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AB S TRACT

AcetylcholinesËerase (acetylcholine acetyl-hydrolase

E.C. 3.1.1.7), in addirion ro rhe anioníc subsite of the

catalytic síte, possesses a class of peripheral anionic sj-tes.

The functional consequences of peripheral site occupatíon

rùere investigated by steady-state and pre-steady-state kinetíc

studies, using affinity purified acetylcholinesterase ísolated

from the elecËric organs of Electrophorus electrícus and

Torpedo californíca.

The existence of a peripheral anj-onic region on E.

electricus acetylcholinesterase, as well as the peripheral

site-specificity of the cationic ligands propídíum, galla-
)+ )+mine, Mg-' and Zn'' , r¡ras established by f luorescence binding

and displacement experiments.

Steady-state kinetícs indicated that the enzyme existed

i-n t\.nro distínct kinetÍc states stab iLízeð. at either l-ow or

high ionic strength. The peripheral síte 1ígands ga11amíne, pïo-
2+ )+pidium, MB-' and Ca'' T¡rere shown to convert the 1o¡+ íonic

strength form of the enzyme (E) to the high ionic strengËh

f orm (E ). The cation Zn2* ,u, shown to have tr,ro opposing- â'
effects on the steady-state hydrolysis rates: an instantan-

eous activation as well as a slow inactívation of the enzyme.

This may be a general metal ion effect with consequences

which depend upon the relative affinities of the various

binding sítes for a particular metal ion.

The pre-steady-state kinetics enabled a more comprehen-

sive study of the effects of peripheral site occupation on
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the proposed kinetíc mechanism of acetylcholinesterase.

0rganic peripheral site activators \,ùere shown to actívate

both the carbamoylatíon (i<r) and the decarbamoylation (kg)

rate constants whereas j-norganic activators were shown to

acËivate only the decarbamoylation rate constant (k¡), sug-

gesting the existence of discrete binding sites for organic

and inorganic activators.

Another group of peripheral site ligandt ZnZ*, d-Tubo-
,+ 2-L

curarine, Hg'' and Cd'' , índuced the conversion of acetyl-

cholínesterase to an inactive form. This inactivation r¡/as

partially reversible, but a slo\^/ metal-cation/O^-depend.ent¿'
Írreversible step \"ras evident.

The kinetics of the metal-induced ínactivation at lor¡

ionic strength \^rere characterized by tr,üo slow, fírst order

processes differing by approximately an order oÍ magnitude.

At high ioníc strength the inactívation rates \¡/ere monophasic

wíth a rate constant identical to the faster rate observed

at low ionic strengËh. The f ast and the slow rates \^/ere

atËributed to the inactívation of actívated (E") and active

(E) forms of the enzymer respectívely. Therefore the biphasic

inactivation kineLics at low ioníc strength can be explained

by the dual action of inactivating-meta1 íons: 1) A rapid

conversion of active enzyme (E) to the activated (8") form

and 2) A concomitant slow conversion of the t\,üo enzyme forms

(E, E"), with differing rates to inactive states.

The inactivation produced by L"3* r"" un1íke that observed

with the other inactivatíng metal ions, in that the inactivation
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r¡/as not complete within f our orders of magnítude of La''

concentration and the i-nactivation profiles \,rere character:. zed

by a plateau regíon.

A ligand binding model has been proposed to account for

the observed peripheraL site ligand-induced kinetic states

ín acetylcholinesterase. This model was particularly success-

fu1 in accommodating the l-t3* inactivation results.

A search for free Ëhio1 groups in acetylcholinesterase

T.^/as ÍnÍtíated. Both T. califg:¡åsg and E. electricus enzymes

\^rere modíf ied by react ion with DTNB and N-dansyLaz iridíne ,

t\^/o thiol-specif ic reagents. A f luorescent, ninhydrin posi-

tíve compound with ídentícal Rf values to those of dansyl-s-amino-

ethyl cysteíne \,ras isolated from the hydrolysates of the enzyme

modified with N-dansyLziridine. While sËrongly suggestive

of the presence of thioL groups in acetylcholinesterase

conclusive proof must await further characterízatíon of this

compound. Acetylcholinesterase \¡/as most reactive towards

N-dansylazj-rídíne in the inactive state (Er), partíally

reacËive i-n the active ( E) state and least reactive ín the

activated (E ) state, further illustratíng the existence of' a'

at least three peripheral sire ligand-induced conformatíonal

states in acetylcholínesterase.
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]NTRODUCTION

1) I{ístorical background:

The pharmacological effects of acetylcholine v/ere first

demonstrated in f906 (1). Evidence at that time suggested that

acetylcholíne \,üas released from certain nerve endings and

crossed the interneural gap, acting as a t'chemícal transmittert'.

This led Stedman et a1. (2) to propose the existence of a spe-

cific enzyme for the hydrolysís of acetylcholine. An esterase

r¡ras fírst isolated f rom horse serum (2). However, subsequent

investigations (3, 4, 5) indicated that this esterase \¡Ias non-

specif ic f or choline es Ëers . Alles and Hawes , ín 1940, \'üere

able to isolate an esterase specific for choline esters from

the erythrocytes (6).

Nachmansohn and Rothenberg (7, B) extended the search to

conducting tÍssues of various animals, and T¡/ere successf u1 ín

identifying many choline specífic es Lerases . The es terases

isolated from electric tissues of Torpedo calífornica and

Electrophorus electrÍcus demons trated extremely high raLes

of hydrolysís: one mílligram of crude preparatíon was able to

hydrol-yze 70 g of acetylcholine per hour. The enzyme-cata-

Lyzed rates of hydrolysis of cholíne esters r{ere in the order

of Ac > Pr > Bu (9) . From al1 of these investigations it \.{as

apparent that a cholíne ester-sPecífic esterase exísted in

all of the conductive tissues examined. The main characterís-

tícs of these esterases r,rere summarízed as fol1or¡/s: 1. A

high affínity Í.or acetylchoLíne; 2. A r¿ell defíned maximal

velocity;3. Decreased rates of hydrolysis of cholíne esters
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vrith increased length of the acyl chain (in the order Ac > Pr >

Bu) . Augustinson and Nachmansohn ( 10) proposed that esterases

displaying these characteristics be named acetylcholinesLerase

The role of Acetylcholine, Acetylcholine receptor and
Acetylcholinesterase in electrical activity of the cholí-
nergic neurons:

i) Acetylcholine:

Acetylcholine (AcCh) is generally accepted as the chemical

transmitter aL the cholinergic synapse and at the neuromuscu-

Iar junction. This hypothesis has been arrived at through many

experíments (mainly performed at the neuromuscular junction)

that suggest; (1) that AcCh is released presynaPtically, (2)

that its action is aE the postsynaptic site, and (3) that enough

AcCh is released to initiate a muscle response. Some of these

experiments are summarized below:

Da1e, Feldberg and Vogt (11) r¡ere able to detect AcCh in

perfusion fluíd whenever the nerve was stimulated, in experi-

ments where an esterase Ínhibitor (eserine) was used to prevent

the hydrolysis of the released AcCh. The presynaptic release

of AcCh rnlas demonstrated by several experiments. Dale et al.

(11) showed that in denervated muscle no AcCh was released.

Upon stimulaËíon of motor nerves in the presence of curaret

which prevents the depolarization of muscle fibers, nerve

impulses \dere shown to reach the axon termína1s (f2) and the

usual amount of AcCh was released (11). Even when muscle

fíbers l{ere cuE a\.,/ay, AcCh was still released upon stimulation



of the nerve (13). 0n the other hand, the release of AcCh

lras shown to be greatly diminished under conditions that pre-

vent depolari zation of neurons such as 1ow C^rZ or high tg*2

concentratíons ( 13) .

End plate regions of muscle r¡rere shown to be very speci-

fíc "detectors" of AcCh; as 1ow as 10-16 moles of AcCh applÍed

externally r¡rere shown to depoLar:-lze muscle fibers (14).

It \¡/as further observed lhat neurons in the resting state

secreted small but detectable amounts of transmitter from theír

terminals, causing miniature end plate potentials (mepps) ( 15,

16) . trrIhen the neuromuscular prep aîations \¡rere bathed in 1ow
L')

Ca'' solutions, the observed end plate potential \.,ras very

smal1. Upon increasing the concentratíon of C^*2 the end plate

potential increased in integra1- multiples of the mepps rather

than in continuously graded amounts. Thís 1ed KaLz and his

colleagues ( 15, 16) to íntroduce the ídea of quantal release

of AcCh f rom nerve terminals. KaLz and Mí1edí (T7, 1B) \.{ere

able to demons trate that C^*2 is the link betr,reen the action

potentiat and the secretion of AcCh. Neither N"* Ínf1ux nor

the K+ efflux assocÍated wÍth the actíon potentíal- \¡ras re-

quired for AcCh release (19).

The site of actÍon of C^*2 as well as the mechanism of

Èransmítter release is not yet knov¡n. Shortly after the demon-

stration of quantal release, synaptic vesicles r/ere found in

nerve terminals (20, 2I), whích led to the suggestion that

each vesicle corresponds to a quantum of AcCh. Subsequent

studies have demonstrated that both AcCh and norepínephrine



4

are associated v/íth vesicles similar to those found rrear the

nerve terminals (22). The amount of AcCh represented by a

quantum has been estimated to be in the range 0.2 to 3.0 x 105

molecules (22). f'or the vesicle hypothesis to be correct

each vesicle should at least contain this amount of AcCh.

luleasurernent of AcCh content of vesicles have yet to be made

buË Sheriden, Whíttaker and Israel (23), using crude vesicle

preparations of known AcCh content, have calcul-ated that each
L

vesícle of 80 nm diameter contains approximately 4 x 10' mole-

cules of AcCh. However, the present data are too uncertain

to provide firm evidence for or against the vesicle hypothesis.

The mechanism by whích AcCh enters and is released from the

vesicles is also unclear.

Another model for nerve excitability has been proposed

by Nachmansohn (24-27). In the proposed "integral model of

nerve excitability" AcCh is not a rreurotransmítter but instead

acts intra-cellularly wíthín the presynaptic and postsynaptic

membranes. K+ instead of AcCh is thought to be the neurotrans-

mitter released ínto the synaptic cleft. Central to this

model is the presence within the presynaptic and postsynaptic

membranes of a protein complex termed the basic excitation

unít (BEU) . BEU I s are thought to be ioníc gace\^/ays surrounded

by a protein complex comprised of an AcCh storage protein,

AcCh-receptor and acetylcholinesterase.

The key processes in thís model are as follows:

a) AcCh is released from the storage site by a proper

stimulus, and ís Ëranslocated to the AcCh-receptor.
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b) The receptor is thought to bind c^*2 in its resting

state. I,Ihen AcCh is bound , Cu*2 is released, resultíng ín a conf or-

mational change. This leads to permeability changes in the

gatevray (the AcCh-receptor is thought to comprise a part of

the gateway). The permeability changes result in the efflux
J

of K' ions, ínto Lhe synaptíc c1eft.

c) AcCh is translocated to acetylcholinesterase \^rhere

it is hydroLyzed.

d) After the destruction of AcCh the receptor assumes

its resting conformation (cu+2 bound state), resulting in the

closure of the gate\^/ay.
.+e) K released into the cleft then tríggers the same

process postsynaptically, resulting in the propagation of the

ímpulse.

The integra1. model of Nachmansohn ís very hypothetical.

Therefore its general acceptance must await further experimen-

tal evidence.

ii) AcetylcholÍne receptor:

Although the AcCh - receptor and the enzyme acetylcholínes-

terase display many similarities in ligand bindÍng properties,

they are distÍnct proteins. The properties of acetylcholines-

terase will be discussed at length Ehroughout the Introduction.

At this poí-nt ít is appropriate to describe some of the

properties of the AcCh-receptor.

The AcCh-receptor isolated from T. calífornica or E.

electricus is composed of five subunits; two smaller ones

for the binding of AcCh and three different Targer ones whose



function is not well understood (28-36) .

The evídence for the AcCh-receptor being a transmembrane

proteín has been given (37). The mol-ecule appears to span Èhe

postsynaptíc membrane, protrudíng about 5 nm from the

inner surface. Its diameter viewed face oD: is about 8.5 nm

v/ith a 2 .5 nm pit at the centre which narror¡/s to f orm an 0 . 6 5

rrm ion pore (37).

Binding studÍes using AcCh-analogues indicate the pre-

sence of an anionic site. As well there seems to be a region

of hydrophobic interaction wíth the ligand about 1 nm from the

anionic site (28) .

A wide variety of AcCh analogues (agonists) have been

shown to depoLaríze post-synaptic membranes of skeletal muscle

and the electroplax of electríc fish. Also a larger number of

compounds have been found that are ínhibitors (antagonists) of

the AcCh-induced depolarj- zatt-on.

Not all agonists induce the same degree of depolariza-

tion (:S;. These results \,üere explained in terms of a tT,.Io-

state allosteric model (39). In the proposed model the recep-

tor v/as thought to exíst ín two conformatíonal states which

are in equilíbrium: an active sLate which increases permea-

bility and an inacLive state. In the resting membrarle the

equilibrium would f avor the inactive state. Agonists r/,/ere

thought to bind to the active state whereas antagonists would

bind to the inactive state. Another interesting observation

T¡/as the desensitízation of the AcCh-receptor. Prolonged íncu-

batíon wíth acetyl-, carbamoyl- or succinyl-choline resulted in an
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observed decrease in the effectiveness of the agonists (40).

This phenomenorr \¡/as explained by an agonís t-induced slow

conformational change of the receptor from the agonist sensi-

tive (1ow affiníty) to an agonist desens iLized (high affinity)

f orm. This \^/as subsequently demons trated by Rang and Ritter

(4I, 42) by equílibrium dialysis measurements. Desensitíza-

tion by antagonists could not be demonostrated under these

experimental conditíons. As a result antagonists v¡ere assumed

to bind to the desensítí-zed form of the receptor. The desen-

s iti zaLLoî klnetics \.üere s ti11 adequately treated under the

tvùo state model (38, 40). Hovrever, direct measurements uti-

l-izíng the intrinsic fluorescence of the membrane bound AcCh-

receptor (43, 44) and fluorescent probes (44, 45), suggested

that both agonists and antagonists induced slow conformational

changes upon prolonged contact !,rith the receptor. More recently,

Quast et ar. (46) studying 1125t] o-bungarotoxin-receptor com-

plex formatíon in the presence of various 1Ígands, have also

demonstrated that both agonists and antagonists !rdesensítized"

the receptor; furthermore, agonist- and antagonist-induced slow

conf ormational changes \^/ere implicated. The desens íLization

kinetics \^/ere no longer adequately treated by the tr^ro s tate

model (46, 28, 40). A more appropriate model fo-r agonist-

antagonist induced desensLtízatÍon of the receptor is í1lus-

trated in Fígure I.

In this model agonists índuce a fast conformational change

to the actíve or depoTarízed state; this ís followed by a slow-

conformatíonal change to the desensiti_zed state of the receptor.



Antagonísts
DÃ

Fas t ìN

Agonis ts

Þ
d

S 1ow

R.
1

/7
Ri - inactivated receptor
Ru - activated receptor
Rd - desensiLized receptor

Slow
*¿

FIGURE I

Antagonists on the other hand, induce a fast conformatíonal

change to an ínactive state followed by a slow conformational

change to the desens LLized state of the receptor. Further

evidence for 1Ígand induced conformatÍonaI changes comes from

the chemical *oáification of the receptor. AcCh-receptor has

been shown to possess an easily-reduced disulphide in Lhe

viciníty of the AcCh bíndíng site (28) . Reduction of this

disulphide bridge alters the pharmacological properties of

the AcCh-receptor (22, 28) . In the desensitízed state, an

agonist-dependent decrease in Lhe rates of reduction of the

disulphide bridge \¡/as observed (47 ) . The rates \dere 1or,¡ered

B0-fo1d by AcCht 64-fo1d by n-butrylcholÍne; 43-fold by suc-

cínylcholine t 2L-fold by carbamylcholíne; 15-fo1d by phenyl-

trimethylammonium; and 72-fol-d by tetramethylammonium. This

order roughly parallels the depolari zíng abilíty of these

agonísts. The decrease in the rates of reduction r^rere explained

in terms of agonist-induced conformational changes that result

in the disulphide bond being protected from the reducíng agents

(47) .

AcCh-receptor is essentially irreversibly blocked by
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several neuro toxins isolated from various snake venoms. These

toxins are small peptídes with molecular weíghts of 7000 to

8000 dalLons. The díssociatÍon constant for a,-toxin type II

from Naja naja with E. electricus AcCh-receptor is I nm \^rhereas

the díssociation constant for Naja nigricolis o-toxín type I

with T. californica AcChase is 0.1 nM (28). These roxins

have no ef f ect on the acetylcholinesterase actívity (22, 28).

The mode of toxin binding to the receptor is not understood.

However, ít seems to be very specific. Modification of one

tryptophan residue in cobra neurotoxin or ín erabulotoxin

results in the loss of bindíng abí1ity to the receptor (28).

The total membrane protein fraction of E. electricus

electric tissues contaíns I5"/" AcCh-receptor, 432 AcChase and

39'/. ATP as e (28) .

The receptor can be solubiLízed from Lhe membrane by non-

ionic detergents andfor bile salts, and can be further puri-

fied on affínity gels to whích toxins have been covalently

linked (28) . The purificatíon and properties of the AcCh-R

are summarized in Tables T and II (28, 29) " AcCh-R ís

thought to be a pentameric complex with a molecular weíght

of 255,000 daltons. The subunit stoíchiometry is (4 x 104:
444L5 x 10':6 x l0-:6.5 x 10- daltons) 2:IzI:I. The 4 x 10-

dalton dimeric subunit contains the cholinergic 1ígand

binding site.

The function of the remaíning subunits is not r¿e11 estab-

lished. It is known that all four subunits are present in the

outer surface of the membrane. It remains to be determined
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TABLE II (29). Properties of purified T. calÍfornica Acetyl-
choline receptor.

Structure

Subunit compositíon 40 x 103; 50 x 103; 60 x i03; 65 x 103
(daltons)

Subunit stoichiometry 2:I:I zI

Molecular mass 255 x 103 daltons

S value

Stokes radius

Isoelectric point

Specific activity

Physical ProperËies

9s; 13.7s as dimer

72 Ao

4.9
.)

I s-burrgarotoxin per 110 x 1O' daltons
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which of these subunits comprise the ion channel and which

Puríf ied AcCh-receptorare lransmembrane in nature (29)

has been successfully reconstituted ínto bílayers (48). Anti-

bodíes to AcCh-receptor have been raised in rabbits, these

have been shovrn to complex with AcCh-receptor but not with

acetylcholinesLerase (28). Recently m-RNA for AcCh-receptor

has been isolated (49)

íii) Acetylcholinesterase:

In animals, acetylcholínesterase (AcChase) is present

in various tÍssues whích include muscle, in the syrraptic cleft

and the postsynaptic and axonal membranes of cholinergic neu-

rons (and in some neurons not known to be cholínerBic), as

well as the erythrocyte and placental membranes. In muscle,

AcChase activity is 3 to 6 tirnes higher in end plate regions

(50). The highest concentrations of AcChase are found in the

electric organs of electric fish. These organs are phylo-

genetícally derived f rom muscle. I,Iithín these tissues AcChase

is found in several molecular forms. The largest of these

molecular species Ís one comprízing LZ catalytic subunits

attached via a collagen-1ike tail Ëo the extracellular basal

lamina. AcChase occurs in teÈramerÍc, dimeric and monomeric

globular soluble forms within myoneural tissue or the synaptic

cleft. Particulate forms of AcChase are also found withÍn exci-

table axonal membranes, boLh pre- and postsynaptically (24, 51).

AcChase plays an integral part in the maintenance of

ionic currents Ín nervous tissues. Its role is the rapid

destrucËion ( B0 FSec/moi-ecule) of the depolarízíng agent,



AcCh, thereby res toring excítable membranes

state. Introduction of anticholinesterase

13

to theír resting

drugs to the synapse

the blockage ofor to the neuromuscular j unction results in

electrical activity. The role of AcChase ín axonal conduction

seems harder to delineaLe. The maín difficulties have been in

the assay and the subsequent inhíbition of the total

AcChase activity ín the axon, whÍch is extremely r¿e1l protected

wích such physÍcal barriers as the nodes of R-anvier and the

myelin sheath. Previous attempts to determine the role of

AcChase in axonal conductíon have ínvolved the exposure of

nerves to various reversible and irreversible AcChase inhibí-

tors. The effects of such inhibitors on electrical activity

r^rere then correlated ¡¡ith AcChase 1eve1s, determíned by homo-

genízati_arr of the tissues. The results obtained in this !üay

have been very inconsistent (52r 53, 54) and contradictory.

Iulore recently, Kremzner and Rosenberg (55), working with the

intact giant squid axon, have demonstrated that the ínhibition

of 997. of AcChase activity with the inhibitor, ter Liary ano-

logue of phosphine (TP), had no observable effect on electri-

ca1 conducLÍon. Diisopropylfluorophosphate (lPr 
rPF) , on the

other hand, vras shown to block enzymi_c and electrical acti-

vity. However, Lhis v/as thought to result from the non-spe-

cific actíon of DFP on the axon.

Unfortunately, the evidence to date is not very conclu-

sive, but indications are that Lhere ís no sÍmple and dírect

relationship between axonal conductÍon and AcChase activíËy.
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3) Methods of isolation, purification and assay of
Ace tyl chollnes teras e :

i) Isolation and purification of Acetylcholines terase :

lsolation and purificationVarious methods of extraction,

are summarized in Table II1.

l"lethod l) results in well defined homogeneous AcChase

populations with one obvious drawback; the time of extraction.

I^lith method 2) 1Bs, 14s and 11s species are isolated. How-

ever, the lack of careful controls has given ríse to conflict-

íng reports on the distríbution of these species (56). !fethod

3) seems to be the method of choice: It is fast and. has con-

sistently resulted in the extraction of l8s and 14s species

which can, easily and in high yields, be converted to the 11s

globular form by the action of proteases.

ií) Assay methods:

See Table IV

4) Structure of Acetylcholinesterase:

The most recent model proposed for the enzyme attached

to the basal lamína, based on electron micrographic evidence

(82,83,84) and on the analysis of the degradative species

(60, 65), is an asymmetric structure with a gl-obular head

containing LZ catalytic subunits. The subunits are arranged

as t.hree tetramers . irf ithin each tetramer, two subunits are

1ínked by disulphide brídges, whí1e the remainíng t\,/o are

attached to a collagen-1ike taí1 via disulphíde brÍdges.

The collagen-1ike tail Ís estimated to have a molecular weight
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of 1 x 105 d.altons (60, 65). The

of this enzyme form is lBs and 16s

sedímentation coef f icíent

for E. electrícus and T.

californica AcChase, respectively.

The major force involved Ín the interaction of the enzyme

tail with the membrane surface appears Lo be electrostatic (63,

B5), and seems to be related to the low ionÍc strength aggre-

gation of the 18s, I4s and Bs forms of the enzyme (65, 85).

The 18s, 14s, and 11s forms are identical kinetically (81).

Proteolysís of the 18s ( 16s) species yields the globular

11s species r¡íth 14s and 8s tailed forms produced as degrada-

tive íntermediates (Figure 2). The same degradatíve patLern

is obtained from the tailed enzyme containing I2 catalytic

11s

æffiæ sæ I

| + l+ l+
18s 14s Bs

æ

FIGURE
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subunits isolated from the raL (51), the chicken (58, 86, 87),

the bovine superior cervical ganglion (51), and the human

muscle (62), thus supporting the universality of the proposed

structure for the "nativetrAcChase, associated with the basal

lamina. However, there is growing evidence for AcChase forms

in vívo that are rrot associated wíth the basal 1amÍna. S tudies

on non-degraded fresh extracts

human and more recently from T.

of AcChase from chicken, raL,

californica have indicated

that the major components of AcChase in these tíssues are g1o-

bu1ar, non-taÍ1ed monomers, dímers and tetramers in the case

of the rat, human and chicken and dímers in the case of the T.

The non-tailed natíve forms areca1 if orni ca AcChase (Tab1e V).

identical

molecular

b íologica1

with respect to theíT catalytic properties and the

weighr of the caralyric subunit (5 I , 64 , 8B) . The

significance of the multiple molecular species found

not clear.an vavo as

The globular 11s AcChase is very stable and does not aggre-

gate in low or high íonic strength medía. For these reasons it

is the form most widely used in kínetic studies of AcChase.

The reported molecular weights of the 11s species are

quite varíab1e (Tab1e VI). Initially, varying degrees of

degradation from different autolytíc and proteolytic condí-

Ëions (see section 3) were thought to be responsible for the

inconsistency of the reported molecular weights. However,

thÍs suggestion r¡/as disproven experimentally. Samples of the

enzyme purifÍed, after solubiLízation with trypsin or by auto-

lysis (up to 4 years), resulted in molecular weights of 3 x 105
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TABLE V. Sed imentatíon coef f ic ients
and T. californica AcChase

of rat, human, chícken
molecular f orms.

Sedimentation coefficient, S
Form

Chicken(BB) Rat (88) Iluman(88) T. californica (88)

Gt

"z
G,

4

Ãz

A,
4

^8

Atz

4

6.

11.

i4.8

20

3.5

6

aa

8.8

13

t6.7

3.5

6

11

9.5

13.3

r6.7

5

5

ö

T4

i8

G = g1obu1ar, non-tailed forms.
^_¿\ = asymmetric, tailed forms.
Subscripts indícate the number of catalytic subuniËs.
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TABLE vr. Reported molecular weights of 1 ls Acchase from
E. elecËricus.

Mo1. I^It. (daltons) Reference

230,000

330,000

260,000

33_5,000

69

6B

92

58
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t 1.0 x 104 daltons (85) for the 11s species. The differences

in the solubi-Lization procedures only became apparent after

denaturation or subsequent dísulphide reduction. The enzyme

f.xaction exposed to autolysis for long periods of time had

lower molecular lveíghts (5.0 x 104 daltons) f or the catalytíc

subuníts . These f ractions \,rere shown to contain a non-ca taLy-
Ltic, 2.5 x 10' dalton specíes, whereas the fractions exposed

to minimal proteolysis had larger (7.0-7.5 x I04 dalron) cara-

lytic subunits. The obvious conclusion then must be that the

dífferences in molecular weight of the 11s species have arisen

in the analysis of the data, and do not reflect the prepara-

tíons themselves ( 56) .

Catalytically active monomers and dimers of the enzyme

have been isolated (OO¡ . Their catalytic properrÍes (Kapp,

V*"r) were identícal to the tetrameric 11s enzyme. However,

the phosphorylated enzyme \das reactivated (with 2-pAM) 2.5

times faster than the dimer or the monomer (90).

The amino acid sequence of the actÍve site region of

AcChase from E electrícus has been determined (et¡ The

sequence in the regÍon of the reactive serine ís: Gly-G1y-

G1u-Ser't-Ser-G1u-G1y-A1a-A1a-G1y (asterisk indicates the

serine that is reactive towards [32t ]-iprrPF) ( O t ¡ .

The amino acid compositíons of AcChase from three diffe-

rent sources are gíven in Table VII.

Torpedo and eel enzymes appear to be quite distinct i,rith

respect to theír amino acid contenË (64).

The presence of carbohydrate in the E . elec tricus errzyme
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has been demonstrated qualitatively (92¡ , 7 .97" of

nica enzyme (by weight) is made up of carbohydrates

samine, sialic acid and hexose) (64).

24

calif or-

(as hexo-

AcChase reportedly contaÍns no free thioL groups (S0;

but the number of half-cysteine groups per tetramer range bet-

rüeen 5 and 12 (60, 64, 70, 92). The globular 11s form of Acchase

has been crystallized (92, 94), but due to crystal size and

quality, X-ray crystallographic analysis of the enzyme has not

yet been undertaken.

