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ABSTRACT
Acetylcholinesterase (acetylcholine acetyl-hydrolase
E.C. 3.1.1.7), in addition to the anionic subsite of the
catalytic site, possesses a class of peripheral anionic sites.
The functional consequences of peripheral site occupation
were investigated by steady-state and pre-steady-state kinetic
studies, using affinity purified acetylcholinesterase isolated

from the electric organs of Electrophorus electricus and

Torpedo californica.

The existence of a peripheral anionic region on E.

electricus acetylcholinesterase, as well as the peripheral

site-specificity of the cationic ligands propidium, galla-

. 2+ 2+ , . .
mine, Mg and Zn~ , was established by fluorescence binding
and displacement experiments.

Steady-state kinetics indicated that the enzyme existed
in two distinct kinetic states stabilized at either low or
high ionic strength. The peripheral site ligands gallamine, pro-

: g 2+ 2+ . .
pidium, Mg and Ca were shown to convert the low ionic
strength form of the enzyme (E) to the high ionic strength

. 2+ .
form (Ea). The cation Zn was shown to have two opposing
effects on the steady-state hydrolysis rates: an instantan-
eous activation as well as a slow inactivation of the enzyme.
This may be a general metal ion effect with consequences
which depend upon the relative affinities of the various
binding sites 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 kinetic mechanism of acetylcholinesterase.
Organic peripheral site activators were shown to activate
both the carbamoylation (kz) and the decarbamoylation (kg)
rate constants whereas inorganic activators were shown to
activate only the decarbamoylation rate constant (k3), sug-
gesting the existence of discrete binding sites for organic
and inorganic activators.

Another group of peripheral site ligands Zn2+, d-Tubo-
curarine, ng+ and Cd2+, induced the conversion of acetyl-
cholinesterase to an inactive form. This inactivation was
partially reversible, but a slow metal—cation/Oz—dependent
irreversible step was evident.

The kinetics of the metal-induced inactivation at low
ionic strength were characterized by two slow, first order
processes differing by approximately an order of magnitude.
At high ionic strength the inactivation rates were monophasic

with a rate constant identical to the faster rate observed

at low ionic strength. The fast and the slow rates were
attributed to the inactivation of activated (Ea) and active
(E) forms of the enzyme, respectively. Therefore the biphasic
inactivation kinetics at low ionic strength can be explained
by the dual action of inactivating-metal ions: 1) A rapid
conversion of active enzyme (E) to the activated (Ea) form
and 2) A concomitant slow conversion of the two enzyme forms
(E, Ea}, with differing rates to inactive states.

The inactivation produced by La3+ was unlike that observed

with the other inactivating metal ions, in that the inactivation



viii
. . . 3+

was not complete within four orders of magnitude of La
concentration and the inactivation profiles were characterized
by a plateau region.

A ligand binding model has been proposed to account for
the observed peripheral site ligand-induced kinetic states
in acetylcholinesterase. This model was particularly success-—

. . 3+ . .
ful in accommodating the La inactivation results.

A search for free thiol groups in acetylcholinesterase

was initiated. Both T. califormnica and E. electricus enzymes

were modified by reaction with DTNB and N-dansylaziridine,
two thiol-specific reagents. A fluorescent, ninhydrin posi-

tive compound with identical R_. values to those of dansyl-s—amino-

f
ethyl cysteine was isolated from the hydrolysates of the enzyme
modified with N-dansylziridine. While strongly suggestive

of the presence of thiol groups in acetylcholinesterase
conclusive proof must await further characterization of this
compound. Acetylcholinesterase was most reactive towards
N-dansylaziridine in the dinactive state (Ei), partially
reactive in the active (E) state and least reactive in the
activated (Ea) state, further illustrating the existence of

at least three peripheral site ligand-induced conformational

states in acetylcholinesterase.
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INTRODUCTION

1) Historical background:

The pharmacological effects of acetylcholine were first

demonstrated in 1906 (1). ©Evidence at that time suggested that

acetylcholine was released from certain nerve endings and

crossed the interneural gap, acting as a '"chemical transmitter".

This led Stedman et al. (2) to propose the existence of a spe-
cific enzyme for the hydrolysis of acetylcholine. An esterase
was first isolated from horse serum (2). However, subsequent
investigations (3, 4, 5) indicated that this esterase was non-
specific for choline esters. Alles and Hawes, in 1940, were
able to isolate an esterase specific for choline esters from
the erythrocytes (6).

Nachmansohn and Rothenberg (7, 8) extended the search to
conducting tissues of various animals, and were successful in

identifying many choline specific esterases. The esterases

isolated from electric tissues of Torpedo californica and

Electrophorus electricus demonstrated extremely high rates

of hydrolysis: one milligram of crude preparation was able to
hydrolyze 70 g of acetylcholine per hour. The enzyme-cata-
lyzed rates of hydrolysis of choline esters were in the order
of Ac >Pr > Bu (9). From all of these investigations it was
apparent that a choline ester-specific esterase existed in

all of the conductive tissues examined. The main characteris-
tics of these esterases were summarized as follows: 1. A
high affinity for acetylcholine; 2. A well defined maximal

velocity; 3. Decreased rates of hydrolysis of choline esters




with increased length of the acyl chain (in the order Ac > Pr >
Bu). Augustinson and Nachmansohn (10) proposed that esterases

displaying these characteristics be named acetylcholinesterase.

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

i) Acetylcholine:

Acetylcholine (AcCh) is generally accepted as the chemical
transmitter at the cholinergic synapse and at the neuromuscu-
lar junction. This hypothesis has been arrived at through many
experiments (mainly performed at the neuromuscular junction)
that suggest; (1) that AcCh is released presynaptically, (2)
that its action is at the postsynaptic site, and (3) that enough
AcCh is released to initiate a muscle response. Some of these
experiments are summarized below:

Dale, Feldberg and Vogt (l11) were able to detect AcCh in
perfusion fluid whenever the nerve was stimulated, in experi-
ments where an esterase inhibitor (eserine) was used to prevent
the hydrolysis of the released AcCh. The presynaptic release
of AcCh was demonstrated by several experiments. Dale et al.
(11) showed that in denervated muscle no AcCh was released.
Upon stimulation of motor nerves in the presence of curare,
which prevents the depolarization of muscle fibers, nerve
impulses were shown to reach the axon terminals (12) and the
usual amount of AcCh was released (11). Even when muscle

fibers were cut away, AcCh was still released upon stimulation



of the nerve (13). On the other hand, the release of AcCh
was shown to be greatly diminished under conditions that pre-
vent depolarization of neurons such as low Ca+2 or high Mg+2
concentrations (13).

End plate regions of muscle were shown to be very speci-
fic "detectors" of AcCh; as low as 10_16 moles of AcCh applied
externally were shown to depolarize muscle fibers (14).

It was further observed that neurons in the resting state
secreted small but detectable amounts of transmitter from their
terminals, causing miniature end plate potentials (mepps) (15,
16). When the neuromuscular preparations were bathed in low
Ca+2 solutions, the observed end plate potential was very
small. Upon increasing the concentration of Ca+2 the end plate
potential increased in integral multiples of the mepps rather
than in continuously graded amounts. This led Katz and his
colleagues (15, 16) to introduce the idea of quantal release
of AcCh from nerve terminals. Katz and Miledi (17, 18) were
able to demonstrate that Ca+2 is the link between the action
potential and the secretion of AcCh. Neither Na+ influx norx
the K+ efflux associated with the action potential was re-
quired for AcCh release (19).

