using

560 WOMIIACHEII AN!) WOLF
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FIG. 8. Lineweaver-Burk plot

The curves represemit the following commcentrations of d-tubocurarimie: #{149}-�, 1 MM; 0-0, 2 MM;

#{149}-#{149},SMM;0----0,IOUM;A -A,2OMM;L�---A,lOOMM.

FIG. 9. Lineweaver-Burk plot

The curves represemmt the following comicentration of gallarnine: � lpM; D-D, 2MM; �

SMM; Q-0, 1OMM; A-A, 2OMM; A-Lu, 50 MM.

and, further,

(14)

(15)

a

I
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0.03

0,02
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FIG. 10. Dixon plot

The curves represemit the followimig comicemitrations of the substrate acet-ylchohine: A-A, 20 MM;

#{149}-#{149}, 4OMM; -s, 100MM; � 200MM. The da.shed hues represemit the theoretical curves ac-

cordimig to Eq. 4.

FIG. 11. Dixon plot

Time curves represemmt the following concemmtratiomms of time substrate acetylchoiine: #{149}-�, 40 MM;

A-A, 100 MM; I1-�’], 200 MM; V---V, 400 /2�t; 0-0, 1 rn�. Time dashe(l Ii ties represemmt the the-

oretical curves according to Eq. 4.

Eq. 15, wimicim cimarmucterizes time dependemmce
on imihibitor concentratiomi of time ratio of time
maximum reactiomi rate in time absence amid

presemice of time imiimibitor. l’rom timis equa-

tion 13 can be elimimmated, as

1max 1
1mm �r =

1 !ntIX 13

For time determinatiomi of a, time first deriva-

tive of Eq. 15 is takemm.

(17)
- i r (la)-(13a)

- k:Lti+ (13a)([I]-K1)]2

Thus, time deternmination of a is I)osSible
16) usimmg time nmaxinmunm slope of Eq. 15:

(l( I II�X IX ) (1 - 13\ 1
1mm = I --- - ( 1”�)
‘m-’o dill K1 / a



0,09

0.07

005

00�

..-

0.03

a

05.�-6 � ,06 2.�rb (I) M SPO�

FIG. 12. Approximate linear portion of Dixon plot for gallamine
The curves represent the followimmg concentrations of the substrate acetylchohine:

0-0, 100 MM; � 200 pM.

I

I

L�-L�, 40 MM;

C

E

a02

0,07

0
�5.7Q� K7� - 7/(SJ M’ �

FIG. 13. 1/v intercep/s of Dixon plot for galla-
mine (Fig. 12), plot/ed as a function of 1/[Si

FIG. 14. V,,,81/V�,8� plotted as a function of in-

hibitor concentration (gallanuine)

This plot describes a graphical method for de-

termining the value of a ammd1� from the highest and
lowest slopes of the curve.
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Accordimmg to Fig. 14, in the case of galbamine,

a 16 and 13 0.42 ; the corresponding
values for (i-tubocurarmne are 7 and 0.22.

Finally, the question of the blocking of

omme reaction path, e.g., by steric hindrance
by the imihibitors d-tubocurarine and gal-
lamine, may be discussed. This possibility
arises not only because of the size of these
niolecules, but also because of the presence of
the [1j2 term imi time denominator of the reac-
tion rate equation (Eq. 4). This question
may be resolved on the basis of the follow-
ing consideration. 1mm the ca.se of steric
hindrance of enzymatic catalysis by the in-
hibitors d-tubocurarine and gahlamine, the
reaction rate would fail to zero in the pres-

ence of high inhibitor concentrations, since
all enzyme would be “trapped” in the form

of the El complex tumid w’ould be unable to
react wit-h substrate. However, experiments
show’ that high comicentrations of d-tubo-
curarimie and gallamimie yield a finite value
for time reactiomi rate, time limiting value

13V,,,8X. Hence it follow-s that there is no
blockage of a reaction path in the present
case.

Succinylbiscimoline as well as d-tubo-
curarine and gallamine show, in addition to

time competitive component, noncompetitive
inhibition. This noncompetitive part is

cimaracterized by a decrea.se in Vmsx, which
cannot be abolished by an increase in sub-
strate concentration. In view- of this indica-



TABLE 1

Summary of ki uue/ic constants

‘1

(Si H

}‘o;. 15. A r/ivi/ij-[�S runes for enz!/Pn(i/ir /1!,-

(lrolysis of (iret//Irholifle �‘!/ (lcclylcholinesteruse in

(he presence of various roncen/ru/ion.s of pen/u -

flue//ion iuuiut

S - --S. 0.05 nut; 0- - - 0, 0.1 unit; A - --A,
0.2nuim; 0- --0.0.Snwm; #{149}--- --s, I maim; A- ---A,

2 nut; ------7, commtrol.

tiomm of mmommcompetitive immimibition, the kinetic
beimtuvior ctimi be described ommly if mu ternary

ESI complex is accepted. In contrast to time

inhibition by succinvbbiscimohiime, thus ESI

complex participates in time enzymatic

catalysis, whicim is represented by time 13

values for d-tubocurarine amid gallamine

(see Table 1).