Catalysis:

The catalytic site of AcChase is thought be comprised of

an anionic subsÍte to whích the posítively charged quateïnary

ammoníum group of the natural subsËrate AcCh binds, and an

esËeratic site, which is acetylated at a serine hydroxyl group

duríng esterolysís.

i) The Anionic subsite:

The anionic subsite, as the name implies, is thought to

possess a net negative charge to accommodate Ëhe positíve1y

charged quaternary ammonium group of AcCh. Strong evidence

for this postulate comes from studies using isosteríc charged

and uncharged substrates and inhibit.ors of the enzyme (95, 96)

Substrates and inhibÍtors possessing a posítive charge \¡rere

hydrolyzed 10 times more quickly and bound 30 times more

tightly, respectively, than theír uncharged analogues.

The methyl groups of AcCh r/üere also found to be important

in Ëhe binding process. The binding of a series of inhíbitors

T.

s)
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(obtained sËarting with ethanolamine and replacing H-atoms with

methyl groups), increased the binding by a factor of seven for

the first tvro methyl groups and 3-fo1d for the last (approxi-

maËe1y 150-fold overall) (7). However, íncreasing the hydro-

phobícity of the substrates resulted Ín weaker substrate binding

(97) . Recently Hasan et a1. (98) have questíoned a negatively

charged "anioníc sÍtetr. The authors pointed to the fact that

methyl groups contríbute approximately 5 Ëímes more to the

binding than does the negative charge (95, 96). A suggestíon

r¡ras also made that the higher reactivity of Acch as compared

to uncharged analogues might be due Ëo the coulombic aËËrac-

tíon of OH rather than to a bínding effect. Experí,mentally,

Hasan eË a1. (98) were able to demonstrate a linear relation-

ship between log(kcat/*"nn) and the total molal volume of the sub-

strates. AcCh and its uncharged analogues all fe11 on a straight

line. A closer examination of Ëheir data reveals that. the *rnn

value used (98) for AcCh is 3 to 6 fold higher rhan Ëhe values

prevíously reported (56). When the daËa are replotted (using

Ëhe accepËed O"OO value for AcCh) the experimental point for

AcCh deviates sÍgnificantly from the linear relatíonship ob-

tained for the uncharged substrates.

The birnolecular rate constants for the association of AcCh

and N-meËhy1-acridinium with the enzyme have been estimated to

be 4.29 x 109 M-1 sec 1 rrrd 1.1 x 1010 M-1 sec 1 r.specrivety

(99). These values are the highest reported for the interac-

tions of small ligands with a specifÍc binding síte. The net

negative charge on Ëhe enzyme catalytic síte !üas esËimated to
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have a value of ,g - -9 and 1ed to the suggestíon that nega-

tively charged groups near the catalytic site, in additíon to

Ëhe anionic site , are responsible for trapping oÍ. cationic ligands

(ee).

Studi-es on Ëhe effect of aromatíc cations on the intrinsic

enzyme fluorescence have indicated the presence of a tryptophan

residue at a maximum distance of 0.5 nm from the prímary site

of cation binding ( 100) .

Several irreversible "alkylating inhibitors" directed

towards the anionic siËe have been reported Belleau and Tani,

(101) r¡rere the first to report Ëhe irreversible alkylation of

the AcChase active sites by the compound N,N-dimethyl-2-phenyl-

aziridinium (DPA). The enzyme so modified became a poor cata-

lyst for AcCh but a better catalyst for several neutral acetic

acíd esters such as indophenylacetate (I02-105). Studíes using
'l I!t 'C-DPA revealed that 2 molecules of the inhibitor \¡rere incor-

poraËed per AcChase monomer. The double 1abelled AcChase (bis-

DPA) losË 507{ of its label upon exposure to pH 9.5 for I hr

(101). Further investígations índicated that bis-DPA enzyme

r¡ras labelled both at the anionic subsite of the catalytic site

and aL peripheral anionic sites (see below), as indicated by

the failure of d-tubocurarine (a perÍpheral aníonic-site-speci-

fic ligand, see below) to inhibit indophenylacetate hydrolysís.

Mono-DPA labelled enzyme, obtained by the exposure of bis-DPA-

AcChase to pH 9.5 T¡/as Ínhibited by d-tubocurarine but anionÍc

competitive ínhíbítors of natíve AcChase had no effect on

indophenylaceËate hydrolysis (106), indicating that ín mono-
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DPA-AcChase only the anÍonic subsite of the catalytic site was

blocked. Another anionic site alkylating agent, fírst intro-

duced by Wolfsy and Michaeli (107), p-(trimethylammonium)ben-

zerre diazonium fluoroborate (TDF), i,ras found to inhibit erythro-

cyte AcChase. The ef f ects of TDF on E. electricus AcChase r^/as

characterízed by an ínitial fast

the incorporation of 2 molecules

and resulted ín the inactivation

gen bonds formed by a serine hydroxyl,

and a carboxyl group in a linear array.

step, whích corresponded to

of TDF per tetrameric enzyme,

of AcChase towards all sub-

hisËidine imidazoLe

straËes. This r¡/as f ollowed by a slow react ion wiËh TDF, and

the restoration of AcChase activity towards indophenylacetate

(108, i09).

ii) The Esteratic site:

The dominant feature of Ëhe esteratic site is the pre-

sence of a reactive serine hydroxyl that can be readily phos-

phorylated. 0wing to this feature AcChase ís classified as a

seríne hydrolase. The amino acid sequence about the reactive

serine shows significanË homology in the case of chymotrypsin,

trypsin, elastase and thrombin (9 1 ) . The three dimensíonal

sËructure of cl-CT has been shown to possess system of hydro-

A catalytic mechanism based on this system has been pro-

posed (Scheme I) (56). The characteristícs of the mechanism

have been determíned by studying the kinetics of cx-chymotrypsin

in solution. In these studíes acylation has been assumed to

be the mícroscopic reverse of deacylatíon (110). The reaction,

in boËh direcËíons, shows general base catalysis by a group with
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an approximaËe pKa of 6.8 and is thought to be due to the ini-

dazoi- e deprotonating serine hydroxyl and thereby permitting

the formation of a hypothetical tetrahedral interm.ediate (Scheme

I), which decomposes to gíve ríse to the acetyl-enzyme.

In the absence of a 3-dimensional structure for AcChase,

Scheme I is assumed to be operative. Although both AcChase

and cr-chymotrypsín dísp1ay be11-shaped activity vs. pH profiles

and the lower apparent pKa is between 6 and 7 (7, 72, 111, LLz)

there are important differences in the kinetic behaviour to

suggest that modífications to the proposed mechanism (Scheme

I) are required to adequately account for the kínetic beha-

viour of AcChase. A mechanism whích describes the AcChase

catalysed hydrolysis of a variety of substrates including

esters of acetic acíd, esters or acylhalides of phosphoric,

carbamic and methyl sulphonic acids is gi-ven below (Scherne II).
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H+
+
E+

KH {l

EH+

¡1+Ks+
RX * ERX

KrH {}

RX + EHRX

x- g+

þ-!. å* 5*
g+
+
E +ROH

K'HJt

EHR -----Ð EH + ROH

SCHEME TI

E, ERX and ER are the free enzyme, the enzyme substrate com-

p1ex, and the acyl errzyme, respecËively. EH, EHRX, and ERH

are the corresponding unreactive (imÍda zoLe protonaËed) species

Unlíke Ëhe acetyl enzyme, the covalent enzyme intermedíate

resultÍng from the reaction wíth carbamates, organophosphates

or methanesulphonates is hydrolysed extremely slowly, if at

a1l. These compounds act as extremely potent inhibitors of

AcChase. A sËeady-state kinetic treatment of the above Scheme

(II) permits the definition of the following terms.

v = k E ls^l/r___ + tS^lc at app [1]

12lturnover number = UZk: /GZ + k3)

if k2ttk3 then k"rr ! k:
cat

app = (k-t + kz)k" 
^t/ktkz

kcrr/K"pp = krkz/ (k-r + ur)

if k^ >>k , thenz -r

k /t< tk.cac app r

t3l

t4l

t5l
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assumine Kn = r[ - ni'

- K .-+-
I/v = '---l- 

I '' r -âPÞ '" LH I' ì tO]K Js I I t - fnxl \-L - K* / Jcat - o - L r H

Thus the parameter kcat represents the effect of pH on the

deacetylation (k:) whereas k""t /*"rp r"presents the effect of

pH on Ëhe acylation step (kZ).

The pH dependance of various kinetic parameters of the

erythrocyte AcChase catalyzed hydrolysis of catíonic and neu-

tral aceLíc acid esters are summarized in Table VIII. The

k of these substrates, símj-lar in st-ze and structure, variescat
as much as 50-fo1d (Table VIII). The pH dependance of k"rt

for the substrates for whích deacetylation is rate limíting

(i. e. k.,>>k") indicate an apparent pKa value of 6.3. However,
¿J

with substrates for which acetylation is rate limiting (i. e.

kr<<k.), the apparent pKa values range from 5.2 to 5.5 and never
¿J

reach 6.3. The same sort of paËËern is observed for the pH

dependence of kcat/*"00. The apparent pKa for AcCh is 6.3 but

for the remaíning substrates the apparent pKa values vary from

5.3 to 6.25. These results are in sharp conËrast to those

obtained with cr-chymotrypsin (113), where only a very slighr

decrease in the observed pKa of 6.8, ís observed with subsLraËes

Ëhat approach maximal k" at /lKapp r.lues .

Rosenberry (56, 114) has explained this anomalous pH de-

pendence by suggesting that the induced-fít model of catalysis

is operatíve j.n AcChase. The induced-fít model of catalysis

formulaËed by Koshland and NeeË (115), ís a general model for
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enzyme-substTate interactions in whích the inÍtial bindÍng of

substTate induces a conformational change to a highly reactive

enzyme-substrate complex. To account for the anomalous pH

dependance, Rosenb erry (56, 1 14) has extended Scheme II to

ínclude additional induced-fit íntermediates (ERX)' and (EHRX)'

as shown in Scheme TT. The parameters k"ra and *rOO are now

gíven by eq. 17l and t8l.

kz
l7lkcat . k.¡-1--

k3

K,iI

K: + i
l_

lB lapp K: + 1
l_

+k2
k.J

where K j is the induced-f it equí1ibríum constant K: = k' , lk'. .i ' i -I t
As can be seen Kj enteïs into both eq. t7] and tB].Kl isl_--a

assumed to be very large for poor substrates (i. e. those that

can not induce a conformational change) and sma1l for good sub-

strates that have similar *rOO and are similar in size and

structure (Tab1e VIII).

H+
+

E+
KH 1L

EH+

H+

k1 *
+ ERX
k-l

'lþKit
kol
+ EHRX

{or

¡1+
+

(ERX )'

{} K¡å

(EHRX)I

I!
Ël
.t
Ko1
+
Ll'.'

X'
kz+, k3
+ ER.+ + ROHRX

RX -----Þ

SCHEME III

The equilibrium formulation of índuced-fit (Scheme IIT).

still fails to account for the observed pH effects: Under

equilibrium conditíons the apparent pKa ís equal to the actual
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pKa of the general base involved in acylaËion srep (k). For

the apparent pKa to devÍate belor¿ Ëhe actual pKa, kZ must no

longer be rate límiting for acylation. This can only happen

if kz is larger than k_t. under these circumstances ERX is

no longer in equilibrium with ERX' and ki becomes rate límitÍng

(56, IL4) . Rosenberry (5 6, II4) r¡/as able to show that under

Ëhese circumstances anomalous pH dependence, as observed wÍth

Acchase, could resulË. The parameters resutting from the norr-

equilibrium formulation of Scheme IIT (equarions [9] , 110] , [11 ]

k k^
AJ

f,1.I N^a3
't-ñ tel

l10l
app

K" kcrt (k-t + kr)
k" (ui

k-l kz

k-1'
[1i]

steady-sËate rate expression,

v/ere made: (1) EHRX is completely

't- I 
- 1. t .^01 - Nl , ,.J) Kn - KH - KH

apparent pKa was given by equa-

*. by the

Ir2]

extent kZ

+ k-l + k2)

+kl *k2

r^rere combined wíth the general

and the following assumptions

equÍ-librated \,/íth (ERX)' ; (2)

Under these circumstances Ëhe

tion ll2l .

t<"(alparenr) = Kn (1 + Y)o-1

The true K" is decreased to the apparent

exceeds k
-l

Further evidence for the induced-fít

being operative Ín AcChase came from Ëhe

model of

effects of

catalysis

OZ0 on the
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hydrolysis of acetic acíd esters (1 14) . serine hydrolases

usually show deuterium isotope effects of 2 to 3 fo, k"rt/Krpp

when the acid /base cataLyzed step (k) is thought ro be ïate

limiting. Since the índuced-fít step (kt' Ín Scheme III) ínvolves

an enzyme conformational change, it should have 10w deuterium

effects. Therefore substrates for which this step ís rate

limiting (i.e. k2>k-1') should have the lowest deuterium effects

and the lornrest apparent pKa values f or k"rt /*urr. On Ëhe other

hand substrates capable of inducing this confoïmaËional change

should not be rate limired by ur' (i.e. k2!k_1') and should

show a greater deuteríum isotope effecË and near t'normalrt

apparent pKa f or k""t/*"00. This \^7as in f act the case ; DZO

ef f ects of 1 . 3 and r .4 r^7eïe observed f or phenyl acetate and

isoamylacetate respectívely, these subsËraËes had apparent

PKa values of 5 . 5 and 5 .6 . Methylacetate and p-nitrophenylacetate

gave corresponding deuterÍum effects of L.g and 2rrespectively,

these subsËrates had apparent pKats for k"rt/*uO, U to 6.25

(114).

iii) Catalytic siËe Ínhibitors of Acetylcholinesterase:

rn view of the anioníc nature of the Acch bindíng sit.e,

it ís to be expected that a wide varieËy of cationic substances

might function as ínhíbitors of Acchase. simple, pure compe-

titive inhibition ís seldom observed, however, an often-consi-

derable uncompetitive component of Ínhibition is generally

found' This phenomenon may in some cases be reasonably explained

in terms of the formation of a ternary complex of the inhibítor

and Ëhe acetyl enzyme.
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Ternary complex formatíon has been implicated in the inhi-

bition of AcChase by choline, carbachol (I16, II7) , the sub-

strates Acch and Acsch (117), fluoride ion (118, Ll9, r20) and

in synergístic ínhíbition displayed by naphthalene derivatives

and some aromatic catíons (I2L).

Fluoride íons are thought to inhÍbit Acchase by binding

at or near the esteratíc site (118, II9, I20). The pH depen-

dence of F binding to free enzymes and to the enzyme substrate

complex has been f ound to be Ídentíca1. However a different

pH dependence is observed for the acyl -er-zyme. These observa-

tions have led to the suggestion that the site of F attachment

is altered via conformational changes accompanying acetylation

(56, 118-720).

synergístic inhibition of Acchase by certain naphthalene

derivatíves and aromatíc cations has been demonstrated (121).

Napthylacetate and 2-PAM when present in combínation have been

shown to result in much lower inhibition constants than those

observed for the inhibitors individually. Ternary complex for-

mation and synergistic inhibítion are thought to be the result

of conformational changes induced by aromatic caLion binding

at the anioníc subsíte of the catalytíc site. In the resultant

conformatíon a second inhibitor molecule is thought to bind at

or near the esteratic site giving rise to a dead-end complex

(56, r2r) .

Naturally occurring carbamate inhibitors such as eserine

(physostígmine) and its analogues r¡rere originally considered

Ëo be competitive inhibítors of cholinesterases. Goldstein
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(L22), studying the inhibitíon of plasma cholínesterases by

eserine and related compounds \.{as the first to suggest that

these substances react covalently with the enzyme. subsequently,

various esters of dimethyl carbamic acid r¡rere shown to react

with AcChase to form a common intermediate whose breakdovrn

\'ras the rate determining step in the hydrolysis (L23, 724).

This intermediate \,üas assumed to be Lhe dimethyl carbamoyl-

eÎfzyme) arLalogous to the acetyl-enzyme formed during the AcChase

cataLyzed hydrolysis of acetic acid esters. The evidence for

the same enzyme

of carbamate and

Bernhard (t O¡ .

actíve sj-te beíng involved in the hydrolysis

acetate esters v/as given by Rosenberry and

In this study the carbamoylation reaction \¡/as

studíed using the fluorogeníc carbamoylating agent 1-methyl-

7-dimethylcarbamoyloxyquinolinium (M7 C) (l g) . Sinc " k2>>k3

the reaction is characterized by an Ínitíal burst (which is

proportíonal to the free enzyme concentration) fo11ov¡ed by a

steady-state hydrolysÍs of the carbamoyL-enzyme. The kinetics

of the reactions \.{ere shown to be in accordance wíth scheme rr,

albeit with greatly reduced rates. The presteady-state treat-

ment or the data permitted the evaluation of the kinetic para-

meters Ks (k_ t/kt), kZ and k: (see appendix) (79).

The reaction of AcChase with esters of phosphoric acid

have been shown to proceed through a reversible enzyme inhi-

bitor complex (I24). A phosphoryl enzyme analogous to aceLyl

enzyme is formed. But unlíke the acetyl enzyme, the phosphoryl

enzyme reacts wíth r^/ater very s1ow1y. Better nucleophiles

than H20, such as NH20H dephosphorylated the enzyme aL faster
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rates. Phosphorylation is blocked by reversible inhibitors

such as tetramethylammon ium or (3-hydroxyphenyl) -trimethyl

ammonium ions (7, L25). PhosphorylaËion r^/as also ínhibited

by F (118, L2O).

The potential use of organophosphates as v/eapons of vüar

has naturaLJ-y sparked much inËerest, resulting in the develop-

ment of very potent quaternary ammonium containingttactive-siËe-

directed" inhibitors (125). This in turn has led to rhe search

for reactivators of Ëhe phosphoryL enzyme. Reactivation of the

phosphoryl enzyme by choline has been reporred (L25). This

was taken as an Índication that the catalytic machinery of

the enzyme r^ras operative in the reactívation process. Choline

is assumed to bind at the anionic site of the phosphorylated

enzyme resulting in a precíse geometry for the oxygen to attack

the phosphorus atom. Potent reactivators such as pyridíne-2-

aldoxime methiodid e (2-PAM) and related analogues r,rere obtaíned

by combining a good nucleophilic group r¿ith a suitably placed

quaternary structure (I26). 2-PAM has been shown to accele-

ïate the AcChase cataLyzed. hydrolysis of acetíc acid esters

(L27). The observed acceleration for MeOAc, EtOAc, n-PrOAc,

n-BuOAc and AcCh was 3.09, 4.68, 2.L6, 0.28 and 0 fold res-

pectively. These observations demonstrate that the aníonic

site must noE be blocked in order for acceleration Ëo occur.

FurËhermore, 2-PAM induced conf ormatíonal changes \¡/ere again

implicated in the reactivation of phosphoryl-AcChase and in

Ëhe acceleration of acetÍc acid hydrolysis.

The catalytic properties displayed by AcChase such as
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competitíve ínhibition; acceleration of the enzymic reaction

by compounds Ehat are not substrates; synergístic inhibition;

ternary complex formation; wíde1y different k""t and O"OO values

displayed by substrates of simj-1ar síze and structure; can all be

explaíned by the equilibrium formulation of induced-fit (56,

LL4), as well as other models such as non-productive substrate

binding or differential ligand binding to reversíb1y linked

enzyme conformations (56, 128) . However, some of these effects

might also aríse as a result of ligand-binding to peripheral

anionic sítes on the enzyme. This aspect is discussed further,

below.

6) Peripheral Anionic Sites:

i) Kinetic evidence:

The earliest evídence for AcChase possessing more than

one class of anionic sites came from inhibition studÍes using

a series of bis- and mono-quaLernary ammoníum ligands (153).

It r,üas shown that Ínhíbition by bis-quaternary 1ígands \^/as

maximized at 10 carbon atoms separating the two charged head

groups. The bis-quaternary compounds give competitive inhibi-

tíon constant" (K"omp) that \üere 30-fold lower than the corres-

ponding mono-quaternary ligands (153). Changeux (128) vüas

the first to suggest that these "peripheral" anionic sites

night be functional allosteric sites, the binding of ligands

to which may result in conformational changes in the enzyme.

rt r¡/as found that pachycurares (compounds that prevent nerve

depolarizaxion) and leptocurares (compounds that cause depola-
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Tization of nerves) both inhibited AcChase, but the

ethyl substituted pachycurares displayed non-competitive

inhibition and \^/ere able to act as antagonists to leptocurare

ínhibition. rt \.ùas f urther observed that inorganic cations
-L -Lî L'

(Na', Ca'', and Mg-t) increased V*.* and the *"OO of the enzyme,

whereas pachycurare drugs lo¡^¡ered Vrnr* and *roo. These obser-

vations led changeux to postulate that Acchase possessed at

least tlùo conf ormational states (P È D) . The p state r,üas thought

to be stabilized by pachycurares, AcCh and by low ioníc strength.

The D state v,ras stabilízed by leptocurare drugs, mono- and

dj-valent catíons and by high Íonic strength. subsequently

Kitz et a1. (129) found that neuromuscular blockíng agents

(pachycurares) such as curare, di-methyl curare and garramine

accelerated the decarbamoylation of Ëhe carbamyl enzyme but

had no ef f ect on Acch hydrolysis. Theref ore it T¡ras assumed

that these compounds exerËed their effects by binding aL a site

other than the catalyËic site. Taylor and Lappi (130) observed

that the carbamoylation of the Torpedo calífornica enzyme with
yrTc resulted in curved reciprocal plots of the observed rates

of carbamoylation (kob") vs M7c (at high) concentrations. The

activation at high I"l'7C concentrations could not be attributed

to the appearance of a second class of catalytic sÍtes, as the

bursa 
lrolitude díd not change. A suggestion \¡/as made that

147 c bínds at the perípheral sítes and thereby activates car-

bamoylation. However, this

observed with E. electricus

second phase (actívaËion) \¡/as not

AcChase (64, 13i) . Belleau et a1

(101) demonstrated 1-eptocurare acceleraËion of the methane
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sulphonation of AcChase. Since the acceleration \.^ras maximized

at decamethonium (DMB) the distance between the active site

and the peripheral sites \.ùas estimated to be 1.0-1.4 nm.

Pachycurare drugs: or the other hand v/ere found to protect

Acchase from methane sulfonation, thus lending further support

to the two state model of Changeux (128).

Antagonism between divalent inorganic cations and curare

drugs or PCMB (132) led to the suggestíon that inorganic catíons

also bind at the peripherar anioníc sites. rn a related study,

Roufogalis and QuÍst (133) T¡rere able to sho\,ü competitive anta-

gonism between Cu*2 and DMB, as well as between d-tubocurarine

and tetraethylammonium (TEA). The antagonism between DMB and

gallamine r^ras complex and non-competitive; C^*2 and gallamine

did not compete. These results \dere interpreted as f o11o\¡/s:

The peripheral site consists of a monovalent anioníc site ß,
JO

to which Ca'' and DMB bind and a Erivalent site y to which

gallamine binds. d-Tubocurarine is thought to occupy both ß

and Y sítes. Since e,allamine does not bind to the ß anionj_c

site, the antagon j-sm beËween it and DMB \¡/as thought to be due

to antagonism between ß and y allosteric sítes (133). The

Ínorganic cation dependent acceleratíon of hydrolysís rates

v¡ere studied by Crone and his co-l{orkers (134, 135). The

acceleration has been shown to be dependent both on the ioníc

sËrength and on the naËure of the cation.

Roufogalis et a1. (136, L37) have reported modificaËion

of AcChase with r^iater soluble carboxyl group specif íc reagents.

The enzyme so modified, no longer displayed C^*2 gallamine,
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TEA, and hexamethonium dependent increase in maximum velocity;

the Ínhibition constant (*"o*O) for DMB v/as íncreased by 10-

fold; non-linear double reciprocal plots \¡rere obtained in the

presence of DMB. The observations Trere attributed to tr,ro con-

formational sËates of the enzyme being present; their inter-

conversion r¡/as not possible due Ëo non-functional peripheral

sites.

Brodbeck and his co-\.ùorkers ( 138) have observed curved Line-

r,reaver-Burk p1ots, and biphasíc inhibiEion with diisopropyl-

fluorophosphate (iPrrPF) (139), wirh

fragmented E. electricus AcChase at

observaLÍons

results and concluded that there

among the catalytíc subunits of

unmodified, íntact and

low ionic strength. These

are no kinetic dífferences

subsite of the

multiple peripheral

active site. BÍnd-

sites is thought

reflected in the

led to the suggestion that there are t\^/o forms

of Ëhe etLzyme present in equilibrium at 1ow ionic strengLh or

that there are inter-subunít interactíons in AcChase. Barnett

and Rosenbe:rry (71¡ failed to reproduce Brodbeck's (138, 139)

In summary, in additíon to

AcChase.

the anioníc

active site, AcChase is thought to possess

anionic sítes approximately I.4 nm from the

ing of specific 1Ígands to these perípheral

to effect conformaËiona1 changes which are

kinetic behaviour of the enzyme. The most recent schematíc

representation of the dístribution of sites, based on the

kínetic evidence presented above, v,/as given by Rosenberry

(56) (Fie. 3 ) . In this model, the peripheral sire is thought

to be comprised of four anionic subsites. site p" (which is
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Fig. 3. Díagrammatic model of the AcChase
catalytíc and peripheral sites.
The enzyme-ligand complex with:
( a ) DMB ; (b ) NIg2+ oï Cazt; ( d)
gallamine; and ( c) d-Ëubocurarine.



ru
@

ffi
@

!@
!

F
ee

g
^w 6'
,Ð

 ry @ ffi
"

ffi
@

@
*"

F
F

æ
@

ffi
x tr r*

S
"

@
E ffi

N U
J

*&
ru

N
}r

u

&
}r

u

&
br

u



44

analogous to the subsite ß in the model of RoufogaLis and

Quist (133)), is thought to be specific for DIIB, ca+2 and rEA.

Sítes Pr, P. and P r. (which are analogous to subsite y in¿J4

Roufogalis and Quisr's model ( 1 33 ) ) are rhoughr to be specific

for trivalent cationic ligands such as gallamine. d-Tubocurarine

ís thought Lo occupy aLl of the peripheral anionic site" pl

through P4. The model of DMB, Cu2*, EaLlamine and d-tubocura-

rine binding to the peripheral sites j-s illustrated ín fÍgure

(3 a, b, c, d) respectively.

ii) Spectroscopic evidence:

Spectroscopic changes associated with ligand binding have

been used, as a direct, quantitative means of measuri-ng rever-

sÍb1e ligand associations with AcChase.

Taylor et a1. (140) and Mooser er al. (131, I4I, I42)

have examined the effects of bis- (3-aminopyridiníum)-1, 1o-

decane and 2, 5-bis- ( 3-díethy1-o-chlorobenzylammonium-n-propyl-

amÍno)benzoquínone on the intrinsic enzymíc tryptophan fluore-

scence. The f luorescerice r¡/as quenched by 50"Á at saturating

ligand 1eve1s. Crítica1 energy transfer distances of Z.4Z

nm and 1 . B9 nm r¡/ere calculated f or 2,5-b is (3-diethyl-o -chloro-

benzy lammonium-n-propylamino )benzoquinone and the b is- ( 3-amino-

pyridinium)-1, 10-decane respectively. The resultant Scatchard

plots I¡/ere linear and 4l-igand molecules v/ere shor¿n Ëo bind per

teËrameric (11s) Acchase molecular species. The linearLxy of

the Scatchard plots suggested rhat the four ligand bínding

sítes on Acchase ürere separated by at least twice the criti-

ca1 energy transfer distance. KO'" obtained either from
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fluorescence títrations or from tSO (determined from the

inhibition of Acch hydrolysis) rÁ/ere in good agreemenr ( 140) .