The site of action of Ca+2 as well as the mechanism of
transmitter release is not yet known. Shortly after the demon-
stration of quantal release, synaptic vesicles were found in
nerve terminals (20, 21), which led to the suggestion that

each vesicle corresponds to a quantum of AcCh. Subsequent

studies have demonstrated that both AcCh and norepinephrine



are associated with vesicles similar to those found near 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 lO5
molecules (22). For the vesicle hypothesis to be correct
each vesicle should at least contain this amount of AcCh.
Measurement of AcCh content of vesicles have yet to be made
but Sheriden, Whittaker and Israel (23), using crude vesicle
preparations of known AcCh content, have calculated that each
vesicle of 80 nm diameter contains approximately 4 x 104 mole-
cules of AcCh. However, the present data are too uncertain
to provide firm evidence for or against the vesicle hypothesis.
The mechanism by which 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 neurotransmitter but instead
acts intra-cellularly within the presynaptic and postsynaptic
membranes. K+ instead of AcCh is thought to be the neurotrans-
mitter released into the synaptic cleft. Central to this
model is the presence within the presynaptic and postsynaptic
membranes of a protein complex termed the basic excitation
unit (BEU). BEU's are thought to be lonic gateways surrounded
by a protein complex comprised of an AcCh storage protein,
AcCh-receptor and acetylcholinesterase.

The key processes in this model are as follows:

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

stimulus, and is translocated to the AcCh-receptor.



b) The receptor is thought to bind Ca+2 in its resting
state. When AcCh is bound, cat? ig released, resulting in a confor-
mational change. This leads to permeability changes in the
gateway (the AcCh-receptor is thought to comprise a part of
the gateway). The permeability changes result in the efflux
of K+ ions, into the synaptic cleft.

¢) AcCh is translocated to acetylcholinesterase where
it is hydrolyzed.

d) After the destruction of AcCh the receptor assumes
its resting conformation (Ca+2 bound state), resulting in the
closure of the gateway.

e) K+ released into the cleft then triggers the same
process postsynaptically, resulting in the propagation of the
impulse.

The integral model of Nachmansohn is very hypothetical.
Therefore its general acceptance must await further experimen-

tal evidence.

ii) Acetylcholine receptor:

Although the AcCh - receptor and the enzyme acetylcholines-
terase display many similarities in ligand binding properties,
they are distinct proteins. The properties of acetylcholines-
terase will be discussed at length throughout the Imtroduction.
At this point it is appropriate to describe some of the
properties of the AcCh-receptor.

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

electricus is composed of five subunits; two smaller ones

for the binding of AcCh and three different larger ones whose



function is not well understood (28-36).

The evidence for the AcCh-receptor being a transmembrane

protein has been given (37). The molecule appears to span the
postsynaptic membrane, protruding about 5 nm from the
inner surface. Its diameter viewed face on, is about 8.5 nn

with a 2.5 nm pit at the centre which narrows to form an 0.65
nm ion pore (37).

Binding studies using AcCh-analogues indicate the pre-
sence of an anionic site. As well there seems to be a region
0of hydrophobic interaction with the ligand about 1 am from the
anionic site (28).

A wide variety of AcCh analogues (agonists) have been
shown to depolarize post—-synaptic membranes of skeletal muscle
and the electroplax of electric fish. Also a larger number of
compounds have been found that are inhibitors (antagonists) of
the AcCh-induced depolarization.

Not all agonists induce the same degree of depolariza-
tion (38). These results were explained in terms of a two-
state allosteric model (39). 1In the proposed model the recep-
tor was thought to exist in two conformational states which
are in equilibrium: an active state which increases permea-
bility and an inactive state. 1In the resting membrane the
equilibrium would favor the inactive state. Agonists were
thought to bind to the active state whereas antagonists would
bind to the inactive state. Another interesting observation
was the desensitization of the AcCh-receptor - Prolonged incu-

bation with acetyl-, carbamoyl- or succinyl-choline resulted in

an



observed decrease in the effectiveness of the agonists (40).
This phenomenon was explained by an agonist-induced slow
conformational change of the receptor from the agonist sensi-
tive (low affinity) to an agonist desensitized (high affinity)
form. This was subsequently demonstrated by Rang and Ritter
(41, 42) by equilibrium dialysis measurements. Desensitiza-
tion by antagonists could not be demonostrated under these
experimental conditions. As a result antagonists were assumed
to bind to the desensitized form of the receptor. The desen-—
sitization kinetics were still adequately treated under the
two state model (38, 40). However, direct measurements uti-
lizing 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 with the receptor. More recently,
Quast et al. (46) studying [1251]a—bungarotoxin—receptor com-—
plex formation in the presence of various ligands, have also
demonstrated that both agonists and antagonists "desensitized"
the receptor; furthermore, agonist- and antagonist-induced slow
conformational changes were implicated. The desensitization
kinetics were no longer adequately treated by the two state
model (46, 28, 40). A more appropriate model for agonist-
antagonist induced desensitization of the receptor is illus-
trated in Figure I.

In this model agonists induce a fast conformational change

to the active or depolarized state; this is followed by a slow-

conformational change to the desensitized state of the receptor.
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FIGURE I

Antagonists on the other hand, induce a fast conformational
change to an inactive state followed by a slow conformational
change to the desensitized state of the receptor. Further
evidence for ligand induced conformational changes comes from
the chemical moéification of the receptor. AcCh-receptor has
been shown to possess an easily-reduced disulphide in the
vicinity of the AcCh binding site (28). Reduction of this
disulphide bridge alters the pharmacological properties of

the AcCh-receptor (22, 28). In the desensitized state, an
agonist-dependent decrease in the rates of reduction of the
disulphide bridge was observed (47). The rates were lowered
80-fold by AcCh; 64-fold by n-butrylcholine; 43-fold by suc-
cinylcholine; 21-fold by carbamylcholine; 15-fold by phenyl-
trimethylammonium; and 12-fold by tetramethylammonium. This
order roughly parallels the depolarizing ability of these
agonists. The decrease in the rates of reduction were explained
in terms of agonist—induced conformational changes that result
in the disulphide bond being protected from the reducing agents
(47).

AcCh-receptor is essentially dirreversibly blocked by



several neurotoxins isolated from various snake venoms. These
toxins are small peptides with molecular weights of 7000 to
8000 daltons. The dissociation constant for a-toxin type II

from Naja naja with E. electricus AcCh-receptor is 1 nm whereas

the dissociation constant for Naja nigricolis a-toxin type I

with T. californica AcChase is 0.1 aM (28). These toxins

have no effect on the acetylcholinesterase activity (22, 28).
The mode of toxin binding to the receptor is not understood.
However, it seems to be very specific. Modification of one
tryptophan residue in cobra neurotoxin or in erabulotoxin
results in the loss of binding ability to the receptor (28).

The total membrane protein fraction of E. electricus

electric tissues contains 15% AcCh-receptor, 43% AcChase and
39% ATPase (28).