In /mibilion by oilier qualern ary nitrogen

COfli-/)OUflds. In time last- section quat-ermmary
compounds such as succimmybbiscimoline, d-

tubocurarine, and gahiamine were simown to

act as very poteumt immimibitors of acetylcimo-
linesterase. Consequently it is rather sur-
prisimig timat pent-ametimoniuni, likewise a

bisquaternary nitrogemi compound, not only
inhibits but also activates acetylcimolinester-

ase, depending omi the substrate concentra-
tion (see Fig. 15). In contrast, decamethon-
ium, a imomologous compound, immimibits very
powerfully over time tottul range of substrate
concentration (Fig. 16). The kimietic be-
havior of time effect-ors pemitametimonium,

decamethonium, amid tetramethylammonium
iodide (Fig. 17) canmiot be described by Eq.

4, which is ba.sed on an equilibrium analy-
sis. However, a consideratiomi should be dis-

cussed that may explain time transformation
from inhibition to activation and integrate
this beimavior into time kinetic picture of
acetylcholinesterase obt ained so far. Wolf

(2), investigating time effects of Mg2� and
CaI+ ions omi acetylcimolimmesterase, foummid
inhibition by t-imese iomms iii the presence of
low and activation in time presemmce of high

substrate comicent-ratioims.3 The dependemmce
of activation and inhibition omm substrate
concentratiomi, wimich is also observed in time

case of pentamethonium and, to a lesser
extent, with tetramethylammonium iodide,

This fact prompted us to omit Mg2� and CaI+

fronm our reactiomu nmedia.

can be expbaimmed in time following way. Time

basis of timis explanation is given by a timeo-
retical study of Laidher (11) concermmimmg

exact steady-state equations derived fronm a
gemmermul schenme, which is also used by us.

The general case of time action of atm effector
is given by an inequality, in w’hicim time reac-
tion rate in the presemmce of effector is coni-

pared w-ith time reactiomi rate in its mibsence.
After simplification amid the adoptiomm of our
termimmology, ui’e obtaimi, iii time case of tuctivti-

tion,

/3 > a+[S1/Km ( 19)

1 + [SI/Km

However, if time two sides are equal, there is
no net activatiomm evemi though the reaction
may proceed in part via the ternary enzynme
complex. If time left-hand side is greater than
time right-hammd one, tictivatiomi results; if
time left-hand side is smaller, immimibition

occurs. Furthermore, time inequality (Eq.
19) simows that timere mtuy even be a cimammge-

over from inimibition to activation, amid vice
versa, when time substrmmte comicemmtratiomm is
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Inhibitor

Succinylbischohine

d-Tubocurarine

Gallamine

K1 a (3

M11

0.75 6.9 0
0.65 7.0 0.22

0.50 16.0 0.42
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FIG. 16. Ac/ivi/y-[S] curves for enzymatic hy-

drolysis of acelyicholine by ac.etylcholinesterase in

the presence of various concentrations of decainetho-

fliuiflt
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FIG. 17. Activity-[Sl curves for enzymatic hy-

drolysis of acetyicholine by aeetylcholinesterase in

(he presence of various concentrations of tetraineth yl-

(lflh?flOfliiL rn iodide

AA, 1 mM; A--A, 2 mM; 0--0, 5

taM; S ----s, 10 muM, 7----7, comutrol.
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varied. Likew-ise it camm be seemm from this
inequality (Eq. 19) that time same degree of

activation or inhibition is given ommhy in the
case of a “simple noncompetitive” mccli-
anism (i.e., a = 1). Thus, variation of the
substrate concentration can cimange the
degree of activation or imihibition, and even a
transformation from activation to inhibi-

tiomi, or vice versa, is possible. This pime-
miomenon is as.sociated with the existence of

a ternary enzyme complex. However, if

“simple noncompetitive” inhibition is prey-

cut or 13 is equal to zero, this phenomemion

does not occur.
Time changeover froni inhibition to activa-

tion caused by the same effector w’hen the

substrate concentratioim is varied is impres-
sive in the ca.se of pentamethonium (Fig.
15). This may be a proof that in the case of

pentamethonium a ternary complex is also
formed, and consequently a noncompetitive
mechanism may be expected too. However, a
“simple noncompetitive” mechanism can be
excluded, since in this case the degree of

activation or inhibitiomi w-ould be the same
throughout the entire range of substrate con-
centration, and a transformation from in-
hibition to activation would not be possible.

Acetyich-olinesterase as an allosteric enzyme.