Propidium (3, 8-diamino-5,3'-diethylmethylamino-n-propyl-

6-phenylphenanthridium) a peripheral site directed fluorescenË

probe, T¡/as f irst introduced by Taylor et a1 . ( 130 , r43 ) . pro-

pidium fluorescence r¡/as shorqn to be enhanced by ten-fold upon

binding to Acchase purified from T. calífornica (143). A bind-

ing constant of 3 x lo-7 M was obtained.. The scatchard plots

T/üere linear. Propídium was only displaced by peripheral site

ligands , gallamine, d-tubocurarine and DMB . Binding constant

for these ligands \Ázere determined by propidium displacement

experimenËs. Actíve site directed 1ígands such as edrophonium

and N-methylacridinium under saturating conditions had no

effects on scatchard plots of propidíurn binding. Also chemi-

ca1 modifícation of the active site with bulky sulphonates or

phosphates (that inhÍbit bis-quaternary ligand binding) had

no effect on propÍdium binding. Even though gallamine and

propidium dísplaced one another from the peripheral sites
+trrg ", displaced gallamine rather than propidium when the dís-

placement experiments r¡/ere performed ín the presence of constant

gallamine and propidium concentrations (concentration of otg*2

varied), suggestíng that the gallamine and propidium sites do

not exactly overlap (130, 143) .

The kinetics of association of various fluorescent bis-

and mono-quaternary ligands \.,/ere determined from stopped flow

measurements of fluorescence (I44). Bis-quaternary ligands

revealed a f asË bímolecular step (lc^,^ = 9.7 x 107 M- 1 
"u.-1)
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followed by a unimolecular slow step (kob" = 44 """-1¡. Only

the f ast step \.^/as observed at 1or,¡ ligand concentrations. pro-

pidium, ofl the other hand, displayed a fast bimolecular step

(L^'^^ = 1.2 x 109 M-1 
"."-1¡ only. These data '/ere interpretedODS

on the basis of t\ro preexisting conformations of the enzyme.

Propidium would bind to either form, therefore it displayed

only the fast step. Bis-quaternary ligands could only bind to

one conformatíon, thís vüas represented by the fast step, the

slow step \¡/as thought to represent the rate of interconversion

between erLzyme conf ormations.

Following the demonstrat.ion by Pattison and Bernhard

(145) that zniZ and d-tubocurarine l{ere able to effect a slow

transitÍon of Acchase to anttunreactivettform, Epstein et al.

(I46) vr'ere able to detect Zn*2 and d-tubocuïaríne-induced slow

conformational changes on AcChase that \das covalently labelled

at the active site by the fluorescent probe (dansylamido)pentyl

methylphosphonofluoridate. The onset of Zn*Z and d-tubocura-

r j-ne induced conf ormational changes lüas biphasic. The kob"

for the s1o¡u phase obtained from the perturbation of fluore-

scence (I46) \¡/as in close agreement with those obtained kineti-

ca11y by Pattison and Bernhard (145). No attempt l¡/as made to

explain the biphasíc behaviour. These results \,,/ere explained

in terms of a t\,r'o state mode1, where the active and inactive

f orms of the enzyme are in slor,v equilibrium.

Berman et a1 " (I47) have calculated the íntersite distance

between the anionic and peripheral sites, using steady*state
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and time resolved fluorescence energy transfer measurements.

The ínËersíte distance obtained by these methods r¡/as r.9-2.8

nm. These results are in contrast to the L.4 nm intersite

distance determined by bis-quaËernary ligands and the mutually

exclusive bindíng dísplayed by propidium and DMB. Two alterna-

tive explanations \¡rere offered Ëo account for these díscre-

pancies: DMB binds at the active site and at another site

that indirectly closes down Ëhe peripheral siËes; or DMB bind-

ing at the active site induces a conformational change that

reduces the inËersite distance to I.4 nm (I47) .

As can be seen from the foregoing discussion, AcChase

possesses a varíety of peripheral anionic sites. Binding of

ligands to Ëhese sites can affect the kinetÍc properties of

Ëhe erizyme in a variety of r^rays, ranging f rom activation to

total ínactivation. The physío1ogica1 significance, if âny,

of these phenomena remains to be establÍshed.

7) Inactivation of Acetylcholinesterase by Thiol Reagents:

Ever since the discovery of AcChase, various reporËs

have demonstrated Ëhat the enzyme is inhíbíted by a variety of

so-ca11ed "thiol specífic reagents r'. Some of these earlier

reports r¡/ere summarLzed by Mounter and Whittaker ( 148) (Table

IX). The involvement of essential enzymíc thiol gïoups in

the observed inactivatÍons rras discounted by Mounter and

Whittaker (148) because the concentraËions of the inactj-vatíng

thiol reagerlts \,¡ere too hÍgh and the rates of inactivatíon rüere

too slow, when compared to typical thiol containing enzymes.
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TABLE IX. The
mar y

effecË of thiol
of the earlier

reagents on cholinesterase, sum-
work (148).

Reag en t Enzyme
Source

pI InhibitÍon Reference
d/

Arsenite

Lewisite

Phenyldíchloro-
ars ine

3-amino- 4-hydroxy-
phenylars enoxíd e

Copper II

Maleíc acid

Iodoacetate

Iodoacetamide

Glutathione
( oxid ízed)

Iod ine

All ox an

o-Iodosobenzene

Bromob enzyt cyanide

ChloropicrÍn

B romo ac et. ophenone

Horse
Pigeon

Horse
Serum?
Pigeon

serum
brain

s erum

brain

Pigeon brain

Elec t ric
ot gan?

Torpedo
Horse serum

Torpedo

Torpedo

Cat serum

Torpedo

Torpedo

Torpedo

Human plasma

Horse serum

Horse serum

Horse serum

1.7
4

2.4
4
J

J

J.J

2.7

1.5

L.7

2

5 .7 5

3.4

r.6

7.6

J

87
52

30
B5
19

57

57

3B
B7

22

BB

Ni1

24

B5

38

Nil

70

Ni1

B4

154
155

r56
r57
155

155

158

L59
r56

159

159

160

159

159

r59

161

156

156

r56
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In addition, while most of the thiol reagents that r¡zere shown

to inactivate Acchase Í/ere heavy metal cations, there lras no

evidence for the interaction of these metal ions r¡ith the

AcChase catalytic site.

that

The

More recently Massoulié

purified T. calífornica

and Rieger (149) have reported

AcChase is inhibited by PCMB.

being approxímately 90 minutes "

the half-1ífe of Ëhe reaction

WÍns et a1. (132) have demon-

strated Ëhat the PCMB inactivation of AcChase can be reversed
+2by Ca , a peripheral-síte-specific ligand, suggesting thaL

PCMB combínes r¡íth Acchase at or near the peripheral anionic

sites. The effects of arsenite, another "thio1 specifÍc rea-

genttt on T. californica AcChase vrere studied by I,^Iilson and

Sílman ( 150) . Arsenite \^ras f ound to inhibit AcChase ín a

second order reactíon with a ra:-e constant of IO-2 M-1 
"""-1.

Peripheral-sj-te-specific 1ígands such as propidium and TEA

rüere shown to block arsenite inhibiËion. 2-pAM on the other

hand, accelerated the rate of arsenite Ínactivation by 220- fold.

The arsenite inhibiLíon was reversed by PCMB but not vríth DTNB

or NEM, leading Ëhe authors Ëo conclude that although the

kinetic evidence is consistent wíth thioarsenate formation,

the chemical evidence excludes the involvement of thío1 groups.

In the opinion of t,his author the above evidence is not

concrete enough to argue for or against the presence of thiol

groups in Acchase. The rates of inactívation and the hÍgh con-

centration of thiol reagents required, can be explained by the

ínactívation rÁras very slow,

ínaccessíbility of the thiol groups. The variance in the
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reactívity of protein thiol groupsr arising from the degree

to ¡,¡hich they are ttburied" within the protein structure, has

been well documented (151, I52).

In víew of the perípheral-site-mediated inacti_vation of

AcChase by Zn*2 and Cu*2, two metal ions which can form ex-

tremely stable complexes with free thj-o1s (151, L52), and the

fact that daLa on the free thiol cont.ent of AcChase have yet

to be published, ít is very tempting fo suggest that AcChase

does possess free thiol groups and that these are involved in

the binding of metal caËions at the peripheral anionic sites.

Summary of ob-i ectives:

The aim of the present work is to clarífy the role of the

peripheral anionic sites in the caLalytic funcËion of AcChase.

To this end, the specificity of ligands for the peripheral

anionic sites \^Ias established Ëhrough fluorescence equilibrium

bínding and displacement studies. These ligands \^rere Ëhen used

to determíne the consequences of perípheral site occupation on

catalysis. In these studies the pseudo-substrate M7C proved

to be extremely useful, as the pre-sËeady-state kinetic treat-

ment oÍ íts AcChase catalyzed hydrolysis enabled the evaluation

of the kinetic parameters K", k: and k2. As a result the effect

of peripheral site occupation on the proposed catalytic mecha-

nism was determined. studíes of Ëhe metal ion induced activa-

tion and inactivatÍon, led to the proposal of a model for peri-

pheral site-specific ligand lnduced kinetic states of AcChase.

Several observations during the course of this study were
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interpreted as an indiTect indication of the presence of thiol

groups at or near Ëhe peripheral anionic sites; this has led

Êo a search for thiol groups in AcChase.

tr^lhenever possible, the properties of AcChase f rom tr^io díf -

f erent specíes, T. calif ornica and E. electrÍcus, r¡rere compared.
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MATERIALS AND METHODS

i) Structures cf some of the compounds used in this study:

Acetylthíocholine

p-NiËrophenyl- ac e t ate

4
Åog*o,

7 -}i-y dr oxy-N-me thy 1 quino 1 in ium

7 - (dímethylcarbamoyloxy) -N-neËhy1 qu inol inium

rz\z\
\Ay'o'

l1-

Ga11 amine

DecameËhonium

d-tubocurarine

Edrophonium

,o--z-Ñ(et).
Õo--rñtr,i

+!)
'O/'\.-|\l(Et)3

+f l+\ dí\,^r.-r,¡.rr^...Nrft

t"O.rS

P rop íd iun
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Pyridine- 2-ald,oxime methíodid" 
Q_.^ O,
I'

5,5 ' -Dirhiobis - (2-nírrobenzoic acid) Ork)s-s${oz
HOOC- -COOH

Diisopropylfluorophosphate >*[-"{

N-dansy Lazirídine 
b-r A

so¡Ñrl

Dansyl-S-aminoethyl cysteine X^\(A,
IsotNS- \+

,H{ H^-ooé, "

Affiníty Ligands:

[ ( O' -amino cap royl- 6 - aminocap royl ) -p-aminophenyl ] tr ime thyl
ammonium

[ 6-aminocap royl-p- aminophenyl ] tr ímethyl ammonium

^t
Iv-.,^.r¡,r.rÕñrFr o _l

ii) Materials:

Materials Supplier

Pacífic Bio-Maríne
Venice, Ca1ífornía, USA

T. californica electroplax
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Materials SuPPlier

crude 11s E. electricus AcChase Sigma Chemical Co.
(Type vÏ-S) SË. Louis, Mo, USA

Ac e ty 1 thio cho 1 ine
5 r 5 I -Dithiobis- (2-ni-trob errzoíc acid)
Tris hydroxymethyl amínomeËhane
Decamethonium bromide
Propidium iodide
d-Tubocurarine iodide
p-Nitrophenyl acetate
Tryp s in
Soybean trypsin inhibitor
N, N-p-phenylened iamine
Cb z-e-aminocaproic acid
Triethylamine
Isobutyl chloroformate
Pyridine- 2- aLdoxime methiodide
L-cysËeine

Cyanogen bromide Aldrich Chemícal Co.
Methyl íodÍde Milwaukee, trnlisconsin, USA
Diis opropylf luorophosphate
Lanthaníum chloride (go1d label)

HgCL2
CuS04
cdso4
MnSO4

J. T . Baker Chemical Co .
PhÍllipsburg, Nernr Jersey,
USA

7-Quinol Eastman Chemicals
7-(dÍmethylcarbamyloxy)-N- RochesËer, New York, USA

methylquinolinium iodíde

MgS07,
znsoi

British Drug Houses
London, England

Sepharose 4-B
CM-Sephadex C-50

Pharmacia Fine Chemicals
Upsala, Sweden

N-dansyLazi-rídine Pierce Chemical Co.
Rockford, I1, USA

Amicon ultraf íltration
Apparatus and membranes
PMI 0, microporous f ilt er 0 . 45 UM

Amicon Canada Ltd.
0akvi11e, 0ntarÍo, Canada
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Materials

TLC sheets 20 x 20 cm
Silica gel

Supplier

Fisher Scíentific Co.
I^Iinnípeg, Manitoba, Canada

Beer (draft) Aberdeen Hotel
Iniinnipeg, Manitoba, Canada

iíi) Syntheses:

a) Synthesis of the affiniË ligand I C0-aminocaproyL-6' -
amino cap r oyl-p- amínopheny 1 ) t r ime Ëhy 1 ammoníum J-

This procedure ís essenËia11y as described by Taylor et

a1. (64). Ten grams of p-N,N-dimeËhyl phenylenediamine hydro-

chloride r¡ras dissolved in 50 mL HZO. The pH was adjusted

to 9.0 by the addition of NaOH (3U¡ . The free base so formed

Ì¡ras exËracted wíth ether (3 x 60 mL). The combined ether

extracts r¡rere dríed over anhydrous NarSOO, f iltered and eva-

porated to dryness on a rotary evaporator (Büchí) . The resul-

tanË brown oil solidifíed upon coolíng in Ëhe freezer (8.0 g

of Lhe f ree base \,rere obtained).

Cb z- c ap-PDA ( 6- carb ob enz oxyamino cap ropyl-p-N, N-d imethyl

9.6 g of carbobenzox.y-6-amínocaproic aeíd Tras dÍssolved

ín I20 mL ethyl acetate. This mixture vras cooled to tu10oC

on an ice/salt bath, 5.1 mL of tríethylamine ü/as added fol-

1or¿ed by 5.1 mL of isobutyl chloroformate. A whÍte precipí-

tate v.ras f ormed; this mÍxture r^tas stirred f or 20 minutes ,

then 5 g of the free base (dissolved in 50 mL of cold ethyl

aceËaËe In/as added s1ow1y (tt nL/min). A grey precipítate

replaced the white. This mixËure r^ras stirred f or .r,3 hrs Ëhen
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stood in the ref.rigeraËor overnight. The solid was filtered

of.Í. and washed successively wíËh 10 mL each of ,ZO, ethyl

acetate and finally petroleum ether (30-60"). 11.0 g of

whíte solid resulËed, and l{as re-crysËaLL:. zed from MeOH (hot)

with acËivated charcoal, resulting in 9.0 g of Cbz-cap-PDA,

m.p. 115-115.5oC (lit: 115-116oC (64)).

cap-PDA ( ( 6-amino c ap royl ) -p-N, N-d imethvlphenylene d iamine ) :

To 75.0 mL of 33i( HBr/acetic acid, 6.6 g of carbobenzoxy-

6-amínocaproyl-p-N,N-phenylene díamine was added (dissolved

in 30 mL of glacía1 acetÍc acíd), stÍrred for I hr at room

temperature, Ëhen approximately 200 mL of anhydrous ether \¡ras

added. The resultant gummy solid \¡ras removed with a glass

rod and dissolved ín a minimum amount of isopropanol and

added dropwíse to ru100 mL of ether. Upon conËact with eËher

a flaky white solid was formed. The solid was filtered,

washed with a further 3 x 30 mL of ether, then dissolved

ín, and crystallLzed from, hot methanol by the dropwíse addi-

tion of anhydrous ether. 5.3 g of off-white (very hygroscopic)

solíd wiËh a m.p. of L7B-1B0oC T,\7as obrained (1it: 181-LBz"C

(ø+¡¡.

Z- d i cap-PDA ( 6- c arb ob enz oxyam j.no c ap r oy1- 6 I - amino c ap r oy 1)
-p-N, N-dime thylphenylened iamine :

3.3 g of Cbz-6-aminocaproic acid lras dissolved in 40 mL

of ethyl acetate, cooled to -10"C in an tce/salt bath, then

1. B mL triethylamine followed by 1. B mL of isobutylchlorofor-

mate r^7as added. The suspension was stirred f or 20 minutes,

Ëhen a mixture of cap-PDA (S.O C) díssolved in 30-40 rnl, of
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ethyl acetate containíng 3.6 mL of triethylamine (cooled to

<ooc) was added dropwise. This míxture rÁras stirred aL room

ËemperaËure for t hr then stored ín the refrigerator over-

night. The resultant solíd \¡/as f iltered, washed sequentially

with 100 mL each of rzo, ethyl acetate and petroleum ether

(30-60') . The producË was recrystall ízed. from hot methanol

(with actívated charcoal). 3.69 g of purplish crysÈals wíth

a m. p. of L32- 133oC (1it: I27- 130oC (6+¡¡ r^rere obrained.

Z 1l.icap-PDA ( L 6- carb obenz oxyaminoca L-6'-aminoca
-p-aminophenvl I trímeËhv1 ammonÍum

3.0 g of Z-dícap-PDA was díssolved in 4.0 mL of dímerhyl

f ormamide containing 4.0 mL cH3r in a large scre\,/-cap test

tube (30 rnl,). Thís T¡ras placed in a beaker of boilíng r^7ater

ín the fume hood (wiËh hood closed) f or 40 min, then cooled

to 0oC. Ethyl acetate r¡ras added (.r,O.S mL), resulting ín a

cloudy solutíon, followed by a gummy oi1, whích setË1ed to

the bottom of the test Ëube. The oí1 r¡ras dissolved in hot

absolute ethanol, crysËa1s resulted upon cooling, m.p.87-BB"c

(1it: B9-90oc (64)) .

Dicap-PTA: 6-aminocapro 1-6 t -aminoca -amano-
henyl trimethvl lammonium:

500 mg of Z-dícap-PTA was added ro 15 mL of

acetíc acid, lef t at room temperature f or ,4 hr,

of ether was added. The gummy so1íd Tiras removed

as descríbed above (cap-PDA). The solid r¡ras rec

resultíng in L25 mg of extremely hygroscopic sol

17 6-178" (1ir: L79- 1B0oc (6+¡¡ .

337" HBr /

then 100 mL

and treated

ry s Ë aLlized

id m.p.
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b) Couplíng of the affiníty 1ígand to Sepharose 4-B:

200 mL of packed Sepharose 4-B r^/as washed wíth cold HZO

(1.0 L), then "acËivated" by the addition of 1.B g of CNBr;

the pH was maintained at 11.010.5 by Ëhe addition of NaOH (:tl¡

and Ëhe temperature vras maint.ained at I5" CLz by the addition

of ice. Af ter 20 mínutes the activated ge1 T/üas washed wiËh

2.0 L of cold NaHCO3 (0. 05 M; pH 9 . B) . The wer gel was rraris-

ferred Ëo a 600 mL beaker which contained 0.4 m moles of dicap-

PTA dissolved ín 200 mL of NaHCO, (pH 9. B) . The mixrure \^ras

sËírred aË low speed overnight aË 5oC, washed wíth 1.0 L of

NaHCOr! 0.11 m moles of ligand v/ere recovered in the wash (i.e.

0 .29 m moles \¡rere bound) . The gel r,,ras washed with 2.0 L of

cold HZO followed by 2.0 L of Torpedo preparatÍon buffer (0.01

M NaHCO3; 0.1 M NaCl; 0.04 M MgSO4.TH.O; pH 7.4).

An identical procedure r^ras followed Íor coupting cap-PTA

and L-cysteíne Ëo Sepharose 4-8.

c) Synthesis of 1-methyl-7-hydroxy quínoline:

1.0 g of 7-quinol was díssolved in 90 mL of teËrahydro-

furan, a smal1 amount of insoluble material was filtered off

and 1.0 mL of CH3I was added. The reacËíon mixture eras left

at Toom temperature, in the dark for 5 days. The yellow solid

that f ormed r,,ras f iltered, díssolved in hot methanol (n,S. O mL),

cooled and applied to a (2 x 30 cn) column of silica ge1 (200-

500 mesh) equilibraËed r,¡íth meËhano1. The ye11ow band r,ras

eluted , concentraËed ( to tu5 . 0 mL) , ether \¡ras then added (drop-

wise) unEil the solution became cloudy. On standing in the

freezer crystals r^rere obtained wíËh a m.p. of 250-252oC. TLC
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ín methanol (using silica gel sheets) resulted in one single

fluorescent spot.

d) SynËhesis of S- (2- dansylamínoethyl) -cysteine ( tOù z

N-dansyLazír idine (279 mg) r¡/as dissolved in 20 mL eËhano1.

This solution \^ras added dropwise wíth stirring to a solution

of 135 mg cysËeine in 30 mL vrater, adjusted to a pH of 8.6 with

NaHCO.. The solution Ì{as stírred overnight at 25"C. The so1-
J

vent T¡ras removed by lyophiLízation, the resulting crude S-2-

dansylaminoethyl cysteíne !/as díssolved in a mínimum volume

of eËhanol-water (1:1, v/v). To Ëhis hoË butanol was added

until the solutíon became s1íghtly turbid. Hot ethanol r¿as

added to make the solution c1ear. The result.ing crystals

had m. p. L7 2-17 B (1it: L7 8- 1B0oC (162)) . TLC in solvent systems

63, and 64 of Neider\.{eíser (164) resulted ín a single f luorescent

ninhydrin positive spot with an Rf = 0. 9 1.

Ív) IsolaËion and purificat,ion of AcChase:

a) Isolation oÍ T. eaLifornica AcChase and subsequent
cation bv attinitv chromatosraphv:

The meËhod used \,{as that of Taylor et a1. (64) with minor

modificatíons. 50 g of Í.rozen T. californica electríc tissue

hras thawed, chopped ínEo I c*3 cubes; 4O mL of cold Torpedo

preparatíon buffer (0.01 M NaHCOri 0.1 M NaCl; 0.04 M MgS0Oi

pH 7 .4) \^ras added and the mixture was homogenized in a Virtis

homogenizer for 30 seconds (at the 1ow/medium settírg). The

homogenate was centrifuged at 30,000xg for I hr. The super-

natant \^ras díscarded, 40 mL of Torpedo preparation buf f er

r'ras added to Ëhe pel1et and homo genized (at 1ow speed) f or 1
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mín. The homogenate (c,ZS nL) \¡ras heaËed Ëo 37 " C in a \nrateï

bath, 75 pL of trypsin (S mg/ml') was added. The mixture lìIas

maintained at 37"C wíth stirring for B min, 75 pL of soybean

trypsin ínhibitor (10 mB/ml,) r¡as added. The mixture I¡Ias cooled

to 5"C and cenËrífuged aË 30,000xg for t hr. The supernatant'

containing tu10,000 units of AcChase act.ivity \¡Ias applied Ëo

the affinity column (-[0cm column conËaining 5.0 mL of Sepharose-

4B-dicap-p-PTA), after application the column was washed with

Torpedo preparation buffer unËil the absorbance of the eluate

\47as <0.05. Upon elution wíth Torpedo preparation buf f er con-

taining 10 mM DMB, a sharp protein peak with \'60% of the

total applied AcChase activity \^ras obËaíned. This fraetion

r¡ras applied to a 3 x 50 cm column of CM-Sephadex C-50 (equÍ1i-

brated wiËh Torpedo preparation buffer). The CM-Sephadex

eluaËe üras dialysed and concentrated on an AMICON ultrafiltra-

tion apparaËus (using a PMIO membrane); the díalysis buffer

r4ras 1 nM Tris-C1 pH 8.0. Af ter 2-3 L of buf f er had passed

through the ultraf.iLËraLion ce1l, the protein solutíon was

concentrated Ëo t2O mL, fíltered through an AMICON microporous

fí1ter (0.45 um) Ëo remove insoluble material, dívided inLo

1.0 mL lots and kepË ín the freezer (-20"C). For ful1 details

see Tables XI and XII.

b) Purification by affiníty chromatography of crude E.
e-!qctriqus (11s) AcChase:

The method used T¡ras thaË of Dudai et a1. (Sg) with minor

rnodif ícations.

2.0 mL of equilibratíng buffer (0.01 M phosphate; 0.1 14
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NaCl;

víal )

7 .4) \^ras added to t\nro víals (contaíning tu10,000 uniEs/

crude lyophiLized E. elecËricus AcChase (Sigma Type

VI-S). The crude protein solution r¡ras applied to a I x 5 cm

column conLaining 3.0 mL of affiníty gel (Sepharose-4-B-cap-

p-PTA). The column was washed with N75 mL of equilibrating

buffer, then with 10 mM DMB in equilibriatÍng buffer, Ëhis re-

sulted in the elution of a sharp protein peak with'u6A% of

the total AcChase activity. The DMB Í.raction was then pooled

and applied to a CM-Sephadex-C-50 column. The eluaËe was día-

lysed and concentrated orr an AMICON ultrafiltration appar atus,

using 1 mM Tris-Cl pH 8.0. The dialysed proteín was filËered

through an AMICON microporous filter (0.45 um) divided inËo

1.0 mL lots and stored ín the fxeezer (-20"C).

Since the AcChase is eluted from the affínity column with

a high concentration of DMB (10 mM), it is essential that alt

of this inhibitor be removed or Ëhe kinetic results obtained

would be meaningless. A particular lot of purífied enzyme

T¡ras díalysed extensively; enough buf f er beíng passed through

the ce11 to ensure a decamethonium concenËration of less Ëhan

-1')10 M. The pre-steady-state parameter kobs T¡ras det,ermíned

over the entire M7C concentration range used (0.5 UM to 40 UM)

These values T¡/ere then used as a check for DMB conËamination

in subsequenË purífications (Table X).

v) Kinetic studies:

Definítíon

pil

of

AcChase acËivÍËy

per minuËe under

of a unít of AcChase ac

corresponds to 1 ¡t rnole

sËandard condíËions (+

tivíty:

of AcSCh
_/,

.B x 10 s

One unit of

hydrolysed

M AcSCh; 3
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TABLE X. The pseudo-first order
Þ17 C; Af f inity purÍf ied

rates of carbamoylation with
E. electricus AcChase.

Is]
pM

kobs sec-1
Mean
kob s

't le
r /kobs x' í ä _,

1.0
2 .03
3.38
5 .07
6.7 s
8.06

TO. I2
13.43
20.L5
33.09
40 .29

0.035r
0.0474
0.0s40
0.0772
0.0846
0.0920
0.0951
0.1086
0.1518
0 . r92r
o .2438

0.0342
0 .047 r
0.0571
0 .07 L2
0.0820
0.0BBi
0.0962
o . L225
0.1690
0.2774
0.2364

0.037
0.0457
0.0587
0 .07 47
0 .0824
o .0827
0.0994
0 . r207
0.1596
0. 2058
0.2635

0.041
0.0557
0.0631
0.0790

0 . I026
0.1184
0 . r444
0.1958
o .2557

0.035
0.045
0.056
0.072
0.082
O.OBB
0.098
0.118
3 .156
0.200
0.250

28.57 I0
22.27 4.93
17 .86 2.96
13. 89 7.97
12.2 1.48
11.36 r.24
L0.20 0.99

B .47 0 .7 4
6 .41 0. 50
5.00 0.30
4.00 0.2s
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x 10-3 M DTNB; in 0.1 M phosphate; pH 7.5 ar 25"C)

a) Buffer media:

Two buf f er media r¡rere routinely used in the kinetic studies

of AcChase. A high (physiologícal) ionic strength buffer con-

tained 1 mM Tris-CL/0.L If NaCl, pH 8.0. In some cases the

Tris concentration was increased to 10 mM when a hígher buf-

feríng capacÍty was requíred. The second buffer Tdas 1ow ionic

strength medium consísting of 1 mM Tris-Cl, pH 8.0. In studies

of the kinetics of ínactivation of AcChase by iPrrPFr the buf-

fers used \^rere 0.1M and 1.0 mM phosphaËe, pH 7.0, respectively,

in order to minimÍze the base cataLyzed hydrolysis of subsËrate

(NPA)

b) Ellman assay (73):

RouËine assays of the enzyme actíviËy hrere carried out by

the method of El1man et a1. (lg) using AcSCh as subsËrate.