The receptor can be solubilized from the membrane by non-
ionic detergents and/or bile salts, and can be further puri-
fied on affinity gels to which toxins have been covalently
linked (28). The purification and properties of the AcCh-R
are summarized in Tables I and II (28, 29). AcCh-R is
thought to be a pentameric complex with a molecular weight

of 255,000 daltons. The subunit stoichiometry is (4 x 104:

5 x 104:6 x 104:6.5 x 104 daltons) 2:1:1:1. The 4 x 104
dalton dimeric subunit contains the cholinergic ligand
binding site.

The function of the remaining subunits is not well 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. californica Acetyl-
choline receptor.

Subunit composition

Subunit stoichiometry

Molecular mass

S value
Stokes radius
Isoelectric point

Specific activity

Structure

40 x 10°; 50 x 10°; 60 x 10°; 65 x 10°

(daltons)
2:1:1:1

255 x lO3 daltons

Physical Properties

9s; 13.7s as dimer

1 ad-bungarotoxin per 110 x 103 daltons
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which of these subunits comprise the ion channel and which

are transmembrane in nature (29). Purified AcCh-receptor

has been successfully reconstituted dinto bilayers (48). Anti-
bodies to AcCh-receptor have been raised in rabbits, these
have been shown to complex with AcCh-receptor but not with
acetylcholinesterase (28). Recently m-RNA for AcCh-receptor

has been isolated (49).

iii) Acetylcholinesterase:

In animals, acetylcholinesterase (AcChase) 1is present
in various tissues which include muscle, in the synaptic cleft
and the postsynaptic and axonal membranes of cholinergic neu-
rons (and in some neurons not known to be cholinergic), as
well as the erythrocyte and placental membranes. In muscle,
AcChase activity is 3 to 6 times higher in end plate regions
(50). The highest concentrations of AcChase are found in the
electric organs of electric fish. These organs are phylo-
genetically derived from muscle. Within these tissues AcChase
is found in several molecular forms. The largest of these
molecular species is one comprizing 12 catalytic subunits
attached via a collagen-like tail to the extracellular basal
lamina. AcChase occurs in tetrameric, dimeric and monomeric
globular soluble forms within myoneural tissue or the synaptic
cleft. Particulate forms of AcChase are also found within exci-
table axonal membranes, both pre-~ and postsynaptically (24, 51).

AcChase plays an integral part in the maintenance of
ionic currents in nervous tissues. Its role is the rapid

destruction ( 80 psec/molecule) of the depolarizing agent,
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AcCh, thereby restoring excitable membranes to their resting
state. Introduction of anticholinesterase drugs to the synapse
or to the neuromuscular junction results in the blockage of
electrical activity. The role of AcChase in axonal conduction
seems harder to delineate. The main difficulties have been in
the assay and the subsequent inhibition of the total

AcChase activity in the axon, which is extremely well protected
with such physical barriers as the nodes of Ranvier and the
myelin sheath. Previous attempts to determine the role of
AcChase in axonal conduction have involved the exposure of
nerves to various reversible and irreversible AcChase inhibi-
tors. The effects of such inhibitors on electrical activity
were then correlated with AcChase levels, determined by homo-
genization of the tissues. The results obtained in this way
have been very inconsistent (52, 53, 54) and contradictory.
More recently, Kremzner and Rosenberg (55), working with the
intact giant squid axon, have demonstrated that the inhibition
of 997 of AcChase activity with the inhibitor, tertiary ano-
logue of phosphine (TP), had no observable effect on electri-

cal conduction. Diisopropylfluorophosphate (iPr.,PF), on the

2
other hand, was shown to block enzymic and electrical acti-
vity. However, this was thought to result from the non-spe-
cific action of DFP on the axon.

Unfortunately, the evidence to date is not very conclu-

sive, but indications are that there is no simple and direct

relationship between axonal conduction and AcChase activity.
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3) Methods of disolation, purification and assay of
Acetylcholinesterase:

i) Isolation and purification of Acetylcholinesterase:

Various methods of extraction, isolation and purification
are summarized in Table III.

Method 1) results in well defined homogeneous AcChase
populations with one obvious drawback; the time of extraction.
With method 2) 18s, l4s and lls species are isolated. How-
ever, the lack of careful controls has given rise to conflict-
ing reports on the distribution of these species (56). Method
3) seems to be the method of choice: It is fast and has con-
sistently resulted in the extraction of 18s and l4s species
which can, easily and in high yields, be converted to the 1lls

globular form by the action of proteases.

ii) Assay methods:

See Table 1IV.

4) Structure of Acetylcholinesterase:

The most recent model proposed for the enzyme attached
to the basal lamina, based on electron micrographic evidence
(82, 83, 84) and on the analysis of the degradative species
(60, 65), is an asymmetric structure with a globular head
containing 12 catalytic subunits. The subunits are arranged
as three tetramers. Within each tetramer, two subunits are
linked by disulphide bridges, while the remaining two are
attached to a collagen—-like tail via disulphide bridges.

The collagen-like tail is estimated to have a molecular weight
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of 1 x lO5 daltons (60, 65). The sedimentation coefficient

of this enzyme form is 18s and 16s for E. electricus and T.

californica AcChase, respectively.

The major force involved in the interaction of the enzyme

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

85), and seems to be related to the low ionic strength aggre-
gation of the 18s, 1l4s and 8s forms of the enzyme (65, 85).
The 18s, l4s, and 1ls forms are identical kinetically (81).
Proteolysis of the 18s (1l6s) species yields the globular
1ls species with l4s and 8s tailed forms produced as degrada-
tive intermediates (Figure 2). The same degradative pattern

is obtained from the tailed enzyme containing 12 catalytic

% 8 ®

18s 14s 8s 11s

FIGURE 2
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subunits isolated from the rat (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 '"native" AcChase, associated with the basal
lamina. However, there is growing evidence for AcChase forms
in vivo that are not associated with the basal lamina. Studies
on non-degraded fresh extracts of AcChase from chicken, rat,

human and more recently from T. californica have indicated

that the major components of AcChase in these tissues are glo-
bular, non-tailed monomers, dimers and tetramers in the case
of the rat, human and chicken and dimers in the case of the T.

californica AcChase (Table V). The non-tailed native forms are

identical with respect to their catalytic properties and the
molecular weight of the catalytiec subunit (51, 64, 88). The
biological significance of the multiple molecular species found
in vivo 1is not clear.

The globular 1ls AcChase 1s very stable and does not aggre-
gate in low or high ionic strength media. For these reasons it
is the form most widely used in kinetic studies of AcChase.

The reported molecular weights of the 1ls species are
quite variable (Table VI). Initially, varying degrees of
degradation from different autolytic and proteolytic condi-
tions (see section 3) were thought Fo be responsible for the
inconsistency of the reported molecular weights. However,
this suggestion was disproven experimentally. Samples of the
enzyme purified, after solubilization with trypsin or by auto-

lysis (up to 4 years), resulted in molecular weights of 3 x 105
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TABLE V. Sedimentation coefficients of rat, human, chicken
and T. californica AcChase molecular forms.

Sedimentation coefficient, S

Form
Chicken(88) Rat(88) Human (88) T. californica(88)

G1 4 3.5 3.5 -

G2 6.5 6 6 -

G4 11.5 9.9 11 -

A2 - - - 8

A4 - 8.8 9.5 -

A8 14.8 13 13.3 14

A12 20 16.7 16.7 18
G = globular, non-tailed forms.