In the case of both noncompetitive amid the
mixed type of inhibition, it is evident that

the efi’ector molecules bind to sites distinct
from time active site. Thus the noncompeti-

tive component of time mechanism suggests

that time enzyme reaction proceeds by an
albosteric mecimanism. The occurrence of a

noncompetitive component in the median-
isms of all the inhibitors tested suggests that

cooperative effects between the active site
and an albosteric site, to be discussed below,
are also present in the case of acetylcholines-
tera.se. These cooperative effects may be due
to conformatiomiab change during the enzyme
action [see Kosimland amid Neet (18)].

In order to explain time kinetic behavior of

C� H acetybclmohinestera.se amid the effectors in-
vestigated, a “two-site” hypothesis is

offered. The existence of two ligaiid-binding
sites, i.e., one regulatory site in addition to

the familiar active site, is assumed. The

active site consists of an anionic site amid an

esteratic site, accordimig to well-kmmown
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models [cf. \\iisomi (19) arid Krupka and

Laidher (20)]. TIme regulatory site comitairms
at least two negative cimarges amid, imi con-

trust to the active site, posse&ses no catalytic
activity. It may be supposed that compouimds
w’imose nitrogen atoms are approximately 14
A apart bimid preferemitially to the miegative

cimarges of the regulatory site. This does not

mean that the negative charges imave a

“preformed” dist-amice of 14 A. In agreememmt
ivitim the “induced fit” theory (21-23), it is
supposed instead that time effector induces a
commformational cimange at time regulatory
site, i.e., that the positive charges of timese

compounds (d-tubocurarine, gablamine, sue-
cirmvlbischobine) fit the two negative charges

iii a suitable position. On the other imand, time
regulatory site should be able to induce a
corresponding commformational change immtime

effector. Umider these circumstances time
nommcompetitive inhibition observed witim
these compounds can be interpreted as ami
ahlosteric effect upon time catalytic center of
time acetyhcholinesterase molecule. The bimid-
imig of these compounds to the regulatory
site amid the associated conformational

change lead to a decrease in the catalytic

power of time active site, as shown by the

decrease in Vmax . Since a small competitive
component exists in addition to the nomi-

competitive main part of the mechanisms
(mixed inhibition), the question arises
wimether this competitive part of the inhibi-

tion can also be explained by allosteric
cooperation between time regulatory and the
active site. In this case these compounds
would have to be bound to the regulatory
site, not to the active site. The affinity of time
active site for time substrate is decreased a.s
a result of cooperative interaction betweemm
the regulatory site amid the active site. As
time miegative effect omi time substrate affinity
of time active site is explicable by a conforma-

tional change of time residues, w-imicim are
respommsible for time binding of substrate,
time observed increase of time Km value is
real.

However, competitive inhibitiomm, imi time
cias.sical sense of direct competition between

substrate and these compounds at time active

site, cammmmot be excluded. The existence of a

negative cimarge at time active site suggests

that all positively cimarged conipounds may
compete directly for time muctive site. 1mmthis
case time observed imicremuse imm time Km vmulue

would be only apparent.

Consequently time nommcompetitive com-
pomment of immimibitiomm by these compounds
ha.s to be interpreted by an allosteric immter-

action, wimereas time competitive component
of inhibition ma�- be interpreted as due to
allosteric immimibition, whicim is immduced by
bimmding of timese compoumids at time reguba-
tory site, as- well as to a direct competitiomm

reaction.
A reactiomi similar to time competition reac-

tionm between substrate and effector at time
active site might take l)bace at time negative
cimarges of time regulatory site. The exact

number of timese cimarges is still ummknown, but
it may be large, since time number of muega-

tive charges on time acetybchohinmesterase

molecule is in the regiomm of 300 (24). Time
negative cimarges at time regulatory site are

binding sites for substrate as is-eli, but their

affinity for substrate is considerably bower
timan that of the active site, and commsequently
only imigim concent rations of acet-ybcimoiimme

interfere w-itii the binding of these corn-
pounds at time regulatory site. In time absence

and, to a lesser extent, in tue presence of
effector, acetyicholine at highm commcentra-

tions is bound to the regulatory site, and it- is
plausible that time substrate acetyhcholine

also mmegatively influences time active site
and that the familiar substrate inmimibitioni
may be interpreted in this w-ay.

The bisquaternary compound pemmta-
methonium, whose nitrogens are limmked by

five methybene groups, show-s activatiomu or

inhibition as time substrate concentratiomm is

varied. Thus remarkable effect is also cx-
plicable by the proposed hypothesis. Time

kinetic analysis has simowmm that a nomicom-
petitive mechanism is present in the case of

pentametimonium too. 1mm contrast to com-
poumids such as d-tubocurarimie, gailamine,
succinylbiscimohine, amid decamethonium, time
binding of pentamethonium to time reguia-
tory sit-c results in a 1)ositive effect, i.e., mm
activation of time enzyme reaction (immcrease

in the � values). Time binding of pemmta-

methonium to time regulatory site cami be

explained preferably on time basis of time