The production of the thíonítroberlzoate anion generated by the

reaction of DTNB with the hydrolysis product thiocholine r¡ras

-1 -imonitored at 412 nm (r¡rt4L2 = 13,600 M ' cm '), on a BECKMAN

modeL 25 spectrophotomeËer. Detailed studies of the steady-

sËate kineËics of Ëhís reaction aE either 1ow or high íonic

strength were carried out in a modified AMINCO-BOI^IMAN stopped-

flow apparatus. The signal derived from the photomulËiplier

r¡ras collected on a Biomation 805 r^raveform recorder Ínterfaced

with a Heathkit H-11 computer and simultaneously displayed on

an oscilloscope. The sensítivity of this ínstrument permitted

Ëhe use of AcSCh concentrations as low as 1 UM. The apparatus
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Þras operated under Ëhe control of a BASIC program developed

by Dr. G. Tomlinson. Up to 2048 dara points from each kínetic

Tun r,,/ere transferred from the r^/aveform recorder to the compu-

ter r¿here they r¡rere converted to absorbance values. Initial

rates r¡rere det.ermined by least-squares regressíon on points

visually selected from the oscilloscope trace. The reactions

at 1ow ionic sÈrength were carríed out in the presence of 3.2
-?x 10 - M DTNB and AeSCH concenËrations of 1.0 to tOO UM. Ar

high ionic strength the same DTNB concentration was used but

the range of AcSCh used \.ras from 10 to 300 UM (or 10 to 614

irM in the case of T. californica enzyme). The sËopped-f1ow

apparatus T,üas equípped wíth tT/¡o syrínges. The er-zyme (ttO-10

N) r^ras contaíned ín one syringe, AcSCh, DTNB and inhib iËor

(when used) were contaíned in the other (wiËh the exception

of preincubatj-on experiments where inhibitor \¡ras added to

both syringes). The use of Ëhe stopped-flow apparaËus enabled

the deËermination of the steady-state rate of hydrolysis of

Acsch several milliseconds afËer the mixing of Ëhe reactanËs.

In no case raTas the total change in AcCh concenËration greater

Ëhan 7.5 pM whích was determíned in separate experímenËs to

produce no detectable change in the pH of the reacËion míxËure.

The data \^rere analysed according to Ëhe Henri-Michaelís-Menten

(equation t6l) using Linevr'eaver-Burk plots. Complex inhibítion

patterns that resulted in non-linear Líneweaver-Burk plots

r^7ere not analysed.

c) M7C assay:

The reacËion of AcChase wiËh Ëhe fluorogeníc carbamoylating
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agenL rqTc can be descrÍbed by scheme fr, however owíng to the

decarbamoylation rate constant (k3) being much smaller than

the carbamoylatíon rate constant (kZ), the reaction is char-

acËerízed by a pre-steady-state burst, the amplítude of which

corr esponds to the enzyme normalíty. The pseudo-fírst order

approach to steady-state is related to the carbamoylaËion rate

constant (kz) and the steady-state hydrolysis raËe (u""), can

be related to Ëhe decarbamoylation rate constant (k:). A fu11

kinetic treatment is contained ín the Appendix. The approach

to the sËeady-state may be described in terms of the observed

fluorescence due to Ëhe formation of the product M7H:

(r I)press'1n k t+1n
ODS

where (r - r- ) is the difference in fluoïescence inten-- ss press'
sities of a line extrapolated from the 1ínear (steady-state)

porËion and the measured pre-steady-stat. (rlress) burst aË

any tíme t and kob" is Ëhe pseudo-fírsË order rate constant

of carbamoylation. Therefore a plot of 1n (t"" - rpress) ver-

sus t will yield a line wíth a slop" kob" and a vertical inter-

cept (t = O) of ln a"" whích is the amplitude of the burst

phase. The dependence of kob" upon yITc concentraLíon under

the experimental conditions used is gíven by:

kz lso l

l7 sal

17 84obs l-s I + K' o' s

in recíprocal form

r/k oDs

KS

q-lsJ

or

1/kz + l79a)
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Theref ore a plot of 1/ko¡" r" . I /1{,7 C enables the evaluation

of K_ as well as k^ (165).sl
The decarbamoylation raxe constant kg can also be evalu-

ated from the steady-state velocity of T17H production, since:

SS IB1a]

and since E can be calculated from the burst amplitude then
o

ka can be evaluated (165). The raËe of M7H productíon in the

presence or absence of effecËors \¡/as measured on a Perkin-Elmer

MPF-44 spectrofluorometer with a Hamamatsu HTVR 446 phofomul-

tiplier tube, opêraËed in the energy mode. The absorption

and emission maxima .tüere 405 nm and 505 nm respectively. The

M7H f luorescence r¡ras not quenched by dissolve d OZ as ídentical

M7H fluorescence intensities rdere obtained whether or not the

yITH solutions urere saturated wit.h N2.

The carbamoylaËion amplítude \¡/as related to the eîzyme

normality by comparison of fluorescence intensítíes with those

of. an M7H standard curve.

The I"l'7 C concentration range used, both under conditions of

1ow and high ionic strength, T¡/as 0.5 to 40 pM. Under these con-

dítions carbamoylation rates \^/ere slow enough to enable both

the pre-steady-state and steady-state portions of the reaction

to be easily examined. Enzyme active site concentration employed

in these studies \¡/as usually Ín the range 1-4 x 10-B M.

vi) Fluorescence títratíons

V ks IEo ]

Free propídium

wíth a fluorescence

exhibíts an absorbance maximum at 494 nm

maximum at 596 nm. Upon interacting
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ú/ith Acchase íts spectraL properties are altered markedly.

The absorbance maxímum is shifted to 535 nm and the fluores-

cence emissíon to 630 nm. The titratíons \^rere carried out

by the addítion of successive (s uL) alíquots of propidium

solution (2 x 10-5 or 2 x 10-4 M) to the solution of enzyme
_^(1-5 x 10 " N) in 2.0 mL buffer in 3.0 mL (1 cm parh length)

ce11s. The total volume of soluLion did not increase by more

Ëhan r0"Á during the titration. The observed fluorescence

intensity \^7as corrected for a small contribution from the

enzyme. A blank títration ín the absence of eîzyme v,/as carried

out simultaneously as a linearity and a stability check. The

i-ntensity coeffícíent of free propidium under the experimental

condíEions \¡/as obtained from the slope of a plot of fluorescence

intensity vs. propidium concentration in the absence of the

enzyme. The intensl-t.y coef f icienË of bound propidium r^ias

determined by titratíon of the enzyme under conditions of

stoichiometríc bindíng. The concentratíon of free and bound

propidium during the course of the titratíon r¡reïe calculated

using eq. lg.], lZal (see appendix).

_ Y [Po]
Ë y - YtIPr ]

lP¡ l lPol - [Pr]

Ie']

lz "l
tr{here IPrl and IP¡] are Ëhe concentrat.Lons of free and bound

propÍdium respecti-ve1y, IPo] is the total propidiurn concentra-

tion: Ia is the observed fluorescence intensity and y and y'

are Ëhe intensity coefficients of free and bound propidíum

respecti-vely, under given experimental conditions. Binding
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data \¡/ere further anaLyzed

ing to;

by means of Scatchard plots accord-

lPbl)IPblPf] = *o-t ([Eo]

where E_ is the er'zyme normalíËy deËermined by T,l,7C tiËrations
o

and K^ is the díssocíation constant for the bindíng of propidiurn
t_)

to the enzyme.
1-L tr

The ability of edrophonium, gallamine, Zn' ' and þ1g'' to

displace propídium from the enzyme r¡ras determined by the addí-

tíon of successive 5 UL a1íquots of displacing ligand solution

Ëo a solutíon containing both enzyme and propídium in 300 UL
)(0.3 cm- ) microcells. The initial conditions \rere chosen

such that most of the propidium present rùas in the bound

form. A decrease ín the observed fluorescence íntensíty (after

corrections for dilution) ras taken to indícate dísplacement

of. bound propidiurn. Analysís of competítive binding data was

carríed out by the method of Taylor eË al. (130).

IED] / lEPl (fo - r)/G - fo) lDl/ [P] Kp/KD) [28a]

where IUl], IEP], ID] and tP] are the concentratíons of enzyme-

dísplacing 1ígand complex, enzyme-propidíum complex, free dis-

placing ligand and propídium respectively; tO is the fluores-

cence of fully bound propídium, fD is the fluorescence observed

when all the enzyme is present as ED, and fo is the observed

fluorescence. *O and KO are the dissociation consËants of EP

and ED respectívely (see appendíx).
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vii) Inact ívat ion profiles ;

The inactivation profiles of metal íons T¡/ere obtained by

preincubatÍon of the errzyme for 10 minutes with the inactivating

metal ion, then measuring either the sËeady-state velocity or

the carbamoylatj-on amplitude after the additíon of either AcSCh,

NPA or Ì,17 C.

viii) Kinetícs of inactivatÍon of AcChase by metal ions:

The inactivatíon process t,,ras f ollowed by tr,,ro methods.

In a continuous assay the loss of enzyme activity \4/as followed

by monitoring the absorbance at 400 nm due to the enzyme cataLyzed

formation of p-nitrophenol. p-Nitrophenol-acetate T¡/as dissolved

in MeOH and thís solution was made daily. The NPA concentra-

tion was 2 x 10-4 M. This is n,l0-fo1d lower than the *rno for

NPA displayed by AcChase. Under these conditíons less than

207. of Ëhe total subsËrat.e r¡ras hydrolyzed in the time course

of the inact.ivation thus errsuring steady-staËe conditions.

The linearity of the reactíon under these conditions \.üas deËer-

mined in separate experiments without ínhibítor. The enzyme

concentratíon used \,ras'r, 1¡-10 N. A second discontinuous method

involved períodic measurements of the carbamoylaËion amplítude

after addíËion of TITC to samples of the metal ion enzyme míx-

tures. This second method is less accurate in the early points

since the pre-steady-state carbamoylation of the enzyme is

rather slor¡r (requirín g I5-25 seconds Ëo attain steady-state) .

Most of the metal salts used r,Íere sulphaËes; as a result

the pH of the stock solutions r^rere checked and re-adjusted to

8.0 where necessary.
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L"3* solutíons \,/ere unstable and a precipíEate formed

upon storage. This \"/as attributed to Lar(CO3)2 which is extremely

unstable. This problem was overcome by boiling the ,20 prior

to preparation of the l-t3* solutions, and flushing the cuvettes

with NZ during the course of the experiment.

íx) Kinetics of inactivation of AcChase by íPrlPF:

The inactívatíon of AcChase by iPrrPF \¡/as followed by

tT,,ro methods. f n a contínuous assay the loss of erLzyme activíty

vüas followed by monitoring the absorbance at 400 Dfl, due Ëo

the enzyme cataLyzed formation of p-nitrophenol (as in viíi

above). A second discoritinuous method, simí1ar to the "rapid

sampling" method of GenËineËËa and Brodbeck (139), ínvolved,

the removal of (20 UL) a1i-quots f rom a iPr 
2PF /enzyme mixture,

aË various time intervals, and subsequent assay usíng NPA.

x) Modífication of AcChase with DTNB and N-Dansylaziridine:

a) DTNB:

To 2.0 mL enzyme (*5 x 1O-7 M), 2OO uL Tris-Cl (1 mM; pH

8.0) , 200 ¡rL SDS (I0"A in I M Tris-Cl; pH 8.0) , and 200 pL DTNB

-)( 10 - M in 0. 1 M Tris-Cl; pH B . 0) \,/as added. The reactíon was

followed by monitoring the absorbance at 4I2 nm due to the

formation of thioniËrobenzoaËe anion (resulting from the reac-

tion of DTNB with free protein thiol groups). A duplicate

sample without enzyme served as the blank. The extincËion co-

efficient used for the thionitroberrzoate anion was ,M4LZ =

_ -1 -113,600 M cm
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b) N-Dansyl-azLridine:

2 ^g of N-DAZ r/üas díssolved in 1 mL absolute ethanol
I

(l x i0 - M). 20 uL of this solution r{as added to 2.0 mL of

enzyme solutíon (1-5 x LO-7 M), and to 2.0 mL of buffer (as a

control). The reaction \^ras monitored by spectral changes in

the emission spectrum of N-DAZ: Upon reactíng with protein

thíol groups the apparent emíssion maximum is blue shífted by

tu10 nm and the fluorescence is enhanced. The excitation maxi-

num of N-DAZ is 347 nm with an emission maximum of 565 nm.

The excess N-DAZ $/as removed by tT/ro dif f erent methods:

1) The protein/N-OAZ (/ef.f.ector) mixËure !¿as díalysed on an

AMICON ultrafilËration apparatus. 2) The proteín/ N-DAZ (/effec-

tor) míxture r¡/as chromatographed on a Sepharose 4-B column to

which L-cysteine vras covalently attached. The elution rate

v/as very slow (0.S mL/hr).

Protein hydrolysís: The modified proteín \^ras hydroLyzed

l_n

\Á/a S

6.0 N HCI in sealed evacuated tubes for 4 hr at 110oC. The HC1

removed by placing tubes in a desiccator contaíning Na0H.

2-Dimensional TLC: The proteín hydrolysate l¡/as extracted

with methanol and applied to 20 x 20 cm TLC sheets (sílíca gel)

The solvent system used ín the fírst dírectíon r,,ras benzene:

pyrídine:aceËic acíd (80:20:5 v/v) (solvent system 1163 of

Neídweíser (i64) ) . In the second direction toluene:2-chloro-

ethanol:NHO0H (25"/.) (80:20:5 v/v) T¡/as used as the solvent sysrem

Gf64 of Neiderwei,ser (164)). The spoËs \¡rere ídentified by

a wide range UV lamp andfor with a ninhydrin spray (L% in etha-

nol).
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RESULTS

1) Isolatíon and purification of AcChase:

The ísolation of AcChase from the electroplax of T.

californica and the purifícation of the crude protein extracts

of AcChase from T. ca1íforníca and E. electricus by affinity

chromatography are summarized in Tables XI and XII.

2) Stability of AcChase:

AcChase isolated from E. electricus or T. californica

(in I mM Trís-C1 pH 8.0) \¡ras incubated at 25"C. Aliquots

(80 UL) \¡/ere removed and assayed using the f luorogeníc carba-

moylating agent 14.7C. The observed pseudo-first order rate

constant as well as the carbamoylation amplitude, which is

proportional to the amount of active enzyme vras unchanged

(within experímental error) after incubatíon for up to 1i hrs

(Fie. 4) .

3) Experiments !'iith E. electricus AcChase:

A) Fluorescence titratíons:

An apparent dissociation constant for the propidium-AcChase

complex of around 10-81"1 was estimated from pre-steady state

and steady-state kinetic experiments (see results Section 3B

and C) .

Accurate determinations of this díssociation cons Ëant

usíng equilibrium binding techniques requíre that the enzyme

concentration also be around this value in order for the con-

centration of f ree and bound ligand to be sígnif icant. Hor,,rever,
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TABLE XI. Isolation of AcChase from the electroplax of T.
californíca.

Total Total Specific
Step Protein Units Activity

(*g)" (") U.mg-l-

1) Crude homogenate

2) SupernatanË after
8 I Tryp s ini zation

350 22,000 63

108 17,600 163

a Determined from AZAO using an Ut mg % = 17.6.
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Fig. 4 . Effect of prolonged incubation
of AcChase at 25"C on the carba-
moylation amplitude and Ëhe observed
pseudo-fírst order rate constanË of
carbamoylatíon. The buffer \¡ras 1.0
mM-Tris- Cl , pH 8. 0. A) T. californica
AcChase, assayed: (O) immedíate1y;
and afËer: (O) 15 mín; (Ô) 2 hr;
(f) 6 hr 20 mín; (A) 7 hr 5 min;
(O) 10 hr 50 min of incubatíon by
the addiËion of 4.72 pM M7C. B)
E. electricus AcChase assayed:
TO I irreai"tely; and after: ( @ )
2 hr 5 min; (V) 5 hr; (n) 6 hr 30
mín; (6) 10 hr 30 mín; (A) 11 hr 30
min; of incubation by Ëhe addition
of 4.7 2 pM M7C.
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Fig. 5. Fluorescence títration of AcChase
with propidium. (O) observed
fluorescence ín Ëhe presence of
3.82 x 10-6 N AcChase, (O ) blank
titration in the absence of the
enzyme. Titratíons r¡zere carried
out at 25" C in 1.0 "^2 cells in
1.0 mM Trís-C1, pH 8.0.
Excitatiorr vravelength = 395 nm
Emission r¡¡avelength = 565 nm
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the fluorescence íntensity of propidium is such that accuraËe

measurements could be made only at propidium concentrations of
_'7

10 ' l,l or higher. It \¡/as theref ore expected that, owing to

the high enzyme concentration required to observe propidium

bindíng, the equilibrium region of the titration curve would

be l-ost to stoichiometric binding. However, even wÍth enzyme

concentrations as hígh as 5 x 10-6 M, there \¡ras a considerable

equilibríum region ín the titration curve (Fig. 5). Analysis

of the data by means of a Scatchard plot revealed the pre-

sence of at least Lvi o classes of propidiurn bínding sites, one
_-1

class with r KD of less than 10'lul and a second class wíth a

K^ of 4 x 10-6 M (Fig. 6) , suggestÍng possíble heterogeneity
t)

in propidium bínding sj-tes or ín the enzyme population.

The ability of gallaminer propídium, edrophonium, OIg2*

2+and Zn-' to compete for the peripheral sítes is illustrated in

Fig. 7. Addition of a :.arge excess of edrophonium had virtu-

a1ly no ef f ect. otC2* displaced \,30"Á of the bound propidium

at a concentration of I mM. Zn2* displaced approxímately 50iZ

of the bound propidium at its (Zn(OH) ,) solubility limit.

Gallamine rÀ7as the most effective ligand for the displacement

of propidiurn, N807" of the bound propidium being displaced at
_/,

3.2 x 1O - M galtamine. Analysis of the gallamine displacement

data according to the logarithmic form of eq. 28a (see appen-

díx) allowed an estimation of the dissociation constant for

the gallamine enzyme complex. The value of the *O rras 8.9 x i0-8 M

based on an enzyme site concentratíon of I.7I x 10-6 M and an

enzyme-propidiurn Ko of 2 x 10-B M. This is ín reasonable agree-
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Fig. 6. Scatchard plot of data derived
from Fig. 5.
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Fig. 7. Displacement of bound propidíum.
The e
first títrated with propidium until
about 2 mol of propidÍum per
tetrameric enzyme r¡/ere bound.
Aliquots of displaci-ng ligand
were then added and the fluore-
scence intensíty due to bound
propidium r¡/ere recorded. Titra-
tions vrere carríed out ín 0.3 cm3
ce1ls (A) edrophonium; (V)
Mg2+; (Å) znZ+. (I) gattamine.
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ment r,rith the kinetic data (Results Section 3B and 3C)

B) S teady-s tate kínetics :

The kinetics of the AcChase-caLalyzed hydrolys

under steady-state conditions T/üere performed at low

C1 pH 8.0), high (i mM Tris-C1; 0.1 M NaCl) and at

ís

(

an

of AcSCh

1 n}l Tris-

inter-

medíate ionic strength (1 mM Tris-C1; 0.025 M NaCl). The

kinetics at lov¡ and high íonic strength obeyed Henri-Michaelis-

Menten behaviour (Fig. B). The sËeady-state kinetic parameters

K app

4.3t.

and k r¡/ere calculated to be: 1ow ionic s trensth K app
-6 q -12 x 10 " l"f, k- = 3.510.5 x 10- min '; high ionic strength

c

*rnn = 5.6 x 10-5 l{, k" = 9.0 x 105 rirr-1. Ar inrermediare

ioníc strength the double reciprocal plots exhíbited downward curva-

ture, suggesting the presence of at least tr¡ro forms of the

enzyme. Above 0.1 M, NaCl displayed competitive inhibition

patterns (Fig. B) .

The cationic ligands edrophonium, gallamíne and propidium

rüere found to be potent ínhibitors of the enzyme (Fig. 9). How-

ever, only edrophonium displayed classÍcal competítive inhíbi-

tion (K- = i.8 x 10-B M). Ga11amÍne and propídium resulted in
c

curved double recíprocal plots suggesting that these 1ígands

exert their effects on the enzyme in a manner differenL from

or in addition to direct competition with substraLe for the

active sites. Note Lhat these results \,rere obtained f rom ini-

tial rate measurements made withín the fírst 1-2 seconds after

the mixíng of the enzyme wíth ligand-contaÍning substrate solu-

tion. Incubation of the enzyme with the inhibitors (propídium,

ga11amíne) prior to the íntroduction of the substrate, resulted
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Fig. 8. Kinetics of acetylthiocholíne hydro-rt
Initial velocitíes rÁrere deter-
mined using the stop-flow apparatus
as described in the Materials and
Methods section. Each point repre-
sents the average of five determina-
tions. ( A ) 1.0 mM Tris-Cl, pH
8.0; (A) 1.0 mM Tris-C7/0.025 M-
NaC1, pH 8.0; ( O ) I .0 mM-Tris -CL/
0.10 NaCl, pH 8.0; (O) 1.0 mM-
Tris -CI/ I .0 M-NaCl, pH 8. 0.



B6

I

o
o
Ø

U'
-O <.t

40 80 120

1/[s] x 1o3 (*)-t

160 200



87

Fie. 9. Inhíbition of acetylthíocholine
f, V a r o f v s i s -¡ l* e¿ iõp-tr o n i-"m
gallamine and propídium.
The buf f er r¡/as 1.0 mM Tris-Cl ,
pH 8.0, 25" C. Acethylthiocholíne con-
centrations rüere in the range 1.43-
49.8 uM. Uninhibited runs are
indicated by open circles. Edro-
phonium: (tp) :.9 x 10-8 M; (A)
7.75 x 10-B M; (g) 1.55 x rO-7 M;
(A) 3.1 x IO-7 M. Gallamine: (A)
6.45 x ro-B M; (@) r.6 x ro-7iq; (A) l.z
x 10 -7 M. Propiãium: (&) B.ô
x 10-8 M;,(E) I.6 x IO-7 M; (A)
3.2 x 10-/ M.
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in linear Lineweaver-Burk p1ots, and the rates \¡/ere enhanced

(relative to the non-preincubaLed case) This \ùas observed

over most of the substrate concerÌtration range used as illus-

trated in the case of gallamine (Fig. 10) . The actívation was

dÍrectly observed in a stopped-flow spectrophotometer, \^rith

very low euzyme concentration, to ensure that less than zo7"

of the substrate \¡/as hydrolyzed during the tíme course of the

activation (Fig. 1r) under these conditíons the rate of thio-

niËrob eÍLzoate productíon ís enhanced 1.36 fold in comparison

to the rate observed in the first few seconds following the

mixing of the reactants. fn the absence of propidium, produc-

tion of thionitrobenzoate \¡/as línear r^rith time.

The inhibition pattern after preincubaLion wi-th either

propidium or gallamine appeared to be of the competitive type.

No activation upon preincubation r,.ras observed wíth d-tubocura-

ríne. However, the inhíbitíon pattern became more uncompeti-

tíve upon incubatíon wirh rhis lígand (Fig. I2).

The metal ions ,qg2*, Mn2*, Cu2t and Na* ,ere all found to

enhance the steady-state rate of hydrolysís of Acsch under

condítíons of near-saturation with substrate (Fig. 13) . The

maximal effect vras observed at arr Íonic strength of 0.07 to

0. 1 and \^/as independent of the metal ion used . However, Lhe

divalent metal ion-índuced activation was observable at an

ioníc strength more than ten fold lower than that observed

wíth monovalent sodium. Also the concentratíons of divalent

cation required Lo induce 50"/" of the total activation (a rough

estimaËe of the dissociation constant of the metal. ion-AcChase
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Fig. 10. Effect of preincubation of AcChase
r¿íth 5 x 10--7 M prop id iurn on the
rate of acetylthiocholine hydrolysís
(1 x 10-1u tl AcChase). ( g) No
propidium; (A) + propídíurn, no
preincubatÍon; (A) + propidium,
10 min preincubation.
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-7Fig. 11. Activation of AcChase by 5 x 10 '
M propídium. Enzyme solution v¡as
mixed in the stopped-f1ow appara-
tus with an equal volume of a solu-
tíon containíng either substraËe
+ DTNB or substrate t DTNB +
propidium. The increase ín
absorbance at 4I2 nm was moni-
Ëored immedíately thereafEer (final
concentration: 2.5 x 10-5 M AcSCh:
3.r4 x ro-2 M DTNB t g.3 x to-12 u
AcChase. (C) No propídium; (O)
+ propidium.
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Fig. 72 Inhibit j-on of AcS Ch hydrolys is
¡ lne
following 10 mj.n preincubafion
wíth effector. (a) Gallamine:
ffi) s.g x ro-7 M;
(O) s.7 x Io-7 M; (II) L.s x
10-B M. (b) d-Tubocurarine:
( ¡) none; ( e ) Z.O x 10-6 M;
(O) 8.0 x 10-6 M; (ø) 2.0 x
1o-5 M.
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Fig. I 3. Actívation of AcChase by metal ions.
Initial velocities of the reaction
of AcChase with AcSCh (1 x 1O-4 M)
r/r'eTe measured in the presence (V)
and absence (Vo) of metal salts
by the method of Ellman et al.
(see Materials and Methods sectíon
f or details). The buf f er \^ras 1.0
mM-Tris, pH 8.0. (!) MnS04;
(A) caCL2; (O) Mes04i (C) NaCl.
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complex) r¡/ere 25-30 fold lower than that observed with sodium

íon, suggesting that metal íon activation is dependent both on

the ionic strength of the assay medium as r¿e11 as on the nature

of the cation used. The measured velocities of AcSCh hydrolysis

in the presence of saturating salt concentratíons !ùere indepen-

dent of the order of míxíng (manual or rapid mixing techniques)

suggesting Lhat the rate of metal-induced activation of AcChase

ís very high. This is in contrast to the results obtaíned

wíth organic activators of the enzyme such as propídiurn, which

r,r'ere shown to activate AcChase relatively slowIy (Fig. l1).