A = asymmetric, tailed forms.
Subscripts indicate the number of catalytic subunits.



TABLE VI. Reported molecular weights of 1l1s AcChase from
E. electricus.

Mol. Wt. (daltons)

Reference

230,000
330,000
260,000

335,000

69

68

92

58

21
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+ 1.0 x 104 daltons (85) for the 1lls species. The differences
in the solubilization procedures only became apparent after
denaturation or subsequent disulphide reduction. The enzyme
fraction exposed to autolysis for long periods of time had
lower molecular weights (5.0 x 104 daltons) for the catalytic
subunits. These fractions were shown to contain a non-cataly-
tiec, 2.5 x 104 dalton species, whereas the fractions exposed
to minimal proteolysis had larger (7.0-7.5 x lO4 dalton) cata-
lytic subunits. The obvious conclusion then must be that the
differences in molecular weight of the 1ls species have arisen
in the analysis of the data, and do not reflect the prepara-
tions themselves (56).

Catalytically active monomers and dimers of the enzyme
have been isoclated (90). Their catalytic properties (Kapp,
Vnax) were identical to the tetrameric 1lls enzyme. However,
the phosphorylated enzyme was reactivated (with 2-PAM) 2.5
times faster than the dimer or the monomer (90).

The amino acid sequence of the active site region of

AcChase from E. electricus has been determined (91). The

sequence in the region of the reactive serine is: Gly-Gly-
Glu-Ser*-Ser~Glu-Gly-Ala-Ala-Gly (asterisk indicates the

serine that is reactive towards [32P]—iPr PF) (91).

2
The amino acid compositions of AcChase from three diffe-
rent sources are given in Table VII.
Torpedo and eel enzymes appear to be quite distinct with

respect to their amino acid content (64).

The presence of carbohydrate in the E. electricus enzyme
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has been demonstrated qualitatively (92). 7.9%7 of T. califor-
nica enzyme (by weight) is made up of carbohydrates (as hexo-
samine, sialic acid and hexose) (64).

AcChase reportedly contains no free thiol groups (56)
but the number of half-cysteine groups per tetramer range bet-
ween 5 and 12 (60, 64, 70, 92). The globular lls form of AcChase
has been crystallized (92, 94), but due to crystal size and
quality, X-ray crystallographic analysis of the enzyme has not

yvyet been undertaken.

5) Catalysis:

The catalytic site of AcChase is thought be comprised of
an anionic subsite to which the positively charged quaternary
ammonium group of the natural substrate AcCh binds, and an
esteratic site, which is acetylated at a serine hydroxyl group

during esterolysis.

i) The Anionic subsite:

The anionic subsite, as the name implies, is thought to
possess a net negative charge to accommodate the positively
charged quaternary ammonium group of AcCh. Strong evidence
for this postulate comes from studies using isosteric charged
and uncharged substrates and inhibitors of the enzyme (95, 96):
Substrates and inhibitors possessing a positive charge were
hydrolyzed 10 times more quickly and bound 30 times more
tightly, respectively, than their uncharged analogues.

The methyl groups of AcCh were also found to be important

in the binding process. The binding of a series of inhibitors,
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(obtained starting with ethanolamine and replacing H-atoms with
methyl groups), increased the binding by a factor of seven for
the first two methyl groups and 3-fold for the last (approxi-
mately 150-fold overall) (7). However, increasing the hydro-
phobicity of the substrates resulted in weaker substrate binding
(97). Recently Hasan et al. (98) have questioned a negatively
charged "anionic site". The authors pointed to the fact that
methyl groups contribute approximately 5 times more to the
binding than does the negative charge (95, 96). A suggestion
was also made that the higher reactivity of AcCh as compared

to uncharged analogues might be due to the coulombic attrac-
tion of OH rather than to a binding effect. Experimentally,

Hasan et al. (98) were able to demonstrate a linear relation-

ship between log(k /K pp) and the total molal volume of the sub-

cat’ Ta
strates. AcCh and its uncharged analogues all fell on a straight
line. A closer examination of their data reveals that the Ka

value wused (98) for AcCh is 3 to 6 fold higher than the values
previously reported (56). When the data are replotted (using
the accepted Kapp value for AcCh) the experimental point for
AcCh deviates significantly from the linear relationship ob-
tained for the uncharged substrates.

The bimolecular rate constants for the association of AcCh
and N-methyl-acridinium with the enzyme have been estimated to
be 4.29 x lO9 M_1 sec“1 and 1.1 x 1010 M“1 sec_{ respectively
(99). These values are the highest reported for the interac-

tions of small ligands with a specific binding site. The net

negative charge on the enzyme catalytic site was estimated to
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have a value of ZE = -9 and led to the suggestion that nega~
tively charged groups near the catalytic site, in addition to

the anionic site,are responsible for trapping of cationic ligands
(99).

Studies on the effect of aromatic cations on the intrimsic
enzyme fluorescence have indicated the presence of a tryptophan
residue at a maximum distance of 0.5 nm from the primary site
of cation binding (100).

Several irreversible "alkylating inhibitors" directed
towards the anionic site have been reported . Belleau and Tani,
(101) were the first to report the 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
acid esters such as indophenylacetate (102-105). Studies using
14C—DPA revealed that 2 molecules of the inhibitor were incor-
porated per AcChase monomer. The double labelled AcChase (bis-
DPA) lost 507% of its label upon exposure to pH 9.5 for 1 hr
(101). Further investigations indicated that bis-DPA enzyme
was labelled both at the anionic subsite of the catalytic site
and at peripheral anionic sites (see below), as indicated by
the failure of d-tubocurarine (a peripheral anionic-site-speci-
fic ligand, see below) to inhibit indophenylacetate hydrolysis.
Mono-DPA labelled enzyme, obtained by the exposure of bis-DPA-
AcChase to pH 9.5 was inhibited by d-tubocurarimne but anionic

competitive inhibitors of native AcChase had no effect on

indophenylacetate hydrolysis (106), indicating that in mono-
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DPA-AcChase only the anionic subsite of the catalytic site was
blocked. Another anionic site alkylating agent, first intro-
duced by Wolfsy and Michaeli (107), p-(trimethylammonium)ben-
zene diazonium fluoroborate (TDF), was found to inhibit erythro-

cyte AcChase. The effects of TDF on E. electricus AcChase was

characterized by an initial fast step, which corresponded to
the incorporation of 2 molecules of TDF per tetrameric enzyme,
and resulted in the inactivation of AcChase towards all sub-
strates. This was followed by a slow reaction with TDF, and
the restoration of AcChase activity towards indophenylacetate

(108, 109).

ii) The Esteratic site:

The dominant feature of the esteratic site is the pre-
sence of a reactive serine hydroxyl that can be readily phos-
phorylated. Owing to this feature AcChase is classified as a
serine hydrolase. The amino acid sequence about the reactive
serine shows significant homology in the case of chymotrypsin,
trypsin, elastase and thrombin (91). The three dimensional
structure of 0-CT has been shown to possess a system of hydro-
gen bonds formed by a serine hydroxyl, a histidine imidazole
and a carboxyl group in a linear array.