The effect of the divalent cations Zn2* and C,r2* r"" a

slow inhibition of the AcSCh hydrolysis rates, the maximum

inhibition being observed af.Ler a ten minute preincubatíon of

the enzyme with eíther cation (Fig. i4).' The instantaneous

effects of Zn2* and L"3* on the steady-state kinetic hydro-

lysis of AcSCh r¡/ere tested using a stopped-f1o¡¡ spectrophotometer

which allows the determinaËion of hydrolysis rates.r, 10 msec

after mixing of the reagents. Under these conditions Zn2*
3+and La- l{ere found to Ínhibit hydrolysís rates below 8 UM

AcSCh, but activaEed the rates by as much as 1.7-fold and I.4-

fold, respectíve1y at 100 pM AcSCh (Fig. 15). The instanraneous

activation of hydrolysis rates by ZnZ* (and r-"3*) suggests

that a) the slor¡ ínactivation observed in the presence of these

metal cations is not due to simple competítive inhibition and

b) Ëhese metal ions have a dual effect on the enzyme which may

aríse from their bindíng to separate classes of peripheral

sítes.
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Fíg. I4. 2¿-
Effect of Zn'' on the rate of
AcSCh hydrolysis. ( [AcSCh]
50.0 uM); CuSO4 shows similar
b ehav i our . The buf f er vÍas
1.0 mM Trís-Cl, pH 8.0.
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Fie. 15. The effect of Zn2* on Ëhe steady-
state hydrolysis of AcSC,h.. Initial
velocities \¡rere determined using
the sËop-f1ow apparatus as described
in the Materials and Methods sec-
tion. The buffer was I mM Tris-
C1, pH 8.0. AcSCh concentrations
r¡/ere in the rang e 4 .5 to i 00 uM.
Runs wiLhout Zn2* are indicated
by open circles. Zn2*: ( V),
7.5 x 10-5 M; ( A) r.94 x 1O-4
M; (C) 5.8 x 10-4 M. The concen-
trat.ion of er-zyme \^/as 2.69 x 10-11
N.
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C) Pre-steady-state kineËics:

In the substrate concentration range 0. 5 to 10 UM, the

dependence of the pseudo-first orde r rate constant of carba-

moylation of Acchase upon the substrate (M7c) concentration,

v/as in close correspondance with the behavi-our predicted by

eq. [79a] (see appendix).

The values of kz and Ks \^7ere calculated to be 0.09 
"."-1

and 7.27 x 10-6 M, respectíve1y. The inhibition pattern produced

in the presence of edrophonium was competítive (Fig. r6), with
_oa calculated *"orn of 2.I x 10 " M.

Gallamine and propidium produced a downward displacement

of the extrapolaËed vertÍca1 intercept, the slopes of the lines

did not increase linearly with increasing inhibitor concentra-

tions, and appeared to approach a maximum value (Fig. I7).

Inaccuracies in the rate measurements aL hígh inhibj-tor concen-

trations prevented a detaíled study of thís saturation pheno-

menon. similar observaËions (activation of Acsch hydrolysís

rates ) with gallami-ne and propidiurn ín the steady-state kine-

Ëics lead to the suggestion that Lhese tr,/o compounds may

inÈeract wíth the enzyme at the peripheral anionic sites.

í) Activation:

At vrTc concentrations of 10 pM or above substrate acti-

vatíon \¡ras observed; pseudo-f irst order rate constants of

carbamoylation r¡rere increased from an extrapolated value of
_10.08 sec ' (obtained from the substrate concentration range

1 to 10 uM), to a maximum of 0.23 sec 1 ,rorn the high substïate
concentration data (Fig. 18). The íncreased carbamoylation
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Fig. 16 . Inhibition of the carbamoylation
reactíon of AcChase \^iith M7_ç-þy.
edrophoníum. The buffer \^/as 1.0
mM Tris-C1, pH 8.0. Enzyme con.-
centrati-on = 1.0 x 10-Õ N. (O)
no edrophonium; (O) I.32 x iO-B
M edrophonium; (i) 5.24 x 10-8
M; (n) 1.05 x I0-/ M edrophoníum.
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Fig. L7. Inhibition of the carbamoylation
reaction of AcChase wíth M7C by
gallamine and propidium. The
buf f er \^/as 1.0 mM Trís-Cl, pH
8.0. Enzvme concentration r^ras
1 x 10-B Ñ. Left-hand plot:
( O) no gallamine; (G ) 5.4 x
10-9 M gallamine; (E) 1.08 x
IO-/ M gallamine; (n) 2.7 x IO-7
M gallamíne; (A) 5.4 x IO-7 M
gallamine. Right-hand plot :

(O) no propidium; (e) I.26
x 10-: M propidium; (I) 2.52
x i0-Y M propidium; ( n) 6.34
x 10-8 M propidíum; (A) 7.27 x
LO-7 M propidíum.
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Fie. 18. Kinetics of carbamoylation of
AcChase by MTC and s}bsequent
decarbamoylation of the dimethyl-
carbamoyl enzyme. (a) louble
reciprocal plot of the pseudo-
first-order raLe constant as a
functíon of M7C concentraËion.
(b ) Var j.at ion in k3 wiËh TI7 C

concenËratíon.
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rates \,rere not accompanied by any changes in the amplitude of

Ëhe carbamoylation reaction. The rate of decarbamoylation

(k") of the dimethylcarbamoyl enzyme \^/as also found to be sub-J

sLrate concentration-dependent; with L3 increasing from 3.3
-/, -l -/, _rx i0 - sec ' at 1 pM M7C to 6.5 x 10-+ 

"""-t 
rt 38 pM M7C

(Fig. 18, Table XIII) .

rn the presence of gallamine, propidiuin or d-tubocurarine,

the carbamoylation rate vÍas found to be inhibíted in the sub-

strate range 0.5 to 5 uM. At hígher substrate concenLrations

these ligands appeared to have little influence on the carba-

moylaËion rate (Fig. i9). Again no change in the carbamoyla-

tion amplitude \¡ras observed at all substrate and peripheral

site ligand concentrations wíth the exception of very high

concentrations (c,t nM) of d-tubocurarine. N"*, Cu2*, and tB2*

likewíse vrere found not to have an effect on the carbamoylation

rate or arnplitude (Fig. 20). rn al1 cases, the linear portion

of the curves extrapolated to a common intercept, índicating

that these species have no effect on the carbamoylatíon rate

constant. The principal ef f ect of metal ion activators \¡/as

on the decarbamoylatíon rate constant. rt vüas observed that

the effects of cr2r and NITc on the decarbamoylation rate con-

stant (ke ) r¡7ere additive and that the carbamoylation rate con-J

stant \^/as enhanced by substrate even at high íonic strengLh

(Fig. 20, Table XTII) , suggesting that there are distinct

bindíng sites for organic and inorganíc activators at the

peripheral anioníc sites.
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TABLE XTIT Influence o f
rate constant
with YI7C.

effectors on the decarbamoylation
, k3 following reaction of AcChase

Effector [uz c]
i.rM

k3 |
x i0')(s-1

Non e

None

None

CaCLr(1 mM)

CaCl Z (I mM)

MsSoO (t mM)

MgSOO (1 mM)

Gallamine (5

Gallamine (5

Propidium (S

Propidium (S

uM)

uM)

uM)

uM)

L.2
24 .0
JO. J

t.2
24. O

L.2
24 .0
r.2

24 .0
I.2

38.3

3.3
6.2
6.5
5.8
oo

5.3
10.5
6.6
6.8
4.4
5.9
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Fig. L9. Inhibition of the carbarnoylation
of AcChase w.ith M7C by propidium
and d-tubocurarine. (a) Bropidium:
C¡) "onu; 

(C) f.: " 10-8 M; (A)
1.3 x L0-/ M; (f ) 1.3 x 10-6 M.
(b) d-Tubocuraríne; (O) none;
(O ) 4.0 x 1O-s,M; ( Ä) z.O x t0-s
M; (g) 4 x 10-4 M.
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Fie. 20. Kinetics of carbamoylatíon of
AcChase by M7C and subsequent
decarbamoylat íon of the dimethyl-
carbamoyl enzyme. Double-
reciprocal plots of the pseudo-
fírst order raËe constant of
carbamoylation as a function of
M7C concentratíon. (A) in 1.0
mM-Tris-C1, pH 8.0; (e) j.n 1.0
mM-Tris-Cl I I .0 mM-CaC12, pH 8.0;
( E) in 10 mM-Trís-CI/0.I M NaCl,
pH 8.0. Inset variation of the
decarbamoylation rate constant
(k: ) with M7 C concentrat ion.
(A) in 1.0 mM Trís-Ct, pH 8.0;
(f) in 1.0 mM Tris-Cl/l.0 mM
CaCl^, pH 8.0.¿-
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ii) Amplirude effects:

The amplitude of the carbamoylation phase and the rate

constant of the decarbamoylation (k¡) \.vere progressively

decreased with increasing d-tubocurarine concentrations. This

r^/as most readily observed if the eîzyrne \.üas pre-incubated with

the effector for abouË ten minutes and is apparent even at

high l'17C concentrations where d-tubocurarine concentrations

as high as 1 mM ïüere shown not to have any effect on the car-

bamoylation rates (Fig. 19). The amplitude decreased in an

approximately hyperbolÍc fashion as the d-tubocurarine con-

cenËration \^/as increased and approached a final value which

corresponds to about 50% of the inítíal amplitude at M7c con-

centratÍons from 0.5 to 5 uM. However, ín the M7c concentra-

tion region where activation of kZ and k: are observed (i0 to

4O UM), the corresponding d-tubocurarine dependent amplitude

decrease is smaller (Fig. 2L), thus suggesting a compeLition

between d-tubocurarine and þ17 C for the peripheral anionic

sites.

The decrease in the carbamoylation amplitude v/as also

brought abouË by incubating the enzyme with Ëhe dÍvalent

catíons cd2+, ,g2*, ,n2* and cu2*. The carbamoylation ampli-

tude decreased in an hyperbolic manner with Íncreasing metal

ion concentration, and unlike d-tubocurarine the metal ion

inactivators \irere capable of abolishing all of the carbamoyla-

tÍon amplitude. This effect !üas seen both at low and high

ionic sËrength (Fig. 2I).

ApparenË KO values \,rere obtained f rom the data (Fig. 22) :



l--L I

Fig. 2L. Effect of d-tubocurarine on the
amplitude of the carbarcoylatíon

ease
ín the carbamoylation amplítude
after reactÍon with YI7 C. Concen-
Ëration of M7C: (O) L.23 x 10-6
M; (Q) 4.st x 10-6 M; (0_) s.B4
x 1o-o M; (O) 2.46 x 1o-) M.
Enzyme concentration 2 x 10-B N.
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Fíg. 22 Inactivation of AcChase by metal
gtn.

InacEivatíon r¡ras determÍned by
three criteria as described in
the Materials and Methods section.
Selected examples: A & B loss of
activity towards hydrolysis of
AcSCh (1 x 10-4 M), ( A.) ZnSO4i
(ã) C!CL2. C & D, loss of acri-
víty towards NPA (9.8 x 10-4 M),(A) Hgcr2i (n) cuso4. E & F
decrease in the carbamoylation
amplitude af ter reaction with þI7C
(L.2 x 10-5 M), ( A) Hgcr2; (E)
CdS04. Low ionic strength buffer
\,¡as 1.0 mM-Trís-Cl, pH 8.0; high
ionic strength buffer \¡/as 10.0
mM-Tris-Cl, pH 8.0. A1l measure-
ments r{ere made after a 10 min pre-
íncubation perí-od in the presence
of the inactivators.
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Hg-' appeared to be the most potent inactivator r^ríth an appa-

ïent Ko at low ionic strength of 5 x 10-6 M and 5 x l0-3 M at

high íonic strength. Cð.2+ , ZnZ* and Cu24 appeared to have

apparent OO'" at low ionic strengËh of 3 x 10-5 M, 5 x 10-5 M

and B x 10-5 M, respectively. Cu2* at high íonic strength had

-L )r
arì apparent I(O of 7 x 10 - M. The ef f ect of ZrL'' on carbamoy-

lation amplitude could not be fully tested under condítíons

of hígh ionic strength because of the 1ow solubility of its

hydroxide.

The effects of inactivating ligand t Hgzi, ZnZ* *^, reversed

by EDTA. However a1l of the original actíviLy could not be

recovered. This prompted a study of the effects of prolonged

incubation of the eîzyme with a gíven inactivator. Prolonged

contacË of the enzyme with the inactivator resulted in a time-

dependent decrease in the amount of recoverable activity (Fig.

23b). If the experiment \,ras repeated under OZ saturating con-

dj-tíons the irreversible inactivatíon was more rapid (Fig. 23c) ,

but under saturatíng N2, the Írreversible inactívation Lùas slower

(Fig. 23a) .

iii) Lanthanum:

Incubation of L"3* with the enzyme resulted in decreased

carbamoylation amplitudes both at low and high íonic strength

(Fig. 24) . Unlike the other inactívating metal ions tested,

the concentratíon rar.ge of tr3* required for the abolition

of al1 of the carbamoylation amplitude at low ionic strength

covered four orders of magnitude (Fig. 24). This anomalous

behaviour did noË extend to the high ionic strengËh conditions
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Fig. 23. Slow denaturatj-on of AcChase by
ZnSOL. En zyme r^ras incubat ed
*i-ttt*ZttSO4 (A x 10-5 M) for
varÍous time intervals. EDTA
(2 x 10-3 M) T,,ras rhen added and
the carbamoylati-on amplitude
measured after a further 6 min
recovery period. The buffer
\¡/as 1 mM-Tris-Cl, pH 8.0.
Reac tíon condítions: ( ) NZ-
saturaËion; ( ) aír-saturation;
O^-s atúrat.ion.

z
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Fig. 24. Inactivation of AcChase by La3*
at 1ow and hígh ionic strengËh.
The inact.ivation r^7as determined
by decrease in the carbamoylation
amplitude after reaction with
Iq.7 C (2.5 x 10-5 M) . Low ionic
strength (a); high ionic
strength (e ).
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3+where La- behaved sirnilarly to the other inactivating metal

ions. The inactivation was complete within t\,ro orders of mag-
?+nitude (Fig. 24). The apparent Kl of La-' for E. elecrricus

AcChase \,ras 5 x 10-3 M at high Íonic strength. One possible

explanatíon for L"3* behaving differently from the other diva-

lenL inactivating metal ions is that L"3* is trivalent and

therefore makes a larger contribution to the ioníc strength

of the solution. This postulate r¡/as tested : Hg2+ was made

equivalent to t"3* ín ionic strength by the addition of appro-

priaLe amounts of NaCl. However, this made no difference to
tI .tL

the Hg'' inactivation profile (Fíg. 25). Hg'- was srill able

to "shut offttAcChase within t\.^/o orders of magnitude of ,g2*
.>L

concentrat ion and the apparent KO f or Hg'' \.ùas unchanged (Fig .

25).

D) Kinetics of conversion to unreactive species:

The inactivation process r¡/as studíed by tr,,ro methods. In

Ëhe f irst continuous assay, the loss of enzyme activity r^ras

followed by monitoring the absorbance at 400 nm due to the

enzyme-cataLyzed formation of p-nitTophenol. A second discon-

Ëinuous method involved periodíc measurements of the carbamoy-

lation amplitude after addition of M7C to samples of inactiva-

Ëing metal íon-enzyme mj-xtures Ug2* proved the best inactÍ-

vator for these studies since iÈ binds most tÍght1y to the

enzyme and a1lows the Ínactivation experiment to be carried

out under conditions of saturating metal ion corrcentration,

at both low and high ionic strength.

The results obtained with Tlg2* are sho\.ün in Fig. 26. At
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Fíg. 25. The effect of ionic strength on
Hsffitívation of..õ
AcC crease
in the carbamoylatíon amplítude
after a 10 mín preincubation
with, (C) nr2+| (O) ugz+ +
NaCl (made equivalent in ionic
strength to f,a3+). The buf f er
\^ras 1.0 mM Tris-CL, pH 8.0.
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Fíg. 26. Kinetics of inactivation of acetyl-
a

linity Ëowards
hydrolysis of NPA (2 x LO-4 M),
continuous assay; B) As measured
by the decrease in carbamoylaËion
amplitude afLer reaction with
l"l,7C (S x 10-5 M), disconËinuous
assay. See text for experimental
details. In both A & B the sym-
bols represenL the following con-
ditions: (9) biphasÍc time
course at lovr ionic strength
(1.0 mM-Trís-Cl/3 x 10-5 M-HgCL);
( O) fast process extracted from
the biphasíc time eourse at 1ow
íonic strength; (I) monophasic
tíme course at high ioníc strength
(1.0 mM Tris-CL/0.1 M-NaCl-/t.O
mM-HgC1Z). The measured pH of
the reaction mixtures \^ras 7.9.
The inactivation rates at high
ionÍc strength were too rapid for
accurate measurement by method
B. Average rate constants (6
determinations) r^/ere kc^-* =
s.2(t1.7) x rot? "-1; i"i;"4.4 (!L .2) x 1 0-r s- I .
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1ow ionic strength the kinetics of inactívation carl be resolved

into tr¡7o first order processes characterized by rate constants

of 5.2 x Io-2 sec I rrrd 4.4 x 10-3 sec 1, rêspectively. The

relative amplítudes of the slow and fast phases appear to

differ according to the method of assay but the rate corrstants

extracted from the biphasíc time courses are virtually identí-

cal- for either method.

The discontinuous method 1ike1y exaggerates the biphasi-

city somewhat owing Ëo the fínite time required for the measure-

ment of the carbamoylation amplitude, thus introducing a con-

siderable degree of uncerËainty into the measurements which

is most critical for the earliest points on the curve. The

points shown have been arbitrarily corrected by adding 10

seconds to the incubation time. At high ioníc strength, the

inactÍvation becomes monophasic r¿ith a rate constant similar

to that of the faster component observed at low ionic strength.
1J- 1L

Zn'' and Cd.'' resulted in simílar biphasic rates of in-

activation at 1ow ionic strength. The relative amplitudes of

the t\.{o components varied according to the metal íon used but

the extracted rate constants r¡/ere independent of the nature

of the inactivating ligand.

At hígh ionic strength, with Zn2* and Cd2*, monophasic

kinetics v/ere obtained, but the rate constants \,r7ere smaller

than found with tlg2*, owing Ëo íncomplete saturation of the

enzyme with these metal ions.

In summary, although the binding characteristics of these

metal ions to Ëhe enzyme differ, each is capable of inducing
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a conformational change in AcChase that results in kÍnetÍcally

unreact j-ve species.

E) Effect of activators on metal íon inactivation:

The rate of the zn2|-induced inactivation as measured by

the time course of the decrease in the carbamoylation amplitude,

r{as inhíbited in the presence of organic and inorganic acti-
.L

vaËors (Mg'' , pïopidiurn and gallamine) of Acchase (Fig. 2l) .

These experíments Ì/,Iere perf ormed at hígh I'17 C concentrations,

where peripheral site actj-vators have been shown to have no

effect on either the carbamoylatíon rate or amplitude (Fig.

1e).

The inhibition of the zn2*-induced inactivatíon rares

suggests eiËher a possible overlap of the activator and inacti-

vator sites or

and vice versa

t o react ívat e

that activators can bind at inactivator sítes

. However, these same activating ligands failed

enzyme which was incubated with Zn2* for 10

Experiments with AcChase from the electro lax of
californica:

Pre-steady-state kinetics :

The enzyme isolaËed and purified

minutes prior to the additÍon of actívating ligands, in up to

500 fold excess over the zn2* concentratíon (Table xrv). one

possible explanation of thís result could be a lor¿erÍng of the

affinity for activatíng ligands, andf or an increase in the

affinity for inactivating 1i-gands, of the peripheral anioníc

sites in the inactivator- induced unreactive conformational

state.

4)

A)

f rom tissue 1ot lf I,



The effecË of propídium and
gallamíne on the kínetics of

AcChase. As measured by the

Fig. 27

decrease ín the carbamoylation
amplitude after_reaction with
M,7C (2.43 x 1O-5 M), disconËi-
nuous assay, see Ëext for detaí1s
Propidium or gaflamíne added to
enzYme (n'Z x 10-o N) in low
ionic strength buffer (1 mM

Tris-Cl; pH 8.0) , prior to the
addiËion of ZnCLZ G x 10-5 M).
A) Propidium: (O) none; (O)
g.95 x 1o-5 M; (V ) 4.77 x IO-7
M; (A) g.ss x 10-8 M; (n) 4.77
x 10-B M. B) Gallamine: (O )
norÌe; (O) 9.5 x 10-6 M; (A)
9.5 x Io-7 M; (V) 9.5 x to-B
M; (A) 4.26 x 10-9 M.
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TABLE xrv. Effect of ytg2* on zn2* ind.uced. decrease in carba-
moylation amplitude of E. electricus AcChase.

Experimental
Conditions

Relative 7" carbamoylation amplítude

Mean

Enzyme + M7C 100 100 100 1OO
l1

Enzyme I Mg'' incubated 93 89 95 92for 10 min; Zn*2 added
incubaËed for a further
10 mín; rhen \ITC added

.L
Enzyme + Zrr'' incubated 54 62 55 57

for 10 min; then 1,1.7C

added
t!

Enzyme + Zrt'' incubaËed 60 69 59 63for 10 min; NÍg+2 added
incubated for a fur-
ther 10 min ; then I"t7 C

add ed

[n] = 2.4 x 1o-B N

[uzc] = 4.7 x 10-6 M

[ug+21 = 4.82 x 10-3 M

lzn+21 = z.4L x 1o-5 M
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displayed bÍphasic carbamoylation rates at low j-onic strength,

wi-th the pseudo-substrate M7 Ci both the observed fast and slow

pseudo-first order rates of carbamoylation increased wíth

increasing 147 C concentrations (nig. 2B). The fast and che

slow rates \¡rere extracted f rom the biphasic time courses.

The dependence of the fast pseudo-first order rates of carba-

moylation on the M7C concentration \^/as hyperbolic in the sub-

strate concentraËion range used (0. 5 to 10 UM) (Fig. 29) , per-

mitting the evaluation of the pre-steady-state kínetÍc para-

meËers. The values of K" , kZ and k¡ vrere 3 . 1 x 10-6 M, 0. 148

-1 -4 -1sec *, I.4 x 10 sec (average of three determinations), respec-

tively. The fast carbamoylatíon amplitude increased as the slow

amplitude decreased with increasíng M7C concentrations (Table XV)

The total (slow and f ast) "rnplitude 
r¡/as constant: suggesting a

conversíon of the slow enzyme to the fast form with íncreasíng

M7C concentrations. The dependance of the slow carbamoylation

rates on the M,7 C concentration r¿as also hyperbolic (Fig. 29) .

The values of *" and kZ obtained f rom the slow rates r¡/ere I.67 x

" _1
1O 'M and 5 x 10 """', respectively. The peripheral síte acti-

vators, propidium or tg2*, did not effect the fast carbamoyla-

tionrate(a1thoughproPidiuminhibitedatconcentratÍons>
-q5 x 10 - M) but increased the slow carbamoylation rate (Fíg.

30) and the fast carbamoylation amplitude, as observed vrith

M7 C.

Under high ionic strength conditíons the carbamoylation

rates appeared to be monophasic and the dependence of the

pseudo-first order raËe of carbamoylation on t.he concenËratÍon
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Fig. 28. Effect of M7C concentration on
¿he

AcChase. The buffer was 1 mM-
Tris-Cl, pH 8.0. M7C concen-
trations: (O) 4.87 x IO-7 M;
(A) L.21 x 10-6 M; (O) 7.s4
x 10-b M; (v) 2.43 x 10-6 M;
(A) 4.84 x 10-6 M; (O) s.7r
x i0-6 M.
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relative
of biphasic

T. californica AcChase.

TABLE XV.

Iuzc]
pM

The ef f ect of I'17 C concentration on the
slow and fast carbamoylation amplitudes

/"

Apparent
Fast amplítude

/"

Apparent
Slor^r amplitude

0.487
I .2L

r.94
2. 43

4.84
9.7r

36

4B

62

60

6B

70

64

52

3B

40

32

30

[n]o - 2 x 1o-B N
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Fig. 29. SineËics of carbansylel-i!n__gå
tt c.
Double reciprocal plots of the
pseudo-first order raLe corlstanË
of carbamoylation (kobs) as a
f unc t íon o f NI7 C concentrat ion.
The buf f er lras 1 mM Tris-Cl,
pH 8.0. (e ) rhe exrracËed
slor¿ rate; ( O ) the exËrac ted
fasË rate.
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Fig. 30. The effect of propidium on the
biphasic rates of carbamoylation
of T.. californica AcChase.
Pseudo-firsË order rate constants
of carbamoylation with M7C (5.23
x 10-6 M) at various concentra-
tions of propidium: (O) :.0 x
LO-7 M; (O,) 7.2 x 1O-7 M; (ø_)
L.79 x lo-b M; (A) 3.6 x 10-6 M.
The buffer was 1 mM-Trís-C1, pH
8.0.
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of M7C \.úas hyperbolic and \¡/as inhibited by propidium (Fie. 3i).

The values of K", kZ and k: obtained were 35.1 x 10-6 M, 0.23

sec 1 
"r d 3.2 x 10-4 "."- 

l, respectívely and \.^rere in very close

correspondence rvith previously published values (130).

The effect of znZt and d-tubocurarine on the carbamoyla-

tion amplitude r¡/as studied. Both zn2* and d-tubocurarine lüere

shown to decrease the carbamoylation amplitude in a hyperbolíc

manner upon 10 minutes preincubation with the enzyme. Both

ligands abolished all of Ëhe carbamoylation ampliËude and the

inactivation profile for zn2t (concentration of znT* ut "Á

carbamoylation amplitude) Tras independent of ionic strength,

suggestíng that in T. californica AcChase the peripheral anioníc

inactivator sites are not altered by íoníc strength-dependent

conformational changes Ín the enzyme (Fig. 32).

i) Monophasíc erlzyme:

subsequent. isolation and purification of Acchase from

tissue l-ots 1l z and lÍ 3 resulted in an enzyme preparation that

no longer displayed biphasíc carbamoylation rates at lor¿ ionic

strength. rn view of these results attempts rrere mad.e to

"induce" biphasicity in the carbamoylation rates by conËrolling

i-so1atÍon and reaction condítions.

A summary of the various experiments that r,rere attempted

is given in Table xvr Although no bíphasicity could be in-

duced to the carbamoylation rates, âD interestíng observation

I^¡as that the incubation of AcChase wíth DTNB f or 11 hrs resulted

ín a 30"a loss in the carbamoylation ampritude, suggesting the

possible modif.ication of AcChase by this thiol-specific reagent.
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Fig. 31. KineËics of carbamoylation of
ttase

by M7C ar hj-gh ionic strength.
Double reciprocal plots of the
pseudo-first order rate const.anË
of carbamoylation (kobs) as a
function of M7C concentration.
(O) in 1.0 mM-Tris-cI/0.L M-
NaC1, pH 8.0; ( O ) ín I .0 mM-
Trís- CL/O.I M-NaC1 /I.0 x 10-6
M propidium, pH 8.0.
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Fig.32 Inact ivat íon of "biphasic't I.
e¿liEp_r.:aje¿ AcChas e by ZnC12
aË 1ow and hígh ionic sËrength.
Measured by the decrease in the
carbamoylation amplitude afËer
ïeaction with l"l.7C (2.53 x 10-5
M). ( O) low ionÍc strengËh
(1 mM-Tris-C1, pH 8.0); (tp)
high ionic strength (1 mM-Tris-
C7/O.I M-NaCl, pH 8.0).
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B) Steady-state kinetícs (inonophasic enzyme):

The concentration of T. californica Acchase used

steady-state kinetic studíes r¡ras approximately 10-11 M. At

thís concentrat ion the erLzyme \ùas f ound to be unstable, and ,vL57"

of the actívity \^7as lost r,/ithin 30 minutes (Fig. 33). To mini-

mize the denaturation at lor¡ enzyme concentrations, stock enzyme
-1(2 x 10 M), whích has been shown ro be very stable (Fig. 4),

r¡/as f reshly diluted f or each substrate concentration used.

As a result there vras no detectable decrease in the initial

rate values r¿ithin the time required to obtain quadruplícate

determinations at a partícular substrate concentration. Incu-

batíon of the enzyme (to-11 u) with DTNB \^/as observed to in-

crease the time-dependent inacËivation; at the end of 30 minutes

the rate r¡ras decreased by 37"/" (Fig. 33) in comparison to Ëhe

control experiment whích only lost ,vr5"/. of the initía1 acti-

vi Ly (Fie. 33 ) .

The kinetics of the hydrolysis of AcSCh (1 ro 50 uM) ar

1ow ionic strength displayed Henri -Míchaelis-Menten behaviour.

The values of *rOO and k" obtained from the linear portíon of

the double reciprocal plots (FÍg. 34) \,üere I . rB x 10-5 M and
4 _1

3.L4 x 10' min ', rêspectively. Above 50 uM the double recí-

procal plots displayed downward curvature, this result being

reminiscent of E. electricus steady-state kinetics obtained.

aL an intermediate ionic strength (0.025 M, Fíg. B) . rt mÍght

be explained by either t\n/o pre- existent kinetíc f orms of the

enzyme, (1ow OrOO and high *rOO forms, the latter becomíng

acËivated at high substrate concentrations) or by substraËe

in the
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Fig. 33. Time-dependant loss of activity
of "monophasíc" I. ga.1 :L-lpJln-Lc.e
Áãc o- 11

N) incubaËed for various time
intervals in low íonic strength buf-
fer, 25oC (1 mM-Tris-C1, pH 8.0);
(Ä) enzyme (1.0 x 10-11 N) incu-
bated Íor various time intervals
ín 1or¿ íonic strength buffer +
DTNB (1.0 mM-Tris-Cl/6.45 x IO-4
M DTNB, pH 8.0) . Initial velo-
citíes rrere determined by fh.addition of AcSCh (1 x 10-+ M).
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Fig. 34. Kínetics of acetylcholine hydro-
lysís of "monophasic" I. gal-L:f,_qr¡_Leê
AcChase at low and hígh ioníc
strength. Initial velocítíes
rl/ere determined using the stopped-
flow apparatus as described
in the Materials and Methods
Sect ion. ( O ) low ionic strengrh
(1.0 mM-TrÍs-Cl, pH 8.0); (O)
high ionic strength (1.0 mM-Tris-
CL/ 0.t M-NaC1, pH 8.0) . The con-
cenËratíon of the enzyme rnras 3.56
x to-10 n.
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activation. However under steady-state conditions ít is not

possible to distinguish between these two possibilities.

s) The kinetícs of iPr2PF inactivation of AcChase:

The inactÍvation kinetics r.üere studied by t\^/o methods.

A continuous assay where the loss in enzyme activi-ty \^/as fol-

lorved by monitoring the absorbance at 400 nm due to enzyme-

catalyzed hydrolysis of NPA to form p-nitrophenol. A second

díscontínuous method ínvolved the measurement of enzyme acti-

vity after addition of NPA to samples of íPrrPT-enzyme mixtures.

The inactivation by iPrrPF followed by either method of

assay produced linear pseudo-fírst order inactivation plots

in the case of the E. electricus and monophasic T. ca1ífornica

AcChases (Fig. 35). However, the biphasic T. californica AcChase

that displayed biphasic carbamoylatíon rates, produced non-

linear iPrrPF inactivation profiles. The second order rate

constants of íPrrPF inactivatíon of E. electrícus AcChase

under a variety of conditions are summarízed in Table XVII

The second order rate constant \¡ras ('vt.45 f o1d) higher at high

ionic strength than at 1ow, in accord with the general trend

observed in hydrolysis rates (AcSCh, M7C) and in the rates of

inhibition (zn2+ , cuz* , Hg2*, etc. ) . M.g2+ , at low ionic

sËrength, díd not effect the íPr rPF inactivation rates, how-

ever, very low concentrations of propidíuin (3,7I x 10-B M)

lowered the rates by approxinately 1.5 fo1d.
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Fig. 35. Kinetics of IiPr2PF] inacrivarion
of AcChase. Measured by the
di""oãETãîo.r= method see Mareríals
and Methods for details. (a)
"biphasic" T. californica AcChase,
I iPr2PFl = 1. 87 " 10-41; (b )ttmonophasict' T. calif ornica
AcChase, IiPr2PF] = I.02 x tO-2
M; (c) E. elecËricus AcChase
[iPr2PFl = 9.64 " 1o-5 M. The
enzyme c oncentïat íon was n,B x 10-9
N.
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TABLE XVII. Rate constants of the iprrpF inactÍvatj-on of
E. electricus AcChase. L

It:'?ål; k (M-1 =".-r * ro-2)^Methodb

HIGH IONIC STRENGTH (Tris-C1 (10 mM/0.1

Rapid sampling 3.75
Continuous 7.09

m NaCl) pH 8.0)

2.2I ! .48
1.74 I .06

L0I^I I0NIC STRENGTH (Trís-C1 (l

Rapid sampling
Con t inuous
Continuous * Propídíum

(3.71 x 10-8 l,rl

Continuous + Ut2+
(3.: x 10-4 M)

mM) pH

3.75
4 .62
4 .62

4 .62

8.0)

7.20 t .30
7.22 ! .17
0.81 ! .02

1.11 I T7

r.üas used as the substrate.

ã
n Average of 4 runs.

p-nitrophenyl acetate
[npa] - z x to-4 ¡,r.

In] = 1o-10 N.
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Chemical modification of Acet lcholinesterase:

DTNB:

Attempts \.,/ere made to determine the free thÍo1 content of
Acchase from T. californica and E. electricus, using DTNB.

The reaction with DTNB ï¡/as performed under denaturating condi-

tions (17" sDS; 0. 1 M Tris-cl; pH g. o) with enzyme concentra-

tions of I-Z x 10-6 N. Both T. calífornica and E. electrÍcus

Acchases ri/ere reactíve towards DTNB under these conditions,

although the amount of thionitrobenzoate anion (equa1 to the

free thiol concentration) \,¿as quite variable (Tab1e xvrrr).

This is thought to arise from inaccuracies in measuring small-

absorbance values (.02-.05) , and the autooxidation of the

enzymic thiol groups (prior ro the addition of DTNB) and/or

Ehe thionitrobenzoate anion. rn view of these results, a more

sensitíve assay of thiol content r^/as sought.

B) N-Dans yLazirÍdine :

The fluorescent ' thiol-specÍfic reagent N-dansyla z1_ridine

(N-DAZ) was firsr inrroduced by scouren er a1. (r62). N-DAz

has an excitation maximum of 345 nm and an emission maximum

of 565 nm. upon reacting with free protein-thiol groups the

apparent emission maximum is blue shifted by approximately

10-15 nm and the fluorescerrce intensity is enhanced. The free

Ëhiol groups ín the proteín are thought to react Ì^/ith the az1'-

ridinyl portion of N-DAz to yield dansyl-s-aminoethylcysteinyl-

protein. The covalently linked dansyl moiety has an excitation

maximum of 345 nm wíËh an emission maxímum of 4g5 nm (162).
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TABLE xvrrr. Tirrarion of free thiol groups in Acchase underU.""."r".t"* "ïltr"". t

Moles of NBS " mo1 SH/mol enzyme

T. calif ornica (4.45 x IO-7 M)

1.86 x 10-6
_^1.25 x 10 v

4.78
2. 81

Trial 1

TriaL 2

Trial 1

TríaL 2

E. elecrricus (2.87 x IO-7 M)

_A2.2 x 10 v

1.2 x 10-6
7.6
4.2

ï L% sDS in o.lM Tris-cl pH B.o.- e = 13600.
t'r(4r2)
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i) T. calí,fornica AcChase (monophasic):

IntroducËion of. N-dansyilaziridine to enzyme (2.5 x IO-7

M; in low ionic strength; pH 8.0) resulted ín a tíme dependant

shift arid enhancement of Ëhe N-DAz emission maximum (Fig. 36).

The reactíon \^/as extremely slow, r€!luiring 1, 17 ]nrs f or comple-

tion (at 25o c) . The enzyme so modif ied retained ,vgo"/. of its

activity (as measured by the carbamoylation amplitude resulting

from the pre-steady-state "burst" upon addition of M7C).

Subsequently, the modification with N-DAZ !üas performed

under a variety of conditions (Fig. 37) I The fluorescence

spectrum of the reagent (N-DA,Z) in the absence of errzyme re-

maÍned unchanged over a period of L7 hrs (at 25"C), in the

presence or absence of a vaîiety of peripheral-site 1ígands

(Fig. 378). The reacËion of N-DAZ with AcChase appeared to

be ínhibited Ín the presence of yrgZ* or at high ionic strength

(Fig. 37C) but was enhanced in the presence of Zn2* (Fig. 37D,

with 1.6-fold higher fluorescence intensity at 500 nm than with

Acchase + N-DAZ alone; Fig. 37c). Only 307" of rhe original

activity remained when the enzyme \¡ras modified in the presence
ôr
LIor Ln

The excess N-DAZ (and peripheral-site ligands) \,üere removed,

either by extensive dialysis on an AMIC0N ultrafÍltratíon appa-

Tatus or by chromatography on a column of sepharose 48 which

had L-cysteíne covalently attached to it. The protein samples

so treated had an intense ne\^i fluorescent peak aË 495 nm with

an excitation maximum aË 345 nm (Fíg. 3B). Upon removal of

the excess N-DAZ the partÍa11y modified enzyme (N-DAZ plus
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Fig. 36. Reaction of I. ea1:L-lp:¡-Lea
AcChase with N-dansylaz j-ridíne.
Monit.o red by changes in the
emissíon spectrum of N-DAZ.
The scan of emission spectrum
(400-600 nm) at varj-ous time
íntervals after the addition of
N-DAZ (3 x 1O-5 M) ro AcChase
(2.57 x IO-7 M): (1) t=o; (2)
5 rnin; (3) 15 min; (4) 35 min;
(5) I hr 15 min; (6) 2 hrt (7)
3 hr 4 min; (B) 5 hr 20 min;
(9) t hr 23 min. The excitatíon
r¡ravelength was 345 nm. 0.3 mL
f luorescence ce1ls \¡/ere used.
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Fig. 37 . Reaction of N-DAZ with ï. eal_L-
-fp-Eê-tçê êcChase in the presence
of a variety of peripheral-siËe
effectors. Monitored by the scan
of the emÍssion spectrum of N-DAZ
after 77 hr of reactíon wíth
AcChase (2.57 x 7O-7 M) ar 25"C.
A) AcChase + Zn2* (4.i4 x 10-4
M)+ N-DAr (2.72 x t0-5 M) ; B)
AcChase + N-DÃZ_(2.72 x 10-5 M);
C) AcChase * Mgz+ (4.75 x 10-3
M) + N-DAZ (2.72 x 10-5 M); D)
Buffer * N-DAZ (2.72 x 1O-5 M);
The excÍtation wavelength was
345 nm. 0.3 mL fluorescence
cells r^rere used. The buffer
i.^/as 1.0 inM-Tris-Cl , pH 8.0.
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Fig. 3B . Fluorescence specti:um of modified
_I.. g_alr.jpr¡jqa AcChase. AcChase
(2.57 x IO-7 M) r/üas reacted wirh
N-DAZ (2.5 4 10-5 M) in rhe pïe-
sence of zn2* (1.04 x 1o-4 Mi
for 77 hr at 25"C. The excess
N-DAZ and Zn2* \,ìrere removed by
extensive dialysis. The buffer
r¡ras 1.0 mM-Tris-Cl , pH 8.0. The
excitation r¡ravelength was 345 nm.
3.0 mL f luorescerrce ce1ls \¡rere
used. (A) díalysed er'zyme; (B)
N-DAZ + Buffer after 17 hr at
25" C.
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Acchase; Fig. 378) retaíned only 40"Á of Íts actÍvity whereas

Ëhe enzyme that had the most 1abe1 (N-DAZ + Acchase p1u t zn2+,

Fig. 37A) \^ras devoid of AcChase acrivity.

The reactíon of N-DAZ with Acchase plus zn2* ,^t followed

by continuously monitoring the increase ín the fluorescence

at 500 nm. The reactj-on \.,/as very slow, reaching completion

in'v17 hrs. The pseudo-first order rate constant (ko¡")

extracted from these daLa (Ffg. 39) \üas 0.i6 hr-1 (tr- of 4.33'2

hr), approximately 5-fo1d lower than previously reported for

the reactj-on of N-DAZ wirh BSA (I62).

if) E. electricus AcChase:

fncubation of E. electricus Acchase with N-DAz resulred

in a very small enhancement in the N-DAZ fluorescence spectrum

(Fig. 408), although the emission maximum was blue shÍfted by

10 nm. This partially modified enzyme r¡/as fully active aÈ

the end of 17 hr. Again in the presence of zn2*, the fluore-

scence at 500 nm lüas enhanced by 1.9 f o1d over that observed

with N-DAZ plus enzyme alone (Fig. 40.{). Under these condi-

tions the enzyme retained only 23"A of Íts original activity.
1L

Neither Hg'' nor 2-PAM had any apparent effect on the reaction

of N-DAz wirh Acchase. DMB (1 x i0-6 M) l,/as f ound ro inhibir

the reaction of N-DAZ wirh AcChase (Fig. 40C, D and E). The

excess N-DAz !üas removed (by either dialysis or chromatography)

and the resulting protein \À7as then devoid of AcChase actívÍ-ty.

These resulËs suggest that Acchase ís mosË reactive to-

r^¡ards N-DAZ in its unreactive eonf ormation (stab irized. by
1L

zn'') and least reactive in the actívated form (stab irízed, by
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Fig. 39 Kinetics of the reacËíon of N-DAZ
with I. ça1:L-LsÄl-Lqe AcChase.
Fluorescence at 500 nm \47as con-
tinuously monitored. The excÍ-
tation T,{avelength was 345 nm.
The reaction mixture conËained
AcChase (5.72 x IO-7 M), Zn2*
(1.0 x LO-4 M) and N-DAZ (2.75
x 1O-5 M). 3.0 mL fluorescence
cuveËtes \^/ere used. Dashed líne;
buffer * N-DAZ (2.75 x 10-5 M).
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Fie. 40. Reaction of N-DAZ wirh E. gleg-
ls-Lcgg AcChase in the presence
of a variety of compounds.
Monitored by the scan of the
emission specLrum of N-DAZ afËer
77 hr of reaction with AcChase
(2.57 x LO-7 M) ar 25"C.
(A) AcChase * ZISO4 (1.0 x 10-4
M) + N-DAZ (2.72 x 10-5 M);
(B) AcChase * N-DAZ (2.72 x 10-5
(C) AcChase + HgCL2_(5 x I0-5 M)
+ N-DAZ (2.72 x 10-) M);
(D) AcChase * 2-PAM (1 x i0-4
M) + N-DAz (2.7 2 x i 0-5 M) ;(E) AcChase * DMB (1 x 1O-b M)
+ N-DAZ (2.72 x 10-:) or Buffer
+ N-DAZ (2 .7 2 x 10-5 M) . The
buf f er r¡/as I .0 mM-Tris-C1, pH
8.0. 3.0 mL fluoresence ce1ls
r^rere used. The excitation r^/ave-
length was 345 nm.

M);
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,, -L
Mg'' or at high ionic srrength).

The modified enzyme samples, containing the highest amount

of label (E + zn2* + N-DAZ) , \¡/ere hydro : yzed, in 6 M HCl, ín

sealed tubes for 4 hr at 110oC, the HC1 \^ras removed, the

hydrolysate r¡/as dissolved in MeoH, and applied to a 20 x 20

cm TLC sheet (EASTMAN silica gel). Two dimensional TLC r^/as

then performed using the solvent systems lf63 or ll 64 of NeÍd-

weiser (L64). A fluorescent, ninhydrin positive spot that

did not move in the fírst (1163) solvent sysrem bur had an *r

value of 0.87 in the second (It64) solvent, which is very close

to the *r value obtained with dansyl-s-aminoethyl-cysteine

(0.85) 
' subj ected to 2 dimensional TLC under idenríca1 condi-

tions (Fig. 4r) . Further tests, to determj-ne the structure

of the fluorescent compound in the enzyme hydrolysate, are in

progress.
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Fíg. 41. 2-Dimensional TLC of the hydro-
lysate of modified AcChase.
The modifíed protein was hydro-
lysed in 6.0 M HC1 at 1lOoc for
4 1l'r. The HCl \¡ras removed, and
the hydrolysate lüas extracted
with methanol and applied onto a
silica ge1 plate (20 x 20 cm).
Solvent system in direction I
l,ras benzene :pyridine :acetic acid
(80:20:5 v lv); and in direcrion
2 was toluene :2-Cl-ethanol : NH4OH
(80:20:5 v /v). Neither dansyl-
S-aminoethyl cysteine (A) nor the
protein hydrolysare (B) moved in
solvent system 1lI. In sol-vent
system 2: dansyl-S-aminoethyl
cysteíne (A) resulted ín t\.^/o
fluorescent (F) spots with R¡
values of 0. 65 and 0.85 only
the spot with the latter R¡ value
r¡/as nínhydrÍn posítíve (N); the
protein hydrolysaLe (B) resulred
in one fluorescent spot (F) wiLh
an R¡ value of 0.85, and rüas nin-
hydrin positive (N).
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DISCUSSION

Fluorescence tÍtrations :

The specificity of propidiuin for the peripheral anioníc

sites of AcChase isolated from T. calífornica has been elegantly

demonstrated by Taylor et al. (130) " In these studíes

four molecules of propidium \Àrere sho¡øn to bínd per molecule

of tetrameric ( 1 1s) AcChase, with a binding constant of 3 x
_'7

10'M. The bínding r¡/as hyperbolj-c indicating that the four

propidiurn binding sites I¡/ere identical. Propidium displacement

experiments \,vere used to demonstrate binding specificíty of

other ligands: Propídium was dísplaced by rhe 1ígands gal1a-

mine, d-tubocurarine and decamethonium. Actíve site-dírected

ligands which dísp1ay competitive kínetic behaviour (edropho-

nium and N-methylacridínium) as well as the modificatíon of

the active site with bulky sulphonates and phosphates had no

effect on the ínteraction of propidium with Acchase ( 130, i43) .

In the current investigation t.he use of propidium as a

probe for the perípheral anionic sites r¡/as extended to AcChase

ísolated from Ëhe electric organs of E. electricus, the elec-

tric ee1. The Acchases f rom these t\,/o sources are quite dis-

tinct with respect. to molecular weights and amino acid content.

These differences also extend to the catalytic propertíes of

the t\^ro enzymes, although qualitatívely they display many sÍmi-

larities with respect to substrate and ligand binding speci-

ficities. Quantitatívely they are somer¿hat different. T.

californica AcChase has a turnover number that is approximately

3-f old less and dísplays approximately teri-f old lowe r af. f inity
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Lor cationic ligands, than E. electricus Acchase under compa-

rable experimental condítions. The present results índicate

that these dífferences extend to propidium binding: Four

molecules of propidium lüere shown to bind per tetrameric (i ls)

E. electricus Acchase mo1ecule, however, Lhe binding exhibited

considerable heterogeneíty. Less than two molecules of pro-

pidium r.,r'ere bound very tíght1y, with a dissociation constant

of less than 1o-7 M. The remainder of the propidíum molecules

vrere bound less tightly, r¡ith a dissoci-ation constant of 4 x

-610 - M. There are several possible Ínt.erpretations of these

results. The first explanatíon that comes to mind is that E.

electrícus Acchase possesses non-equivalent propidium bínding

sites. Thís is plausÍb1e in view of the structural asymmetry

suggested in the most recent strucËural model for 11s E. elec-

trícus Acchase proposed by Rosenb erry and his co-workers (60,

65). In this model two of the subunits are linked to one anorher

by disulphide bridges while the remaining t\,ro are linked again

by disulphide bridges ro a collagen-like rail (as illusrrated

below).

ffisII
¡



Another possíbílity is that there is a heterogeneous enzyme

population made up of natj.ve and partially denatured enzyme.

178

proteolytic (or

Both T. califor-

their respective

The source of the denaturation could be the

autolytic) step in the isolation procedure:

nica and E. electricus are solubilized from

tíssues by a limited

toluene) digestíon.

proteolytic or a prolonged autolytic (in

The E. electricus enzyme used in this

study r¡/as obtained f rom a crude, commercially available pre-

paratíon (Sigma

electric tissues

It is therefore

type VI-S) which is solubíIízed from the eel

conceivable that under these conditions E. elec-

tricus AcChase is more susceptible to autolytic degradation

of its polypeptide chains. A third possibilíry involves the

bínding of propídium to pre-existing kinetic states which are

by autolysis, for up to 2 years under toluene

one conformation would bind propidium tightly,

so. The homogeneous propidium bíndíng observed

T. californica could be accounted for by assuming

in equilibrium;

the other less

in the case of

that only one form

conformatíon with

been presented by

quaternary ligands

dominates or that propídiurn can

equal affinity. Evidence for the

Bolger and Taylor ( 1 44) : Binding

bind to eíËher

latter has

of bís-

Ëo T. calif orníca AcChase \.^/as charac terízed

by a fasË bimolecular step plus a slor¿ unimolecular step Pro-

pidiun on the other hand displayed only the fast bimolecular

step. These results r^/ere ínt.erpreted in teïms of t\,¡o pre-

exísting conformations of AcChase Propidium was assumed to

bind to either form, therefore only displayed the fast bimole-

cular step whereas the bisquaternary ligands \,rere thought to
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bind to one conformatíon only. The slow unimolecular step

represented the rate of j-nterconversion between enzyme forms

(r44) .

The apparent differences between E. electricus and T.

calif ornica enzymes with respect to propídium bindíng r^/ere,

ín the present study, shown not to extend to the l-ocus of

binding. Gallamine, a molecule that has peripheral aníonic

site specíficity for T. californica Acchase (130, L43) or

erythrocyte (133) Acchases, \¡/as able to displace propidium,

while edrophonium, a 1ígand specific for the anionic subsite

of the catalytic sire (56), failed to do so. rn addítion zn2*

a specíes that has been demonstrated to inactívate T. ca1ífor-

nica (145) and E. elecrricus Acchases (see results) and tg2*,

an activator of both T. californica and E. electricus enzymes

(r29, 133, present study) , vüere tested f.or their ability to

displace propidium from E. electricus Acchase. znZ* displaced

507" of the bound propidium ar irs (zn(oH) ,) solubility 1ímit.
,L

Mg'' \¡/as less ef f ective, displacing approximately 3oT" of the

bound propidium. The tg2* results are in accord with previous

kinetic and spectral evidence that demonstrate that divalent

activators combine at the perípheral anionic subsite Pl whereas

gallamine and propídium occupy subsites pz through p 
4. The

subsiËe specificíty of zn2* has yeË ro be established although

the present results seem Ëo indicate that zn2t and propidium

sites do not exactly overlap.

These studies furËher demonstrate the usefulness of pro-

pidium as a probe for the peripheral sites of Acchase from E.

elecËricus as well as T. californica, although t.here does appear
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to be some (as yet unexplained) differences in the binding char-

acteristics. The inorganic cation zn2* appears to combine

with AcChase at the peripheral anionic sites but whether this

Ínteraction leads to the inactivation of the enzyme requires

further kinetic evidence.

Steady-State kinetics :

The results obtaÍned from a study of the rates of hydro-

lysis of Acsch under steady-state condítions, in the presence

or absence of a varíeËy of peripheral or catalytic site speci-

fic ligands, indicate that E. electricus exists in aL least

three kinetically distinct states in equilibriurn. These states

may be defíned as: the 1ow ionic strength state (E); Ëhe

activated state (Er) i and the inactíve state (Er). Tn rhe

absence of peripheral site effectors, at low ionic strength

the E state predominates, while the conversions to states E"

and Ei require the preserrce of specific peripheral site ligands

and occur ín a concerted manner wíthouË any apparent intersub-

unit co-operativity.

The preliminary evidence for the existence of the ionic

strength-dependent (E) and (E") forms arose from the fact that

trn/o distinct sets of daËa, both displayíng Henri-Michaelis-

Menten behaviour, rrere obtained at eiËher low or high ionic

strength. The values of *"OO and L""t at low íoníc strength

\¡/eïe 4.3 x 10-6 M and 3.5 t 1.0 x 105 min l, r"spectively and

íncreased. to 5.6 x 10-5 M and 9 x 105 min 1 
"t high ionÍc

sÈrength. The kinetícs of hydrolysis of AcSCh at an inter-
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mediate ionic strength (0.025 M) did not obey Henri-Míchaelis-

Menten behavÍour and displayed downward curvature in the reci-

procal p1ots, at high substrate concentrations, suggesting

kinetic heterogeneity at sub-critical ionic strengths. rn

addÍtion the organic ligands that rüere shown to be peri-pheral

site-specific (propidium and gallamine) inhibited the Acsch

hydrolysis at low ionic sËrength, in an uncompetítive manneï,

and displayed downward curvatuïe in the double reciprocal plots

The active site-specific compound edrophonium behaved as a

classical competitive inhibitor. The downward curvature pro-

duced in the presence of propidium or gallamine may be inter-

preted as an indication of perípheral site-specífic ligand-

induced kínetj-c heterogeneity in Acchase. This assumptíon is

given further support by the observation that preincubation

of Acchase wíth either propidium or gallamíne prior to the

addition of Acsch resulted ín hydrolysis rates that \¡/ere up to

L.4- fold higher than obrained when Acsch plus gallamine or

propídium \.^/ere introduced at the same tíme. Furthermore, the

double reciprocal plots in the preincubated case no longer

displayed curvature and the initía1 rates r^rere increased over

aost of the substrate concentration used. fn addition, the

inhibition appeared to be more competitíve in nature. The

activation qTas observed only upon a 10 minute preincubation

of the enzyme with either gallamine or pïopidium, suggesting

that the rate of activation of the enzyme by these ligands

\¡/as very s1ow. The slow propidium- or gallamine-induced actÍ-

vation r^/as dírectly observed in the stop-f 1ow spectrophotometer.
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The rate of Acchase-caLaLyzed hydrolysis of AcSCh increased

gradually to a rate approximately r.36 tímes that of the ini-

tial rate (a few seconds after the mixing of the reagents).

rn addition to the organic peripheral site-specifíc ligands,

inorganic catíon 
" 

ylg2*, c"2r and Mn2* v/ere shown to activate

AcChase at low j-onic strength. The concentration- dependence

of the activation process appeared to be hyperbolic with the

metal ions examined. The inorganic ligands all increased the

Acchase-cataLyzed rates of hydrolysis of Acsch approximately

r.7 times over and above the rates in their absence. The maxi-

ma1 ef f ect l{as observed at an íonic strength of 0.07 to o.l

and \¡/as id.entical to the amount of activation observed by N"*.

However, the concentratíon or ionic strength of the divalent

cations required for half-maximal activation (a rough estimaLe

of the enzyme-cat Íon dissociation constant) was 3O-fold or L2-

fold 1ower, respectively, when compared with monovalent sodium.

Therefore the actívation of Acchase by caËions is thought ro

result from a specific metal-meta1-peripheral anionic site

interaction, and a non-specific ionic strength effect.; a con-

clusion supPorted by the earlier observations of Crone and his

colleagues (134, 135) , working with erythrocyte Acchase. The

activation induced by metal catÍons r^/as rapid in contrast to

Ëhe slow activation observed r¿ith propidium and gallamine.

This provides furËher support for the existence of separate

metal ion (P, ) and organic cation activa. t) and organic cation activator site" (pZ ,+)

(s6).