A catalytic mechanism based on this system has been pro-
posed (Scheme I) (56). The characteristics of the mechanism
have been determined by studying the kinetics of a-chymotrypsin
in solution. In these studies acylation has been assumed to
be the microscopic reverse of deacylation (110). The reaction,

in both directions, shows general base catalysis by a group with
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an approximate pKa of 6.8 and is thought to be due to the imi-
dazole deprotonating serine hydroxyl and thereby ﬁermitting
the formation of a hypothetical tetrahedral intermediate (Scheme
1), which decomposes to give rise 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 o-chymotrypsin display bell-shaped activity vs. pH profiles
and the lower apparent pKa is between 6 and 7 (7, 72, 111, 112)
there are important differences in the kinetic behaviour to
suggest that modifications to the proposed mechanism (Scheme
I) are required to adequately account for the kinetic beha-
viour of AcChase. A mechanism which describes the AcChase
catalysed hydrolysis of a variety of substrates including
esters of acetic acid, esters or acylhalides of phosphoric,

carbamic and methyl sulphonic acids is given below (Scheme IT).
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+ + - u+ +
H «H x~ H H
+ s + k + kg *
E +RX = ERX —24 ER —3s E + ROH
i n
K, 1 Ky 4t Ky it
EH+ RX = EHRX - EHR ----- > EH + ROH
SCHEME 1T

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

plex, and the acyl enzyme, respectively. EH, EHRX, and ERH

are the corresponding unreactive (imidazole protonated) species.
Unlike the acetyl enzyme, the covalent enzyme intermediate

resulting from the reaction with carbamates, organophosphates

or methanesulphonates is hydrolysed extremely slowly, if at

all. These compounds act as extremely potent inhibitors of

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

(II) permits the definition of the following terms.

v = ke By [81/K 0+ [8.] (1]

kcat = turnover number = k2k3/(k2 + k3) [2]
if k,>>k, then k__. Y kg

Kapp = kg ¥ Kodkoae/k Ky [3]

kcat/Kapp B klkZ/(k—l + kZ) [4]

if k2>>k_l then

kcat/Kapp = kl [5]
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assuming KH = Ké q

1 “app 5]
e LR R R !

Thus the parameter kc represents the effect of pH on the

at

deacetylation (k,) whereas k /X represents the effect of
3 cat’ Tapp

pH on the acylation step (kz).

The pH dependance of various kinetic parameters of the
erythrocyte AcChase catalyzed hydrolysis of cationic and neu-
tral acetic acid esters are summarized in Table VIII. The
k of these substrates, similar in size and structure, varies

cat

as much as 50-fold (Table VIII). The pH dependance of kcat

for the substrates for which deacetylation is rate limiting
(i.e. k2>>k3) indicate an apparent pKa value of 6.3. However,
with substrates for which acetylation is rate limiting (i.e.
k2<<k3), the apparent pKa values range from 5.2 to 5.5 and never

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

dependence of k /X The apparent pKa for AcCh is 6.3 but

cat’ “Tapp’
for the remaining substrates the apparent pKa values vary from
5.3 to 6.25. These results are in sharp contrast to those
obtained with o-chymotrypsin (113), where only a very slight
decrease in the observed pKa of 6.8, is observed with substrates
that approach maximal k /K values.

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

pendence by suggesting that the induced-fit model of catalysis

is operative in AcChase. The induced-fit model of catalysis

formulated by Koshland and Neet (115), is a general model for



31

enzyme-substrate interactions in which the initial binding of
substrate induces a conformational change to a highly reactive
enzyme-substrate complex. To account for the anomalous pH
dependance, Rosenberry (56, 114) has extended Scheme II to
include additional induced-fit intermediates (ERX)' and (EHRX)'
as shown in Scheme ITI. The parameters kcat and Kapp are now

given by eq. [7] and [8].

ky
k = [7]
cat v 4 4 k2
1 k3
K. Ki
Kapp = S m [8]
K' + 1 + =22
i k3
where Ki is the induced-fit equilibrium constant K; = kll/ki'

As can be seen Ki enters into both eq. [7] and [8]. Ki is
assumed to be very large for poor substrates (i.e. those that
can not induce a conformational change) and small for good sub-
strates that have similar Kapp and are similar in size and

structure (Table VIII).

H HY H X~
+ + ! +
k1 K1 K2 k3
E + RX f- ERX = (ERX)' —L’ ER — E + ROH
-1 K1
1 i1
KH4P _QBKH .."’KH
Kot Kot |
EH + RX = EHRX =| (EHRX) ----- =
Kot k—01
SCHEME III
The equilibrium formulation of induced-fit (Scheme III).
still fails to account for the observed pH effects: Under

equilibrium conditions the apparent pKa is equal to the actual
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pKa of the general base involved in acylation step (kz). For

the apparent pKa to deviate below the actual pKa, k2 must no

longer be rate limiting for acylation. This can only happen
if k2 is larger than k—l' Under these circumstances ERX is

no longer in equilibrium with ERX' and ki becomes rate limiting
(56, 114). Rosenberry (56, 114) was able to show that under
these circumstances anomalous pH dependence, as observed with

AcChase, could result. The parameters resulting from the non-

equilibrium formulation of Scheme III (equations [9], [10], [11])

ka k3
ke Tk Tk, ]
K _ _s cat ( -1 * kZ) [10]
PPk, () 4 k] o+ k)
k) ok,
k, = [11]
k_' o+ ki + k&,

were combined with the general steady-state rate expression,

and the following assumptions were made: (1) EHRX is completely

equilibrated with (ERX)'; (2) kgp' = ki'; (3) Ky = K,' = KH"

Under these circumstances the apparent pKa was given by equa-
tiom [12].
ko
K (apparent) = K. (1 + ) [12]
a H K
-1
The true KH is decreased to the apparent Ka by the extent k2
exceeds k—l'
Further evidence for the induced-£fit model of catalysis

being operative in AcChase came from the effects of D20 on the
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hydrolysis of acetic acid esters (114). Serine hydrolases
usually show deuterium isotope effects of 2 to 3 for k /X
cat’ Tapp
when the acid/base catalyzed step (kz) i1s thought to be rate
limiting. Since the induced-fit step (kl' in Scheme III) involves
an enzyme conformational change, it should have low deuterium
effects. Therefore substrates for which this step is rate
limiting (di.e. k2>k_1') should have the lowest deuterium effects
and the lowest apparent pKa values for k /K . On the other
cat’ Tapp
hand substrates capable of inducing this conformational change
should not be rate limited by kl' (i.e. kzﬁk_l') and should

show a greater deuterium isotope effect and near "normal"

This was in fact the case; D.O

apparent pKa for k /K 9

cat’' Tapp’
effects of 1.3 and 1.4 were observed for phenyl acetate and
isoamylacetate respectively, these substrates had apparent
pKa values of 5.5 and 5.6. Methylacetate and p-nitrophenylacetate
gave corresponding deuterium effects of 1.9 and 2, respectively,

these substrates had apparent pKa's for k /K 6 to 6.25
cat’ Tapp

(114).

iii) Catalytic site inhibitors of Acetylcholinesterase:

In view of the anionic nature of the AcCh binding site,
it is to be expected that a wide variety of cationic substances
might function as inhibitors of AcChase. Simple, pure compe-
titive inhibition is seldom observed, however, an often-consi-
derable uncompetitive component of inhibition is generally
found. This phenomenon may in some cases be reasonably explained
in terms of the formation of a ternary complex of the inhibitor

and the acetyl enzyme.
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Ternary complex formation has been implicated in the inhi-
bition of AcChase by choline, carbachol (116, 117), the sub-
strates AcCh and AcSCh (117), fluoride ion (118, 119, 120) and
in synergistic inhibition displayed by mnaphthalene derivatives
and some aromatic cations (121).