The enzyme lqas corrverted to an ínactive state (E. ) in- 1'
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the presence of zn2*, cdz+, pb2+ and ng2*. The inactivation
\,/as very s1ow, requiríng about 10 minutes for the onset of
maximal inhibition. The concenLration-dependence of the Ín-
activatíon process appeared to be hyperbolic with respect to

both metal ions, as measured by the decrease in initial rates

of AcSCh hydrolysis. The instantaneous effect of Zn2*, measured

under steady-staËe conditions r¿ith rapid-mixing techniques

(using a stopped-f 1ow apparatus), \,r'as an inhibítion of the rates

of hydrolysis at Acsch concentrations <B x l0-6 M; above this

substrate concentration , Zn2+ *^t found to increase the initial

rates of hydrolysis. A concentration of znZ* required to in-

actívate >95% of the Acsch hydrolysis rate after a 10 mÍnute

preÍncubaËion (+ x i0-4 M), íncreased the instantaneous hydro-

lysis rates by 1.7-fo1d. These results, aside from the demon-

stration that the decrease in the rates of Acsch hydrolysis

does not arise from simple inhibitÍon and therefore is a peri-

pheral anloníc site-mediated ef f ect, suggesL that zn2* nu, t\,ro

opposing effects on AcChase: an instantaneous conversion of

the enzyme to an activated stat. (Er) as well as a slow inacti-

vation to an inactÍve sEate (Er). These thro opposing effects

could result íf zn2* carr bind to perÍpheral activator as well

as to peripheral inacËivaLor sites . zr2t bindíng aË or near

propidium binding sites has been demonstrated by Ëhe fluore-

scence dísplacement experíments described earlier, however

the location of the site or siËes on the enzyme responsible for

ínacËívation are not knov¡n.
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T. ca1ífornica AcChase:

The steady-state rates of hydrolysis of Acsch cata ryzeð.

by T. californica Acchase under low and high ionic strength

conditions I¡/ere sÍ-gnificantly different from the results obtained

with E. electricus AcChase. The kineti-cs at low ionic strength

obeyed Henri-Míchaelís-Menten kinetics up to r2 pM Acsch. Above

this concentration the double reciprocal p1oËs !vere displaced

dor^¡nward and no substrate inhibition was observed, even with

AcSCh concenrrations as high as 614 UM. The *"OO and k".t

evaluated from the linear portion of the double reciprocal

plots r¡/ere 1. 1B x lo-5 M and 3. 1 x ro4 mín I r"specËively.

The kinetics at high ionic strength displayed Henri-Michaelís-

Menten behaviour over the entire substraLe concentratíon range

with K--- and k--- 4.46 x 10-5 M and 2.gz x 105 mín 1, r.spec-app cat
tively. The initial rates aË high ionic strengËh were higher

than the low ionic strength rates for the entire substrate

concentration range. This is brought about by the values of

k"r, at 1ow and high ionic strength, differing by approxímately

10-fold. rn E. electricus kcrt increased. by approximaËe1y 2.5-

fold; as a result enhanced rates at hígh ionic strength are

observed only at Acsch concentrations above (25-30 uM). A

ten-fold increase in kcrt goíng from 1ow to hígh ionÍc strength,

¡¿ith T. californica Acchase, !,ras accompanied by an approxi-

mately 3,7-fold increase in *"OO (OrOO rk."a*"). This is in

contrast to the E. el-ectricus AcChase where a 2 .57 -foLd increase

ín k--- is accompanied by a lO-fold increase in K rt Ëhere-caË - J 
aPP

fore appears t,haË in T. californica AcChase, K^ for AcSCh decreases
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increases with j-ncreasíng

ioníc s trength.

The downward curvaËure in the case of

AcChase observed at low ionic strength is

biphasic double recíprocal plots obtained

strength wÍth E. electricus AcChase. 0ne

of these results is that

and actívated (E.) forms

pendent on the presence

the equilibriun between

of T. californica enzyme

of activators so that at

the T. californica

remÍniscent of the

at intermediate ionic

possible explanation

active (E)

is less de-

low ionic

sËrength significant amounts of (E) and (E") are present An

alternatÍve explanation could be that AcSCh binds at the perí-

pheral anionic activator sítes, thereby converting (E) to (Ea),

at high concentrat ions. However, the nature of steady-state

kinetics makes it impossible to distinguish between these t\,ro

explanations.

Pre-steady state kinetics:

E. electricus AcChase :

The advantage of a pre-steady-state kinetic study over

the steady-state approach is that with the former the kinetic

parameters I(= , kZ and k¡ of the proposed catalyt ic mechanísm

(Scheme II) may be separately establíshed (see appendix). In

addition the amount of actíve enzyme can be accurately deter-

mined. Therefore pre-steady-state kÍnetics seem ideally suited

for a study of the consequences of perípheral síËe occupatíon.

In the present study pre-steady-state conditions r¡/ere

obtaíned by studying the carbamoylaËíon of Ëhe enzyme by the
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f luorogenic carbamoylaring agenr MJ c (7 g) . I^rith this pseudo-

substrate the decarbamoylation rate constant k: is much smaller

than the carbamoylating rate constant kz and as a result there
is a pre-steady-state ttbursttt of fluorescence resulting from

the release of the fluorescenË compound yllc, upon formation

of the carbamoyl enzyme. The amplitude of the carbamoylatÍon
phase corresponds to the amount of free, active enzyme, while

the pseudo-first order approach to steady-state is a reflecËj-on

of the carbamoylation rate constant (kz). The steady-state

Ëurnover of l"I7c can be related to the decarbamoylation rate

consranË (k") (to¡.
J

rn the l[1c concentration range 0.5 to 10 uM, at low ionic

strength, the dependence of the pseudo-first order rate cons_

tant (kob") on the substrate concerrtration was hyperbolic (as

predicted by eq. 179al; appendix). Ligands that have been im_

plicated in peripheral site occupation, propidium and galla-

mine, increased both the carbamoylation rate constant (kz)

and the decarbamoylation rate constant (kg). Edrophonium,

on the other hand, inhibited the carbamoylation in a competi-

tive manner, once agaín demonstrating that these t\^/o classes

of compounds interact with the enzyme in dif f erent \,rays.

Above 10 pM M7C concentration at 1ow and high ionic strength,

the dependence of kob" on the l"r7 c concentration \.{as no longer

hyp"rbolic. The ïaËes increased in a non-hyperbolic manrì.er,

resulting in a dor¿nward displacement of the double reciprocal

p1ots. The increase in kob" r,üas accompanied by an íncrease

in k3 t The exËrapolated value of kz r¡/as increased almost
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This result, remÍnj.scent of AcSCh kinetÍcs

There are several lines of evid.ence

approxÍmate tripling
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high ionic strength).

at low ioníc strength

be due to eitherdísplayed by

subsLrate act

T. californica AcChase, could

ivation or a second enzyme population becoming

activated, at high M7c concentrations. The activatíon of a

second enzyme population would therefore be accompanied by an

increase in the total enzyme concentration The fact that the
carbamoylation amplitude (a direct measure of enzyme concentra-

tion) remained constant for the entíre substrate (M7c) range

studied (0.5 ro 3B uM), suggesrs rhat the observed. activarion

of kz and kg is due to the conversion of the active enzyme to
an activated form (E").

to índicate that M7c interacts with the same region of the
peripheral ani-onic sites occupied by propidium or gallamine:

The effects of propidium or gallamine on kz or k: are observed

only at 1or¿ M7c concentrations. At high M7c concentïations,

where substrate activation is observed, these ligands no longer

have any effecr on carbamoylatíon (k) or decarbamoylation (k¡)

rates. This could only come about if M7c and gallamine or
propidíum binding subsltes (p 

z-p +) are mutually exclusive.

rn going from low to high ionic strength conditions, K"

rüas increased by tu3. 8 f o1d, k, !üas approximately doubled, while

kZ \^ras unaffected Inorganic activators appear to Índuce the

same conformati-ona1 changes as Índuced by high ionic strength,

as the only effect of C^2t or Mg2+ *." an

)J- 1Lof k3. However, the activation of k: by Mgt- or catt *as also

observed at high ionic strength, further indicating Ëhat con-
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formational changes induced either by high ionic strength or
by sPecific metal cation binding to peripheral actívator sites
although resultÍng in similar kinetic consequences, are tr^/o

independent processes. The observation of activation of k:
'>L 2+-(by Mg'' or c^'') at high ionic strength is also significant

ín that it illustrates that the role of peripheral anionic
sites in controlling the catalytic activity of the enzyme is
not limited to the physiorogicarry unimportant, row ionic
strength conditions.

The decarbamoylation rates (k:) ï,r'ere
)J- 1L

Mg-' or Ca'' at hígh M7C concentrations,

also activated by

where organic acti-
vators (propidíum or gallarníne) \.ùere shown to have no ef f ect.
This result once again provides evidence for the existence of
separate metal and organic cation activator sÍtes.

The effect of inactivating ligands on the pre-steady_

state carbamoylation of E. electricus Acchase Ì^ras

lowering of the carbamoylation amplítude and the

tion rate. This effect v/as most readiry observed

enzyme v/as preíncubaËed with the inactivator for

a gradual

decarbamoyla-

when the

about 10

minutes prior to the introducËion of ù17C, thus suggestÍng that
Ëhe inactivatíon is very slow and possibly reflects a ligand-
induced change in the enzyme conformation. Evidence fo, znZ*-

and d-tubocurarine-induced slow changes on Acchase has been

p resented by Epstein

r.üas modÍfied at the r

(146): T. californíca AcChase

serine with the reagenr Ii-(¿i-
methylamino ) nap thalen e- 5-sulf amído ]p entylmerhylphosphonof luor i-

et a1.

eactive

date ( a sensitive probe of active-site conformation) fn the
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presence of zn*2 or d-tubocurarine, the fluorescence of the
modified Protein was enhanced and the emissíon maxi-mum shifted
to lower vravelengths. The change in fluorescence intensÍty
occurredvery slowly, âr-rd was comparable i¿íth the rate of in-
hibiLlon of the native enzyme by either zn2* or d-tubocurarine.
Dísplacement of propidíum by zn2i or d-tubocurarine v/as rapid
with respect to the time course of enzyme inhibition or changes
ín the fluorescence of Ëhe dansylated enzyme, thus suggestí-ng
thaË inactivators combine rapidly with the peripheral aníonic
sítes and índuce slow conformational changes that lead to Ín_
acË j-vat ion of the enzyme.

0f the organic ligands tested only d-Eubocurarine resul_ted
in the inactivation of E- electricus AcChase. The carbamoylation
amplitude decreased in an approximately hyperbolic manner with
increasing d-tubocurari-ne concentrations and reached a minimum

at approxímately 50"/. of the inítial carbamoylation ampritude.
The evidence for d-tubocurarine-induced ínactivation being a

peripheral effect is two-fo1d; a) the inactivation is observed.
at high M7c concentïations, where d-tubocurarine was shown not
to affect carbamoylation rates and therefore does not inter-
act with the catalytic sites; b) d-tubocurarine is slightly
less effective at decreasing carbamoylation ampritudes at high
r'I'7 c concentrations where l"I7 c has been implicated in perJ-pheral
site occupation. The inability of d-tubocurarine to lor,¡er

the amplitude below approximaËely 50"Á of the initial carbamoy_
lation amplitude (at d-tubocurarine concentrations as high as

5 mM) might be related ro an ínability of the lls Acchase to bínd
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more than tv/o of the bulky d-tubocurarine molecules.

The catÍonic inhibÍtor" Hg2*, zn2*, cu2*, cd2t and pbz+,

also brought about a decrease in the carbamoylatÍon amplitude.

The j-nact ivat íon \¡/as again s low and required a 10 min preíncuba-

tion for the maximal decrease in carbamoylation amplitudes.

The carbamoylation amplitude decreased in a hyperbolic marr-

ner with increasing metal j-on concentration, and unlike d-tubo-

euraríne, the metal ions r¡/ere able to abolísh all of the car-

bamoylation amplítude. The amplitude decrease \,üas not depen-

dent on the M7c concentration. The inactivatíon l{as observed

at both 1ow and high ionic strength; this effect therefore

represents one of the few clear-cut examples of a peripheral

effect observable at high ionic strength. The apparent disso-

ciation constant for the inactivatíng metal ions (estimated

from the concenËration of the cation required to eliminate 50"Á

of the carbamoylation amplitude) vüere 10-30 fold hígher at high

ionic strength than at. 1ow ionic strength, suggesEing that the

peripheral anionic sites as r¿el1 as the catalytíc sites are

altered in ionic strength-induced conformational changes of

the enzyme. The hyperbolic concentration- dependence observed.

in the inactivation profiles suggest that the peripheral sites

on Acchase are equivalent and that the enzyme ís converted to

the inactive form in a concerLed manner without inter-subunit

co-operativity.

The effects of

cð.2+ and pu2+) \¡/ere

all of the oríginal

the inactivating ligands

reversible upon addition

carbamoylat ion arnplítude

tJ- tJ- 1L
(Hg'' , Zn'" Cu'- ,

of EDTA; however,

could not be
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recovered. This prompted a study of the effects of prolonged

incubat ion of the erLzyme with a given inact ivator. It r¡/as

observed Lhat prolonged contact of the enzyme with the inacti-

vator resulted in a time-dependent decrease in the amount of

Tecoverable activÍty. If this experiment v/as repeated under

conditions of O2-taturation the irreversible inactivation \¡/as

more rapid but under N2-saturation \^ras slower. The irrever-

sible inactivation could therefore involve a metal-c atalyzed

oxidation of an essential enzymic functional group. one func-

tional group, oxidizabLe under such rnild conditions is the

sulphydryl group of the amino acid cysteíne. These observa-

tíons led to a study of the reaction of Acchase with sulphydryl-

specific reagents and is discussed further, later ín this sec-

tíon.

The effects of inorganic and organic peripheral-slte

activators on the inorganic caËion Índuced ínactivation of

AcChase rras very interesting. The peripheral-síte activators
2+ - )r-(Mg- , propidíum) protected AcChase from Zn'' -induced time-

dependant decrease in the carbamoylation amplítude, but faí1ed

to ïeactivate the ZnZ*-inactivated enzyme. These resulLs could

come about either from a lowering of the perípheral site affi-

níty for actj-vators or from an increase ín the affínity for

inactivators, ín the inactivated state (Ei) . The latter possi-

bility would be analogous to the desensitLzation of the acetyl-

cholíne-receptor: Prolonged incubation of the receptor r¿ith

agonists or antagonists results in a slow conformatíonal change

of the receptor to a desensitized sËate which is characteri-zed
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or arLLagonists (28).
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(by as much as 1000-fo1d) for agonisrs

The kinetj-cs of conversion to inactÍve species:

The inactivation of E. electrícus AcChase by the inorga-

nic cations ng2*, cd2*, cu2* and zn2* *^" biphasic at low ionic

strength, irrespective of the method of assay. The kinetics Trere

resol-ved into tr.^/o f irst order processes, character ízed by two

TaLe constants of 5.12 x IO-2 sec 1 
"rd 4.4 x l0-3 sec 1. r"r-

pectively. Atthough the relative amplitudes of the sloiü phases

differed accordj-ng to Ëhe method of assalr the rate constants

extracted from the time courses \^/ere virtually ídentical eíther

v¡ith the continuous NPA assay or the discont j-nuous r,1.7 c assay.

PatLison and Bernhard (145) \dere the first to report bí-

phasic inacËivation kinetics with the inactivating peripheral

site 1ígands d-tubocurarÍ-ne, cu2* and zn2*. The bíphasicity

'ü/as explained in terms of a tq/o state model f or AcChase. In

this model AcChase f rom T. calíf ornica r/üas assumed to be in a

inactive (E. )a
,-L tf
-t n Llr"rg , uu ,

propídium or gallamine vrere thought to stabirize the acrive (E)

conformation, whereas inactivators d-tubocurarine , Cu2* and

Zn2* would stabilize the inactive (8.) conformation.

rate observed in Ëhe inactivaËj-on kinetics, under saturatíng

inactivator ligand (L) conceritraLions, \ùas attributed to the

raÈe of conversion, E-+E. L. The slower rate constant \.^/as thought

to represent the conformational transitíon ín the opposite

conformational equilibrium between active (E) and

kinetic states. Activators of the errzyme such as

The faster
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direction, ur-tu. rn subsequent investigations, Epstein et al.
(r46) rùere able to dete ct zn2*- and d-tubocurarine-induced

slow conformatÍonal changes, by alteratíons in the fluorescence

of T. californica Acchase labelled at the active sites with

f luorescent dansyl I t- Cdímethylamino ) naprhalene-5-sulf onamido ]
phosphonates. The onset of the ZnZi- and d-tubocurarine-induced

conf ormational changes \,üas biphasic, at 1ow ion j-c strength.

The f aster of the t\,'ro rate constants extracted 
'üas 

2.2 x l0-1
-1sec , simí1ar to that observed kínetically by pattison and

Bernhard (I45) (: x I0-2 ,."-1¡. There was no arrempr made on

the part of EpsteÍn et a1. (r46) Ëo explain the second slower

rate constant. These results r¡/ere explained in Ëerms of a t\,,/o-

state model (scheme TV) . fn this mode1, T. californica Acchase

r¡/as thought to be in tr¡/o conf ormatíonal states, active (E) and

ínactive (E- ). The rate constant extracted from the zn2* or1

d-tubocuraríne induced changes in enzyme fluorescence ï.{as

thought to be the sum of the t\^/o slow processes, EL+E.L, and

E-L+E, under saËurating inactivating ligand (L) concentrations.1

fast

E+L Çè EL

slor^¡ + + slow
E.+L ì+ E.L

1

fast

SCHEME IV

It is felt that a more adequate explanation of the bi-

phasíc inactivation results obtaíned here with E. electrícus

Acchase, and by Pattison and Bernhard (145) and Epstein et a1.
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(I46) I^/ith T. californica AcChase, requires the inclusion of

a third activated state ín the pïoposed model (scheme rv).

Extensive evidence for the activated (E") state, induced

by peripheral acrivating 1ígands and stabilized ar high ionic

strength comes from steady-state and pre-sËeady-state kinetic

data presented here: under condj-tions of 1ow ionic strength

the steady-state kinetic païameters K and k for Acschapp cat
are 4.3 x 10-6 M and 3.5 x 105 min 1, respectively. In the

presence of 100 mM Nacl Lhe enzyme is converted to a hieh K

-q 
" aPP

(5.6 x to-)u¡, high k"rt (g.6 x 105 ,in-1¡ form. c^2*, ug2* and
)L

Mn'' also appear to índuce this conversion, increasing the

steady-state velocities by approximately r.7-fo1d. The organic

peripheral site lígands have also been shown to activaËe the

enzyme through slow conformationat changes; the maximal acti-

vation r,üas approxímately r.4-f o1d. under pre-steady-state

kinetic conditions, the organic ligands M7c, propidiurn and

gallamine r,üere shown to activate both the carbamoylation and

decarbamoylation rate consËants by approxímately 3-fold. rn-

organíc activators \,üere shown to activate only the decarbamoy-

lation step by 'u3-f otd.

The inactivation kinetics under high ionic sËrength con-

ditions are monophasic, but at low íonic strength are biphasic

The fast rates at high and 1ow ionic strength aïe virtually

identical. This behaviour cannot be accounted f or by the t\,ro

state model.

A more appropriate explanation, which can account for the

observed inactivatÍon kinetics, would be that the metal cation-
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induced ínactivations from the active (E) and the actÍvated
(Er) kinetic states, are character izeð, by rate constants dÍf-
fering approximately by an order of magniLude. The slow ínac-
tívation rate constant, only observed at 1ow ionic strength,
is thoughL to represent the conversion to the active (E)

enzyme to the inactive (Ei) f orm, (E+E. ) ; r¿hereas the f ast
inactivati-on rate constant observed both at low and high ionic
strength Ís thought to repïesent the conversj-on of activated
(Er) enzyme to the inactive (Ei) form (E"*S.). Biphasic inacti_
vation kinetícs can therefore be accounËed for by the presence
of both (E) and (E") in significant proportíons ar 1ow ionic
strength. rn order for thís to happen i-nactivating ligands
must activate the enzyme as well as inactivating it. This has

in fact been demonstrated. in the present study with zn2* (as

the inactivating ligand): at 1ow ionic strength, with rapid
mixing techniques, Zn2* *^s shown to increase the initial rates
of AcSCh hydrolysís by as much as L.7-fold.

rn view of the presenË evidence, scheme v is proposed to
account for peripheral-site-specific ligand induced kinetic
(conformatíona1) states in E. electrícus Acchase.

K*
I

+E

K31L

E
Edn

K+

-=o

E

.[

E+
w2

S CHEME V
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rn this scheme active enzyme (E) predominates at 1ow ionic

strength. The activated enzyme (E") is stab irized by peripheral

siËe activators or at high ionic strength. The inactivating

ligands can bind to activator (pt) as well as to inactivator

subsites of the perípheral aníonic sites, the conversion to

(E") is rapid whereas to (Ei) or ro (Er_r) is sro¡¿. The con-

versíon to the inactíve states, (Ei) and (E.a), from the cor-
respondÍng active (E) and activated (Er) states proceed with
different rates. The conversíon, E.tEiu, has a larger rate

constant than the E*Ei, conversion, thus resultíng Ín bíphasic

inactivatíon kinetics at low ionic strength. under high ionic

strength condítions only the rate constant corresponding to

the conversÍon of E.*E i" i" observed. The states E * ^ and E_.
Ía 1

are kinetically indistinguishable. In addition to the rever-

sible steps, metal inactivators of Acchase convert the enzyme

to a denatured state (EU), which is irreversible.

strong support for scheme v is províded by the results

obËained from the study of the L.3*-induced inacËivatíon of the

enzyme. Preincubation of E. electricus AcChase with varying

amounËs of L"3* for 10 minutes resulted in a decrease in the

carbamoylation amplitude both at low and high ionic strength.

The j-nactivatíon profile at 1ow ionic strength was very unusual

in that the onset of the inactivation was observed aË 1 uM
AI

La'' and the enzyme r^/as sti1l not completely inactivated at
-3+-tLa concentratÍons as high as 10 - M. Thís effect üras not

due to the extra contribution to ionÍc strength made by tri-

valent catíons as ng2*, made equivalent to Lr3* in ionic
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strength by the addition of appropriate amounts of Nac1, did

not alter th " llg2* inactivation profile.

At high ionic strength, the L"3+-induced inactivation titra-

tÍon curve r¡7as ttnormaltt, in the sense Ëhat it r^7as complete

wíthin tr^ro orders of magnítude of L"3* concentration.
-3+La- \^/as also observed to activate the steady-state hydro-

lysis rates under rapid míxing conditions but the actívation

occurredat concentrations much lower than observed in the case
,L

of ZrL''. This raised the possibility that the magnitudes of dís-

sociation constant" KI and *3 (the affínity of the ínactívatíng

ligands for the activaLor and inactívator sites) might control

the shape of the observed ínactivation profí1e. An expressíon

for the fraction of active errzyme (f) \das deríved from Scheme

V (see appendix) eq. l+01.

r + '['t-l
^ l la6al

, -! [l] r [t] I ltTz
R. R^-r J KtK4

TítraËÍon curves T,,rere generated by utilizíng eq. L+0"1 .

rË \¡/as observed thaË Lf Kt (scheme v) exceeded *3 by 5-fold
or less the titration curves generated \¡/ere simí1ar to that
obtaÍned wiËh Lr3* at 1ow j-oníc strength. However, if Kt

exceeded K¡ by 7-fold or greater, the titratíon curves appeared

"normal'r i. e. the titration (inactivation) r¡ras complete within

ti4ro orders of magnitude of ligand concentratíon (Fig. 42) .

The L"3* tÍtration data obtained at 1ow ionic strength, r,¡ere

fitted to eq. lae'al by computer; rhe values of Kl, K3 and K4
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Fíg. 42. Símulation of La3* inactivatíon
profiles using eq. [46a] derÍved
from Scheme V

?f

1 a [l-"'']I¡K
If= þ6 al

1 ' [L.3+] ll"3+l [1,a3+1 z

'- \. 
- 

L 
- KiK;

Conditions: I(4 1 x 10-3 M; I(g = 5 x- 1O-6
M; a) K1 = J x l0-4 M; b) Kt = 5 x 10-r M;
c) K1 =t1 x 10-5 M.
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-6l0 " M, 26x

200

a

l0-uob taíned from

M, and I.52 x

the computer-fit r,^/ere

10-31t, respectively.

T. californica AcChase:

Acchase isolated from one particular lot of T. californica

electroplax dísplayed biphasic carbamoylation rates at low but

not at high íonic strength. The carbamoylation at lor¿ ionic

strength \^/as characterized by t\.^ro pseudo-f irst order processes,

differÍng approximately by an order of magnÍtude. This phenome-

non \À/as not due to a time dependant denaturation of the erLzyme,

as incubation of Acchase at 25"c for up to 1l hrs did not re-

sult either in a change in the observed carbamoylation ïates

or in the relative amplitudes of the t\^ro rate processes. The

dependance of the fast pseudo-first order carbamoylation rates

on the M7C concentration was as predicted (by eq. 179al, see

appendix) ín the concentratíon range (0.5 to 1o uM) used. The

kinetíc parameters extracted from the data had the value" K" =

3.1 x 10-6 M, kz = 0.148 sec I 
"rrd k: = L.4 x l0-4 "."-1. As

in the case of E. electricus AcChase, the peripheral activators
1J- .t L

Mg'', Ca'' activated kg by 3-fo1d; propídium activated both

kZ and k3. Under conditions of high ionic strength K" and kZ

had the values 3.5 x i0-5 M and 0.23 sec 1 ,r, very close cor-

respondance with publíshed values ( 130) The ZnZ* inactiva-

Ëion profiles !¡ere independent of ionic strength. This is in

contrast to the results obtained v¡ith E. electrícus Acchase

and possibly sugges ts that ¡uith T. ca1íf orni-ca Acchase the

peripheral anionic-inac

ionÍc strength-induced

tivator subsi-tes are not

conformational changes ín

al tered by

the enzyme.



The overall conclus íon f rorn

that T. californíca AcChase

carbamoylation rates r^rere

rates in the presence of

20r

the fast carbamoylation results is

is essentially identical to E. elec-

activated but never attained the fast

tricus AcChase with respect to carbamoylation kinetícs under

pre-steady-state conditions .

The slow carbamoylation rates may be due to Lhe presence

of a kinetically altered form of the enzyme, perhaps as a re-

sult of excessive proteolysis during the ísolation of thís

particular batch of enzyme. The pre-steady-state kinetic para-

meters exLracted from the dependence of the slow pseudo-firs t

order carbamoylation rates on M7c concentratíon, \¡/er. K" = I.6l x

Lo7 M, k^ = 5 x lo-3 sec't These two parameters, whích are

I2- and 30-fo1d lower, respectively, than the correspond.ing values

obtained using the fast carbamoylation rates, therefore may

result from a partially denatured form of the enzyme. The slow

otg2*, propidium or M7C. This effect

was to decrease the slow phase amplitude and

has not been observed with E. electricus or the fast T. calÍ-

fornica AcChases. Furthermore the effect of these activators

to increase the

fast phase amplitude without affecting the total carbamoyla-

tÍon amplitude thus suggesting an activator-induced conversion

of the slow enzyme to the fast form, and is assumed to be the

result of activators interacting with the peripheral sites of

the partially denatured enzyme and thereby converting Ít to a

more ttnativett like s tate.