Fluoride ions are thought to inhibit AcChase by binding
at or near the esteratic site (118, 119, 120). The pH depen-
dence of F binding to free enzymes and to the enzyme substrate
complex has been found to be identical. However a different
pH dependence is observed for the acyl-enzyme. These observa-
tions have led to the suggestion that the site of F attachment
is altered via conformational changes accompanying acetylation
(56, 118-120).

Synergistic inhibition of AcChase by certain naphthalene
derivatives and aromatic cations has been demonstrated (121).
Napthylacetate and 2-PAM when present in combination have been
shown to result in much lower inhibition constants than those
observed for the inhibitors individually. Ternary complex for-
mation and synergistic inhibition are thought to be the result
of conformational changes induced by aromatic cation binding
at the anionic subsite of the catalytic site. In the resultant
conformation a second inhibitor molecule is thought to bind at
or near the esteratic site giving rise to a dead-end complex
(56, 121).

Naturally occurring carbamate inhibitors such as eserine
(physostigmine) and its analogues were originally considered

to be competitive inhibitors of cholinesterases. Goldstein
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(122), studying the inhibition of plasma cholinesterases by
eserine and related compounds was the first to suggest that
these substances react covalently with the enzyme. Subsequently,
various esters of dimethyl carbamic acid were shown to react
with AcChase to form a common intermediate whose breakdown

was the rate determining step in the hydrolysis (123, 124).
This intermediate was assumed to be the dimethyl carbamoyl-
enzyme, analogous to the acetyl-enzyme formed during the AcChase
catalyzed hydrolysis of acetic acid esters. The evidence for
the same enzyme active site being involved in the hydrolysis

of carbamate and acetate esters was given by Rosenberry and
Bernhard (79). 1In this study the carbamoylation reaction was
studied using the fluorogenic carbamoylating agent l-methyl-
7-dimethylcarbamoyloxyquinolinium (M7C) (79). Since k2>>k3,
the reaction is characterized by an initial burst (which is
proportional to the free enzyme concentration) followed by a
steady-state hydrolysis of the carbamoyl-enzyme. The kinetics
of the reactions were shown to be in accordance with Scheme IT,
albeit with greatly reduced rates. The presteady-state treat-
ment of the data permitted the evaluation of the kinetic para-
meters Ks(k—l/kl)’ k2 and k3 (see appendix) (79).

The reaction of AcChase with esters of phosphoric acid
have been shown to proceed through a reversible enzyme inhi-
bitor complex (124). A phosphoryl enzyme analogous to acetyl
enzyme is formed. But unlike the acetyl enzyme, the phosphoryl

enzyme reacts with water very slowly. Better nucleophiles

than HZO’ such as NHZOH dephosphorylated the enzyme at faster
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rates. Phosphorylation is blocked by reversible inhibitors
such as tetramethylammonium or (3-hydroxyphenyl)-trimethyl
ammonium ions (7, 125). Phosphorylation was also dinhibited
by F (118, 120).

The potential use of organophosphates as weapons of war
has naturally sparked much interest, resulting in the develop-
ment of very potent quaternary ammonium containing "active-site-
directed" dinhibitors (125). This in turn has led to the search.
for reactivators of the phosphoryl enzyme. Reactivation of the
phosphoryl enzyme by choline has been reported (125). This
was taken as an indication that the catalytic machinery of
the enzyme was operative in the reactivation process. Choline
is assumed to bind at the anionicvsite of the phosphorylated
enzyme resulting in a precise geometry for the oxygen to attack
the phosphorus atom. Potent reactivators such as pyridine-2-
aldoxime methiodide (2-PAM) and related analogues were obtained
by combining a good nucleophilic group with a suitably placed
quaternary structure (126). 2-PAM has been shown to accele-
rate the Acthase catalyzed hydrolysis of acetic acid esters
(127). The observed acceleration for MeOAc, EtOAc, n-PrOAc,
n-BuOAc and AcCh was 3.09, 4.68, 2.16, 0.28 and 0 fold res-
pectively. These observations demonstrate that the anionic
site must not be blocked in order for acceleration to occur.
Furthermore, 2-PAM induced conformational changes were again
implicated in the reactivation of phosphoryl-AcChase and in
the acceleration of acetic acid hydrolysis.

The catalytic properties displayed by AcChase such as
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competitive inhibition; acceleration of the enzymic reaction

by compounds that are not substrates; synergistic inhibition;
ternary complex formation; widely different kcat and Kapp values
displayed by substrates of similar size and structure; can all be
explained by the equilibrium formulation of induced-fit (56,
114), as well as other models such as non-productive substrate
binding or differential ligand binding to reversibly linked
enzyme conformations (56, 128). However, some of these effects

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

anionic sites on the enzyme. This aspect is discussed furthef,
below.
6) Peripheral Anionic Sites:

i) Kinetic evidence:

The earliest evidence for AcChase possessing more than
one class of anionic sites came from inhibition studies using
a series of bis- and mono-quaternary ammonium ligands (153).
It was shown that inhibition by bis-quaternary ligands was
maximized at 10 carbon atoms separating the two charged head
groups. The bis-quaternary compounds give competitive inhibi-

tion constants (KC p) that were 30-fold lower than the corres-

om
ponding mono-quatermnary ligands (153). Changeux (128) was
the first to suggest that these '"peripheral" anionic sites
might be functional allosteric sites, the binding of ligands
to which may result in conformational changes in the enzyme.

It was found that pachycurares (compounds that prevent nerve

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

ethyl substituted pachycurares displayed non-competitive
inhibition and were able to act as antagonists to leptocurare
inhibition. It was further observed that inorganic cations
(Na+, Ca+2, and Mg+2) increased Vmax and the Kapp of the enzyme,
whereas pachycurare drugs lowered VmaX and Kapp' These obser-
vations led Changeux to postulate that AcChase possessed at
least two conformational states (P=D). The P state was thought
to be stabilized by pachycurares, AcCh and by low ionic strength.
The D state was stabilized by leptocurare drugs, mono- and
divalent cations and by high ionic strength. Subsequently

Kitz et al. (129) found that neuromuscular blocking agents
(pachycurares) such as curare, dimethyl curare and gallamine
accelerated the decarbamoylation of the carbamyl enzyme but

had no effect on AcCh hydrolysis. Therefore it was assumed

that these compounds exerted their effects by binding at a site

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

that the carbamoylation of the Torpedo californica enzyme with

M7C resulted in curved reciprocal plots of the observed rates
of carbamoylation (kobs) vs M7C (at high) concentrations. The
activation at high M7C concentrations could not be attributed
to the appearance of a second class of catalytic sites, as the
burst amplitude did not change. A suggestion was made that
M7C binds at the peripheral sites and thereby activates car-
bamoylation. However, this second phase (activation) was not

observed with E. electricus AcChase (64, 131). Belleau et al.

(101) demonstrated leptocurare acceleration of the methane
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sulphonation of AcChase. Since the acceleration was maximized
at decamethonium (DMB) the distance between the active site
and the peripheral sites was estimated to be 1.0~1.4 nm.
Pachycurare drugs, on the other hand were 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 suggestion that inorganic cations
also bind at the peripheral anionic sites. In a related study,
Roufogalis and Quist (133) were able to show competitive anta-
gonism between Ca+2 and DMB, as well as between d-tubocurarine
and tetraethylammonium (TEA). The antagonism between DMB and
gallamine was complex and non-competitive; Ca+2 and gallamine
did not compete. These results were interpreted as follows:
The peripheral site consists of a monovalent anionic site B,
to which Ca+2 and DMB bind and a trivalent site Y to which
gallamine binds. d-Tubocurarine is thought to occupy both B
and Yy sites. Since gallamine does not bind to the B anionic
site, the antagonism between it and DMB was thought to be due
to antagonism between B and v allosteric sites (133). The
inorganic cation dependent acceleration of hydrolysis rates
were studied by Crone and his co-workers (134, 135). The
acceleration has been shown to be dependent both on the ionic
strength and on the nature of the cation.

Roufogalis et al. (136, 137) have reported modification
of AcChase with water soluble carboxyl group specific reagents.

The enzyme so modified, no longer displayed Ca+2 gallamine,
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TEA, and hexamethonium dependent increase in maximum velocity;
the inhibition constant (Kcomp) for DMB was increased by 10-
fold; non-linear double reciprocal plots were obtained in the
presence of DMB. The observations were attributed to two con-
formational states of the enzyme being present; their inter-
conversion was not possible due to non-functional peripheral
sites.
Brodbeck and his co-workers (138) have observed curved Line-

weaver—~Burk plots, and biphasic inhibition with diisopropyl-
fluorophosphate (iPrZPF) (139), with unmodified, intact and

fragmented E. electricus AcChase at low ionic strength. These

observations led to the suggestion that there are two forms

of the enzyme present in equilibrium at low ionic strength or
that there are inter-subunit interactions in AcChase. Barnett
and Rosenberry (77) failed to reproduce Brodbeck's (138, 139)
results and concluded that there are no kinetic differences
among the catalytic subunits of AcChase.

In summary, in addition to the anionic subsite of the
active site, AcChase is thought to possess multiple peripheral
anionic sites approximately 1.4 nm from the active site. Bind-
ing of specific ligands to these peripheral sites is thought
to effect conformational changes which are reflected in the
kinetic behaviour of the enzyme. The most recent schematic
representation of the distribution of sites, based on the
kinetic evidence presented above, was given by Rosenberry
(56) (Fig. 3). In this model, the peripheral site is thought

to be comprised of four anionic subsites. Site Pa (which is
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Diagrammatic model of the AcChase

catalytic and peripheral sites.

The enzyme-ligand complex with:
(a) DMB; (b) Mg2t or ca2t; (4d)

2
gallamine; and (¢) d-tubocurarine.
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analogous to the subsite f in the model of Roufogalis and
Quist (133)), is thought to be specific for DMB,Ca+2 and TEA.

Sites P P, and P (which are analogous to subsite 7y in

2° 73 4

Roufogalis and Quist's model (133)) are thought to be specific
for trivalent cationic ligands such as gallamine. d-Tubocurarine
is thought to occupy all of the peripheral anionic sites P1
through P4. The model of DMB, Ca2+, gallamine and d-tubocura-

rine binding to the peripheral sites is illustrated in figure

(3 a, b, ¢, d) respectively.

ii) Spectroscopic evidence:

Spectroscopic changes associated with ligand binding have
been used as a direct, quantitative means of measuring rever-
sible ligand associations with AcChase.

Taylor et al. (140) and Mooser et al. (131, 141, 142)

have examined the effects of bis-(3-aminopyridinium)-1, 10-
decane and 2,5-bis-(3-diethyl-o-chlorobenzylammonium-n-propyl-
amino)benzoquinone on the intrinsic enzymic tryptophan fluore-
scence. The fluorescence was quenched by 50% at saturating
ligand levels. Critical energy transfer distances of 2.42

nm and 1.89 nm were calculated for 2,5-bis(3-diethyl-o-chloro-
benzylammonium-n-propylamino)benzoquinone and the bis-(3-amino-
pyridinium)-1, 10-decane respectively. The resultant Scatchard
plots were linear and 4 ligand molecules were shown to bind per
tetrameric (lls) AcChase molecular species. The linearity of
the Scatchard plots suggested that the four ligand binding
sites on AcChase were separated by at least twice the criti-

cal energy transfer distance. KD'S obtained either from
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fluorescence titrations or from I (determined from the

50
inhibition of AcCh hydrolysis) were in good agfeement (140).
Propidium (3, 8-diamino-5,3"'~-diethylmethylamino-n-propyl-
6-phenylphenanthridium) a peripheral site directed fluorescent
probe, was first introduced by Taylor et al. (130, 143). Pro-

pidium fluorescence was shown to be enhanced by ten-fold upon

binding to AcChase purified from T. californica (143). A bind-

ing constant of 3 x 10_7 M was obtained. The Scatchard plots
were linear. Propidium was only displaced by peripheral site
ligands, gallamine, d-tubocurarine and DMB. Binding constant
for these ligands were determined by propidium displacement
experiments. Active site directed ligands such as edrophonium
and N-methylacridinium under saturating conditions had no
effects on Scatchard plots of propidium binding. Also chemi-
cal modification of the active site with bulky sulphonates or
phosphates (that inhibit bis-quaternary ligand binding) had
no effect on propidium binding. Even though gallamine and
propidium displaced one another from the peripheral sites
Mg+2, displaced gallamine rather than propidium when the dis-
placement experiments were performed in the presence of constant
gallamine and propidium concentrations (concentration of Mg+2
varied), suggesting that the gallamine and propidium sites do
not exactly overlap (130, 143).

The kinetics of association of various fluorescent bis-
and mono-quaternary ligands were determined from stopped flow

measurements of fluorescence (144). Bis~quaternary ligands

revealed a fast bimolecular step (kobs =9.7 x 10/ u-1 sec‘l)
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followed by a unimolecular slow step (kobs = 44 sec—l). Only

the fast step was observed at lcw ligand concentrations. Pro-
pidium, on the other hand,displayed a fast bimolecular step
(kobs = 1.2 x 102 m°! sec—l) only. These data were interpreted
on the basis of two preexisting conformations of the enzyme.
Propidium would bind to eithef form, therefore it displayed
only the fast step. Bis-quaternary ligands could only bind to
one conformation, this was represented by the fast step, the
slow step was thought to represent the rate of interconversion
between enzyme conformations.

Following the demonstration by Pattison and Bernhard
(145) that Zn+2 and d-tubocurarine were able to effect a slow
transition of AcChase to an "unreactive" form, Epstein et al.
(146) were able to detect Zn+2 and d-tubocurarine-induced slow
conformational changes on AcChase that was covalently labelled
at the active site by the fluorescent probe (dansylamido)pentyl
methylphosphonofluoridate. The onset of Zn+2 and d-tubocura-
rine induced conformational changes was biphasic. The kobs
for the slow phase obtained from the perturbation of fluore-
scence (l146) was in close agreement with those obtained kineti-
cally by Pattison and Bernhard (145). No attempt was made to
explain the biphasic behaviour. These results were explained
in terms of a two state model, where the active and inactive
forms of the enzyme are in slow equilibrium.