Attempts to índuce biphasicíty ín "monophasic" T. califor-

nica AcChase \.úere not successful . Varíous experiments consisting

assay procedures and of the TIAAof alterations in isolation and
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city in the carbamoylation rates.
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failed to inLroduce bíphasÍ-

KÍnetic heterogeneity in Acchase is by no means limited

to T. californica enzyme or to the present study. Gentinetta

and Brodbeck (139) reporred rhar lBs, Bs and ils E. electricus

Acchase isolated and purified in theÍr laboratoïy, resulted in
curved Liner¡/eaver-Burk p1ots, and the inhibítion of arl of
the molecular f orms of the er.zyme with ípr^pF v/as biphasic.

subsequently, attempts by Barnett and Rosenberry (77) to

duce Gentinerta and Brodbeckrs (13g) results failed, the

tivatíon by iPrrPF was sLrictly monophasic. rn the current

investÍgations the inactívatíon by iprrpF \^ras also strictly

monophasic . The íPrrPF inactivation kinet ícs of "monophas ic"
and "biphasic" T. californica as well

T¡/ere performed in the hope that iprrpF

sitive at detecting kinetic heterogeneity than the carbamoyla-

repro-

ina c-

phas ic" T . californica AcChases displayed monophasíc íprrpF

inactivation kinetícs whereas the "biphasic" T. californica

enzyme displayed biphasic inactívation r,/ith iprrpF.

An explanation of the íntermittent observatíon

tion kinetics. The kinetic picture that emerged hras

to the carbamoylation results: E. electricus and the

heterogeneity in Acchase cannot be offered at this

mus t await further s tudy .

The chemical modification of AcChas e :

as E. electricus AcChase

kinetÍcs \À/ere more sen-

identical

ttmono-

of kinetic

po int and

There have been

in AcChase. Some of

of a thiol-1ike reactiviËy

evidence is summarízed in

many reports

the earlier



Table IX.

ported that

PCMB. The inactivatíon was very s1ow, the half-life of the

reactíon was approxímately 90 mínutes. Wíns et al. (r32) have

demonstrated PCMB ínteracts wíth Acchase at or near the peri-

pheral anionic sites, as the PCMB inactívation \,/as reversíb1e
_2+r^/1th Ca ) a peripheral site-specifíc ligand

Mo re recently

purified T.
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Massoulié and Rieger (I4g) have re-

californíca AcChase ís inhibited by

hïí1son and

Silman ( 150) have also demonstrated that arseníte inhÍbition

of Acchase Ì/üas reversíb1e wíth pcMBr suggesting a possible com-

petition between these tr¡/o thiol specific reagents for the

"thiol-1i-ke" group ín Acchase. rn the present study, the time-
dependent loss of activity observed at low concentrations of

T. californica -l1AcChase ( I0 r f, M) T/Ías greatly Íncreased íf the

enzyme solutions contained DTNB. At high enzyme concentrations
-1(2 x 10 ' M) , the enzyme \¡¡as very stable. Neíther the carba-

moylation rate nor the amplítude changed upon íncubation of the

enzyme aL 25"C f or up to 11 hrs. However, íf DTNB \das added,

there \¡/as a slow decrease in the carbamoylation amplitud.e. rn-
cubation with DTNB for B hrs at z5oc resulted in the loss of

25"/. of the carbamoylation amplitude. These results were inter-
preted as arising from the modífication of free thiol groups

in Acchase since DTNB is one of the most specific reagents

for the titration of thíol groups in proteins. A DTNB-depen-

dent loss in actívity could not be demonstrated r^rith E. elec-

tricus Acchase, either with 1ow or high enzyme concentrations.

However, the observation that the metal-induced irreversible

inactivatj-on r¿as oz dependent raísed the possibility of free
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thiols beíng at or near the peripheral anionic sites and that in

the case of E. electricus AcChase \,/ere inaccessible to DTNB. DTNB

titrations with both T. californica AcChase and E. electricus

AChases rùere carried out under denaturating conditions. Under

these circumstances both enzymes reacted with DTNB; however, the

results could not be quantitated as the amount of coloured thionitro-

benzoate anion (equal to the free thiol concentration) \¡/as quite

smalf (0.02-0.05 absorbance uníts). Accurate determinations

of the free thiol groups using DTNB could be made, either with

a very sensitÍve spectrophotometer or by using very high con-

centrations of enzyme. 0wing Ëo the lack of the former and

the prohÍbitive costs of the latter, an alternative, more sen-

siÈíve method for the determination of free thiol groups \,ras

sought. 0ne such reagent introduced recently by Scouten et a1.

(I62) r¡/as the f luorescent, t.hiol specif ic compound N-dansyl-

aziridine (N-DAZ).

T. californica AcChase:

The reaction of N-DAZ wíth T. californica AcChase rnras

characteri-zed by a slow, time dependent enhancement in the N-

DAZ fluorescence intensíty and blue shift of approximately l0

nm in the fluorescence emíssÍon maximum. The magnitude of

the fluorescence enhancement \nias c1 ependent on Lhe reaction

condítions used. The largest enhancement ( L.6-fo1d higher

than with enzyme plus N-DAZ alone) of the fluorescerrce spec-

trum (at 500 nm) , \¡/as obtaíned in the presence of Zn2* ( 1 x
_L

10 M) while the smallest enhancement \.üas observed if the

reacËion was performed aL high ionic strength or in the pre-



205

)+ -?sence of lvlg-' (5 x 10 - M) . These results are thought to re-

flect at least 3 distincL conformational states of the enzyme

(in order of reactivity r¿ith N-DAZ): The inactivator stabi-

Iized, inactíve state (Er) , the 1or¿ ionic strength stab íLízed,

active state (E), and Lhe high ionic strengtinlactívator-stabíLízed

activated state (Er).

The kinetics of the AcChase/l¡-leZ reactíon \dere s tudíed

under pseudo-first order conditions, by continuously monitoring

the increase in fluorescence at 500 nm. A pseudo-first order

rate constant of 0.16 hr-l !/as obtained, and \,¡as unaf f ected by
)+Zn-' . This rate constant is approxímately 5-fo1d smaller than

ËhaË reported for the reaction of N-DAZ wíth BSA (162). The

unreacted N-DAZ r¡/as removed by either extensive dialysis or by

chromatography on a column of Sepharose 4-B to r,¡hich L-cysteine

r^raS covalently atËached.

The resultanL modified protein was devoíd of AcChase actí-

vity and displayed a nerr peak in its fluorescence spectrum.

This peak had an excitation maximum ax 345 nm and an emission

maximum aL 495 Dflr and is identical to the spectral properties

of S-amínoethyl dansylated BSA (I62). The effecr of rhe modi-

fication on the catalytic actÍvity of AcChase is not clearly

understood: If the er.zyme is modified wíth N-DAZ in the
1L

absence of Zn'', it retains g07" of its original activity at

the end of I7 hrs, but upon removal of the excess N-DAZ, the

activity drops to only 4O% of the original. One possible

explanation of thís result could be that the dansylation

renders the eîzyme more susceptible to denaturation (i. e. it



precipitates out

tíon).

of solution,
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or becomes sensitive to agita-

E . e lCç_:t¡-Lç¡¿E Ac Ch as e :

The reactivity of

different from that of

E. electricus AcChase towards N-DAZ lras

T. californica AcChase. Incubation of

E. electricus enzyme plus N-DAZ resulted in a very smal1 enhance-

ment in the N-DAZ emission spectrum,

changes \.,/ere observed. Introduction

mÍxture again resulted

scence aË 500 Dfl, but

amount of fluorescence

'\, 1.6-f old with T. calif ornica

of T. californica as compared

although the s ame sp ec tr aI
1L
LIot Zn to the reaction

in a greater enhancement of the fluore-

in the case of E. electrícus AcChase the

increased by tu1.9-fold as opposed to

AcChase. The greater reactivíty

wiËh E. elecËricus AcChase indi-

cates Ehat the reactive groups are more exposed in the case of

the former, possÍb1y explaining the greater tendency of Ëhe

T. calÍfornica enzyme to denaturation or modificaËion with

DTNB. Carrying out the modíficatíon in the presence of ,g2*,

Ëhe mosË Ëightly bound of the divalenË inactivators of AcChase,

resulted in a f luorescence enhancement that T¡/as 1.9-f o1d less

Ëhan that observed in the presence of ZnZ*. This possibly

indicates an inhibition of the dansylation reaction by Hg2*,

the divalent cation that has the highest reported stability

constant for thiol containing compounds.

The dansylatíon results, aside from indicating Lhe possi-

ble presence of thiol groups in Acchase, give further supporË

to the proposed modef (Scheme V), for a variety of peripheral-

site ligand induced kinetic states ín AcChase. The enzyme



appears to be most reactive towards

inactive (Ei) state, partially reac

(E) and least reactive in the high
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N-DAZ in the ZnZ*-induced

tive ín the active state

ionic strengtlnl activator

induced activated state (Er). rf the differences in reacti-

vity are assumed to be due to the degree of ttburialt'of these

groups within the protein structure then gross conformational

changes are implícated. EvÍdence for exËensive peripheraL-

ligand induced conformational changes in T. californica AcChase

have been presented by EpsteÍn et al. (I46). The conformational

changes r¡rere directly measured by the changes in the fluores-

cence of the enzyme labelled at the actíve sites r^iith fluores-

cent dansyl phosphonates. zn2*, c.r2* and d-tubocurarine v/ere

shown to induce slow conformatíona1 changes on the enzyme.
)+However zn-' appeared to enhance the dansyl fluorescence (rut. t

fold) whereas d-tubocurarine or cu2i appeared to quench it by

uP t o 2-f oLd. These results r^/ere interpreted as an índicatíon

that peripheral-site ligands can induce more than a single

conformation at the active centre. such a conclusion r,¿as

thought to be reasonable in vj-ew of the diverse structures

of peripheral-siLe ligands and theír disparate influences on

the catalytic behaviour of AcChase (L46).

Hydrolysis of the modífied T. cal_ifornica and E. electri-

cus Acchases and the subsequent 2-dimensional rLC of Ëhe hydro-

lysates yielded a fluorescent, ninhydrin-positíve compound that

displayed R. values nearly identical to those of a sample oft
dansyl-s-amínoethyl cysteine.

Further characterízatíon of this compound is essential
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in víew of the recenr report by Sturgill et al. (i63) that

3 mol of N-DAZ \¡/ere íncorporated per mo1 of BSA: even though

BSA is known to contain only I free thiol group. The extra

label was thought to be the result of the covalent reaction

of N-DAZ with lysíne or arginine as well- as the thiol group

of BSA.

Summary and conclusions :

The existence of a peripheral anionic region on E. elec-

tricus Acchase, with a high affinity for specific cationic

ligands v/as demonstrated by fluorescence binding and displace-

ment studies. In these studies the peripheral site specificity

of propidium, gallamine or zn2* *ut established. Two classes

of bindíng sit.es T¡rere evident from the propidium binding experÍ-

ments, and may arise either from structural asymmetry in the

enzyme or from heterogeneity in enzyme populations.

steady-state kinetic studies indicated that ee1 enzyme

existed ín two distinct kinetic forms stabíIj-zed at either 1ow

or high (physío1ogica1) ioníc strength. At inrermed iare íonic

sËrength kinetÍc heterogeneity \¡/as evident, suggesting that

these kínetic forms are reversibly linked. The k"rt and *rOn

of Ëhe high ionic strengrh form r,rere tu3- and r2-fold higher

Tespectíve1y than the corresponding parameters for the 1ow

íonic strengt.h form. The peripheral site ligands gallamíne,
2+ ^2+propidium , Mg' ' , ca'' \¡rere shown t o activate Ëhe low ionic

sËrength form of the enzyme (E) to rhe hígh íonic strength

activaËed form (E-). The cation zn2* ,^" shown to have tvro
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opposíng effects on the steady-state kinetics: an instantaneous

activation of the steady-state rates of hydrolysis as well as

a slor¡ ínactivatíon of the er-zyme. This may be a general metal

ion effect with consequences which depend upon the relatíve

affinities of the various binding sites for a partÍcu1ar metal

ion.

The pre-steady-state kj-netics enabled a more comprehensive

study of Ëhe corrsequences of peripheral site occupatíon on

the proposed kinetic mechanísm of AcChase. I{7C as well as

carbamoylating the active sj-te of AcChase r.r7as found to inter-

act with the peripheral sítes, activating both the carbamoyla-

tíon rate constant (kZ) and the decarbamoylation rate constant

(k.). The other organic peripheral ligands propidium and ga1-J

1amÍne \^rere also shown to activate both kz and k3. The value

of I(_ \¡/as also íncreased by'u6-fold in going from low to highS-

ionic sËrength. The ínorganic activators Cu2*, tg2* were

shown to affect only k3.
2)- 1-L nL .>L

zn'' , d-tubocuraïÍne, Cut- , Hgt- , Cdt- induced the con-

versíon of AcChase to an inactive form. This inactivation i,,ras

partially reversible r^rith EDTA but a slor¿ metal cation, OZ

dependent irreversible step vüas evident. The activatíng ligands
1J- .) L

C^'' , gallamj-ne and propídíum inhÍbited the Znt- índuced inac-

tivation but \¡/ere not able to reverse the inactivation after

the enzyme r^ras inactivated, indicating a possible increase in

affinity of the peripheral sites in the inactive state, ana-

logous to the desensitization observed with the AcCh-receptor.

The kínetícs of the metal-índuced inactivaËion were bi-
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phasic at 1ow but not aL high ionic strength. The fast rates

under both ioníc strength conditíons were identical, and \,ùere

thought to represent the same process i.e. the inactivatíon

of t'act ivatedtt enzyme, E"*Ei.. On the other hand , Ëhe slow

rate observed at low ionic strength was thoughË Ëo represent

the inactÍvation of "active" enzyme, E*Ei. The biphasic in-

acËívation at low ioníc strength may then be explaíned by

assuming that boËh active and acËivated erLzyme are present in

signífÍcant amounts at low ionic strength. This could come

about if the inactivating ligand activates the enzyme as well

as ínactivating it. This has been d.emonstrated with Lu3* rnd
)+

Zn . In view of these results a model (Scheme V) r^ias pro-

posed to account for Ëhe kinetic consequences of peripheral

site occupation by activating and inactivating peripheral-site

specific ligands. This model is particularly successful in

accommodating the L"3* Ínactivation results, which demonstrate

Ëhat the inactivation profile is dependent on the affinity

of inactivating ligands for the actívaËíng as well as

ínactivating peripheral sites. If Ëhe affínity of the

for the

inacËi-

vating ligand for the actívating sites exceeded íts affiníty

for the inactivating sites by 5-fold or less the inactivation

profile is spread out as in the case of L.3*. However íf the

affinity of the inactivating 1ígand for the activatÍng sites

is 7-Í.oLd or greater than its affiníty for the inactivating

sítes the inactivation at 1ow ionic strength is "normal" in

that ít is complete within tr^/o orders of magnitude of the

ligand concentration. Activating species such as ylgzt and
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2+ca thus appear to have a veïy row affinity for the',inactÍ-

vator" binding site.

T. californica AcChase displayed non-hyperbolic steady-

the Líneweaver-Burk

AcSCh concentrations

suggesting that AcSCh possibly acts as a peripheral site actí-

E. electricus AcChase.vator ín T. californica but not Ín

state kinetics at low ionic strength;

plots ü/ere displaced downwards at high

The pre-steady-state kínetic properties of

enzyme \¡/ere qualÍtatively identical to those of

from the hydrolysates of the enzyme

strongly suggestive of Ëhe presence

AcChase, conclusive proof must await

of this compound.

Both enzymes r¡rere most reactíve

calífornica

electricus

modif ied with N-DAZ. I,ihile

of free thiol groups in

f u rt he r char a c t e r íz at ion

T.

E.

Acchase. organic ligands activated both kz and k¡ whereas

ínorganic ligands only affected k3. one particular enzyme lot

displayed biphasic carbamoylation rates which may have arisen

as a result of partial denaturation of the enzyme during the

ísolation process.

T. californica and E. electricus enzymes \^/ere modÍfÍed

thiol-specific reagents.by react ion with DTNB and N-DAZ, t\^ro

A fluorescent, ninhydrín-positive compound with identical Rr

values to those of dansyl-s-amínoethyl cysteine \.ras isolated.

active (Er) state, partiatly reactive

t oward s

in the

N-DAZ in the in-

actj-ve (E) state,

(S ). further' â'-
perípheral-site

of AcChase.

and the l-east reactive in the activated state

illustrating Ëhe existence of at least three,

specific, ligand-índuced conformational states
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1)

APPENDIX

DeËermination of free and bound li and in the Dro id íum
titrations and the analysis of the b in din data b me arr s
of Scatchard plots:

a) Determination of
tÍtratj-ons (130):

free and bound ligand in fluorescence

For dilute solutions the

fluorescent compound is given

fluorescence intensity

by eq. [1"]

of

where I

lrl
Y

= Y IF]

= fluorescence intensity

= concentration of the fluorescent 1ígand

i-ntensity coef f Ícient.

the presence of enzyme some of F wÍll be bound so

l1a l

that

12 al

In

Iuo ] .o, = lFr l

It = fb + If

ru y' lFbl

rt = yIFr]

lFul

where lF¡l and lF¡l

ligand respectively

eq. l3al .

.tI4There y and y are the inËensity

are Ëhe fluorescence intensities

respectívely.

are the coricentrations of free and bound

, and Ëhe observed intensity is nor¡/ given by

l3"l

Ia"]

ls"l

coefficients and I¡ and tf

of free and bound ligand

Substituting eq. 13"] for I¡ and If

rr = y[Fr] + y' [F¡] l6"l



= ylrrl + y'([Fo]

[Fo] + (y - ,')

¡rrJ)

lFr l

li3

17 "l

[8"]

given by eq.

=Y

Therefore

Iea]:

the concentraËion of free ligand is

IFr]

S íni 1ar ly

t, - y' lFol

Y-v

lFul + y(lFoJ

lF¡l + ylFol -

Ie"]

[10a]

[11a]

lI2al

of an It vs. lFfl (i.e. ín

determíned the limitíng

the condíËions where

rr = Yl

I=y

IFb])

IFu]

lF¡lrearranging and solving for

Irr] - y IFo]
D_

D" (y' - y)

y can be determined from the slope

the absence of enzyme). y' can be

slope of an It vs. IFo] curve under

E >>F

b) Analysis of the by means

The average number of moles

Ëo an enzyme containing n binding

of a Scatchard

of f luorescent

sites is given

plot:

ligand bound

by

_ [F,]v _ 
[Eo]

nKIFr1
1 + K[Ff ] l13al

where K is

all sites

Eq. t

;+

the binding constant for the ligand-enzyme complex

being assumed ro be equivalent.

13a] can be rearranged

Ç r[¡r] = nKlFrl llaal



"or lF_T = nK - çK
' t'

rep 1ac ing ., ¡l 
I F¡ ]

' T%T

lF¡ I lF" l
E;T%l = nK - lE;T K

lFl
Tt;T =nKlEoJ-lFblK

thus a plot of IFb] / [Ff] vs. IFO] will have a slope of _K, a

vertical intercept of nKIEo] and a horizontar intercept of
n[EoJ. rf [Eo] is known n and. K can readily be determined..

2) 4ral)rsis of . the coppetirive data f rom the propi-dium

If borh propidium lp] and a displacing ligand (D) are
present tv/o competing equílibria wí11 be seË up

KD

IEo]+[P]=lEPl

274

[1sa]

l16al

lI7 al

[1Ba]

[1ea]

lEl IP]
K
P [EP]

KD
LEol+[D]=lEDl

1¿ = tEl [p]"D [ED]

rf IP]ttKp and lEo] then the concentration of free enzyme

lEl is negligible.

I^Ihen both propídium and dísplacing rigand are present the
fracrions of enzyme presenr as tEp] and IED] are gíven by eq.

[20a] and l21a] respecrively.



Y = lEPl- lEPl + lEDl

Isn ]
lEPl + [ED]

2r5

120 al

Lzt "l

123 al

l24al

l2s al

126 al

[27 a]

The the contrÍbution to the observed fluorescence by EP (bound

propidiurn) is fpY and the contribution of free propidíun is

fD ( 1-Y) eq. 22a

f = rpY - fD(i-Y) 122a1

where f, fp and fO is the observed fluorescence, fluorescence

of fu1ly bound propidium and the fluorescence of free propidium

(when displaced from the enzyme under condítíons of saturation

with displacÍng 1ígand)

Rearranging eq. 122al

f-fPY+fO

=fO+(fp

substítuting for Y

f IEP] + f

(fp - f)('-.J

fY
D

fD)Y

in eq. IzOa]

Iup]f. - fo + (fp - fo) ( [EP] + [ED] )

expandíng and r ear r ang ing

IED] = foIEPJ

lsrl
= 

-
Lae 1

fD lEPl + fDIED] + fPlEPl

substituting for IED] and IEP] from eq.

(fp - f) lDl K,

TE--;t =lTT' -,

llBal and Itga]

l2B al



(fo - f)
Theref ore a plot 1"g G=t vs.

with a slope of uniËy and intercept

be evaluated as descríbed above, KD

The concentrations of lD] and

216

lDl
loC 

Ip] 
should be 1ínear

1og (Kp/KD). Sinc" Kp can

can be evaluated.

lP] are evaluaËed as follows

f-fo+(fp-fD)Y

(f - fD) 
_v(rp - rJ

l2e al

[30a]

[31a]

l32al

[33a]

l3aal

l3sal

l36al

Therefore IP]bo,-r.r¿ = Y lEo l

(f - fo)
Then IP ] = [Po ] (fp - to) lEol

Fracti-on of sites saturated wíth D = 1-y

(f fo)
[D]¡o.rr,¿ = 1 - ?E:-r-ft lEol(fp - fo)

fr-fD-Í.+fo
f,

(fp f)

r- rD luol

(fp to) Ito ]

rhererore tDl = [Do] ffi [Eo]

3) Derivation of an expression for the fracËion of acËive
enzyme from Scheme V

K'n

Eir

ll

Ea

-L I-.Y- *iA

SCHEME V

.lt K4

E¡

K3
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L represerrts a ligand capable of occupying both Ëhe peri-

pheral activator and inactivator sítes. E, Er, U, and Ei,

represent free enzyme, enzyme with activator site occupíed,

erLzyme with inactívator siËe occupied and enzyme with both

acËivaËor and inactivaËor sites occupied.

w _ lEl lT.lKl = '--iE-l-- 137 al
. a,

r, _ lul [l]K3 = ffi [3Ba]

Theref ore Ëhe f.raction of active en zyme is given by E + E 

^/8, 
= f.

from eq. l37al .

.. [n.] [l]K,4 rE. IL 1Al

E = [ + E + E. + E.t a j- ia

- lnl lrl
-a Ií'1

From eq. l3Bal

D _ lrl [l]
to3

From eq. l39al

-- E" [l]E. = -_-=:-r-a K4

Substítuting eq. l4lal ín la3a]

' :8ft12"ia Kt o4

Therefore

l3eal

[40a]

l4Lal

la2al

143 al

laaal



+E

t

eliminating lE]

eq.

tEl * lPl li'l
Kl

Kt K: KiK4

, * r*l
a-

'- \.-E-r1KZ
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lasal

la6al

147 al

4) Determination of an expression for the re-stead -statecarbamoylat ion of AcChase ¡:__UZç_l:¡:)

The mechanism of carbamyl esËer hydrolysis ís given by

47a

K
E+Sj¡S

t t t"t7E

Under sËeady-state

T.Nâ
-)

k3
-+ E + Pz

conditions ( lSl >> [Eo] and

for ES, ESI and Pl and pZ

- (kz + k_r) IES]

lS] is a constanr)

laBal

l4e al

can then be

Is0a]

[5ia]

ls2al

k2 
l

TES
D'l

kcaË

The rate

wriËËen

kz + k:

k^ k.
¿J

1.L1-nz'o3

expressions

= kl tEl Is]

= k2 [ES]

= k3 IES 
r]

¿ [ns ]
dr

dIPi]
dr

d lP2 j

dr



d f ES 
I I _

dr k2 IES l

IES] is the híghest

TAxe.

at t=0 then decreases to a
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Is3a]

steady-state

k3 [ES 
I 
]

lu I =' o'

since K =
S

then lE I -' o'

lEl + [ES]

[El lsl
IES]

1.n2

t - -gq' tsl

k^Ezo

I+IES]

I

dfESl
dt ( lEo l

I

IES ] ) - k3IES]'

lsaal

Issa]

ls6al

ls7 al

lsBal

Isea]

[60a]

[61a]

l62al

IEo] =

tESfTSf + lESl + [ES']

lESl(1 + h) + IESr]

substítutíng in ISga] Ëo get an equaËÍon only in IES']

[Eo] - IES']
lESl = -----:; KsI ITST

simplifÍes to

I

- b IES l

k)
------?-) [ E s
i¿NSII-[3T

I

l

kz [Eo ]

t*#

KS

TST

if 1+

and b-k:.ji;
IITST

then eq. l60al
_tdlEs | _--ã;- = a l63al



220

¿ lns'l
(a-b) lESrl

integrating and evaluating the constants

-bË

both sides

[6aal

[6sa]

166al

an expression all

rn (a-¡ lesrl ) _
d

taking the antilog of

lssrl (i -.-bt)

nor¡/ substituËing 166al and in

in lssl

Eo-;(i-.-bt)

a
b

[58a] to get

IES] =

kz + kg

I'x

167 al

[6Ba]

16e al

v
l-s' tsl

nor^7 substitute in rate expression for Pt

-bt.-e ) .k2

(1 - u-ot)

(eq . Is 1a] )

¿[Pr] Eo - å (1

dt K
r-sI I 

[S]

integrate and

k')
lp l: 'L¡ 1lr l l r\s

=, . TET

substituÈing

evaluate Ëhe consËant

IEo]

for a and b
kz

4d F¿-
LLttn
D DL

Pt =
k..r lEol lsol
ISI+K' o' m

r + ,rrrI K

'*'*

(' - "-o( -
(kz + k3) lsol + k3*"

')) [70a]



total enzyme and I47 C concentration are

time. As t increases, the exponential

eq. l70a] reduces to
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to and So,

approaches

The

t is the

zero and

lPrl Ii + A

whe re

and

A=

1n(I

k"ar lEol ISo]
ls--T--+ K' o' m

kz

l7 Ial

l7 2al

l73al

l2

l
kz * k¡

IEo] K
r-fl' 'lso]

In rhe rirrarion experimenrs lSoJrtI(" k3/k2 eq. l73al
reduces to IT = [Eo] l7 aal and thus is a measuïe of enzyme

normality.

The observed pseudo-first. order rate constant of carba-

moylation (kob") can be evaluated according Ëo the first-order

rate equation

17 sal

where (r - r ) is the difference at tíme Ë betr^ieen the' ss press'
calculated fluorescence on the extïapolated steady-state line

and the measure pre-steady-state burst ín M7H production.

A plot of ln (t"" - rpress) vs. t yíe1ds a line with a

slooe of -k _ and 1n (I^^) as the vertícal intercept (r = O)' obs ' ss'

I)press' k t+losoDs SS
(t o)

The value of k. can then be related to any substraËeODS



concentrat.ion ISo ] , accordíng to eq. 17 6al

(k2 + k3,) [so] k3Ks

A plot of

lTeal

I/k, vs.
ODS

intercept

constant kg
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l7 6al

l77al

[7Ba]

IB0a]

IB1a]

IBla]

of Èhe

L

obs K + IS Is ' o'

l-s I >K rhen
s

if k2ttk3 and

reduces to

k) ls^l
"obs lsol + kz

and in its reciprocal form

K
I/k. = L/k^ + s-'-'obs -'--2 kz, lsl

permíËs the evaluatíon of

1/[S] will have a stope of

( [So] = o) of tlkz. The

can be evaluated from eq.

K" and k2.

*r/kZ and a vert ical

decarbamoylation rate

[80a]

-V=A-

If lSo]t *" and k2rrk3 then eq. l80a] reduces to eq

dlPll

t7v-
SS

and since

bursË eq.

kz ks lEol [s]
kz*k:

Kk^
tsol . Ç+ -3

dr

kg Iuo]

IEo] ean be deËermíned from the amplitude

173al kg can be easily evaluared.
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