Berman et al. (147) have calculated the intersite distance

between the anionic and peripheral sites, using steady-state
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and time resolved fluorescence energy transfer measurements.
The intersite distance obtained by these methods was 1.9-2.8
nm. These results are in contrast to the 1.4 nm intersite
distance determined by bis-quaternary ligands and the mutually
exclusive binding displayed by propidium and DMB. Two alterna-
tive explanations were offered to account for these discre-
pancies: DMB binds at the active site and at another site

that indirectly closes down the peripheral sites; or DMB bind-
ing at the active site induces a conformational change that
reduces the intersite distance to 1.4 nm (147).

As can be seen from the foregoing discussion, AcChase
possesses a variety of peripheral anionic sites. Binding of
ligands to these sites can affect the kinetic properties of
the enzyme in a variety of ways, ranging from activation to
total inactivation. The physiological significance, if any,

of these phenomena remains to be established.

7) Inactivation of Acetylcholinesterase by Thiol Reagents:

Ever since the discovery of AcChase, various reports
have demonstrated that the enzyme is inhibited by a variety of
so-called "thiol specific reagents". Some of these earlier
reports were summarized by Mounter and Whittaker (148) (Table
IX). The involvement of essential enzymic thiol groups in
the observed inactivations was discounted by Mounter and
Whittaker (148) because the concentrations of the inactivating
thiol reagents were too high and the rates of inactivation were

too slow, when compared to typical thiol containing enzymes.
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TABLE IX. The effect of thiol reagents on cholinesterase, sum-
mary of the earlier work (148).
Reagent Enzyme pI Inhibition Reference
Source %

Arsenite Horse serum 1.7 87 154
Pigeon brain 4 52 155
Lewisite Horse serum 2.4 30 156
Serum? 4 85 157
Pigeon brain 3 19 155
Phenyldichloro-
arsine Pigeon brain 3 57 155
3-amino-4-hydroxy- Electric
phenylarsenoxide organ? 4.2 57 158
Copper II Torpedo 3.3 38 159
Horse serum 2.7 87 156
Maleic acid Torpedo 1.5 22 159
Iodoacetate Torpedo 1.7 88 159
Iodoacetamide Cat serum - Nil 160
Glutathione
(oxidized) Torpedo 2 24 159
Iodine Torpedo 5.75 85 159
Alloxan Torpedo 3.4 38 159
o-Iodosobenzene Human plasma - Nil 161
Bromobenzyl cyanide Horse serum 1.6 70 156
Chloropicrin Horse serum 1.6 Nil 156
Bromoacetophenone Horse serum 3 84 156




49

In addition, while most of the thiol reagents that were shown
to inactivate AcChase were heavy metal cations, there was no
evidence for the interaction of these metal ions with the
AcChase catalytic site.

More recently Massoulié and Rieger (149) have reported

that purified T. californica AcChase is inhibited by PCMB.

The inactivation was very slow, the half-life of the reaction
being approximately 90 minutes. Wins et al. (132) have demon-
strated that the PCMB inactivation of AcChase can be reversed
by Ca+2, a peripheral-site-specific ligand, suggesting that
PCMB combines with AcChase at or near the peripheral anionic

sites. The effects of arsenite, another "thiol specific rea-

gent'" on T. californica AcChase were studied by Wilson and

Silman (150). Arsenite was found to inhibit AcChase in a
second order reaction with a rate constant of 10“2 M—l sec_l.
Peripheral-site-specific ligands such as propidium and TEA
were shown to block arsenite inhibition. 2-PAM on the other
hand,accelerated the rate of arsenite inactivation by 220-fold.
The arsenite inhibition was reversed by PCMB but not with DTNB
or NEM, leading the authors to conclude that although the
kinetic evidence is consistent with thioarsenate formation,
the chemical evidence excludes the involvement of thiol groups.
In the opinion of this author the above evidence is not
concrete enough to argue for or against the presence of thiol
groﬁps in AcChase. The rates of inactivation and the high con-

centration of thiol reagents required, can be explained by the

inaccessibility of the thiol groups. The wvariance in the
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reactivity of protein thiol groups, arising from the degree
to which they are "buried" within the protein structure, has
been well documented (151, 152).

In view of the peripheral-site-mediated inactivation of
AcChase by Zn+2 and Cu+2, two metal ions which can form ex-
tremely stable complexes with free thiols (151, 152), and the
fact that data on the free thiol content of AcChase have yet
to be published, it is very tempting to suggest that AcChase
does possess free thiol groups and that these are involved in

the binding of metal cations at the peripheral anionic sites.

Summary of objectives:

The aim of the present work is to clarify the role of the
peripheral anionic sites in the catalytic function of AcChase.
To this end, the specificity of ligands for the peripheral
anionic sites was established through fluorescence equilibrium
binding and displacement studies. These ligands were then used
to determine the consequences of peripheral site occupation on
catalysis. In these studies the pseudo-substrate M7C proved
to be extremely useful, as the pre-steady-state kinetic treat-
ment of its AcChase catalyzed hydrolysis enabled the evaluation
of the kinetic parameters KS, k3 and kz. As a result the effect
of peripheral site occupation on the proposed catalytic mecha-
nism was determined. Studies of the metal ion induced activa-
tion and inactivation, led to the proposal of a model for peri-

pheral site-specific ligand induced kinetic states of AcChase.

Several observations during the course of this study were
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interpreted as an indirect indication of the presence of thiol
groups at or near the peripheral anionic sites; this has led
to a search for thiol groups in AcChase.

Whenever possible, the properties of AcChase from two dif-

ferent species, T. californica and E. electricus, were compared.
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MATERIALS AND METHODS

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

!
Acetylthiocholine jls/\/N:

|

Nitrophemyl-acetate A
p-Nitrophenyl-acetate 0<:>N02

7-hydroxy~N-methylquinolinium
o

7-(dimethylcarbamoyloxy)~N-methyl quinolinium qal:loﬁgv/
‘ +
! |

Gallamine ” /\/f\l"(Et)3
Decamethonium SN oA~ AN

d-tubocurarine

Edrophonium

Propidium HQNC NH2



Pyridine~2~aldoxime methiodide g
A ~N OH
|

5,5'-Dithiobis- (2-nitrobenzoic acid) 02"68_5@“02
HOOC COOH

Diisopropylfluorophosphate >—o_g4y<
F

N-dansylaziridine

\N/

Dansyl~S—-aminoethyl cysteine =z
™\
SO,—N S:>~§H
-00 3

Affinity Ligands:

[ (6"-aminocaproyl- 6 —aminocaproyl)-p-aminophenyl]trimethyl

ammonium

[6-aminocaproyl~p—aminopheny1]trimethyl ammonium
HN/\/\’\YN<:>L+
| i
H o) |

ii) Materials:

Materials Supplier

T. califormica electroplax Pacific Bio-Marine
Venice, California,

53

USA



Materials

crude 1lls E. electricus AcChase
(Type VI-S8)
Acetylthiocholine

5,5'"-Dithiobis-(2~nitrobenzoic acid)

Tris hydroxymethyl aminomethane
Decamethonium bromide
Propidium iodide
d-Tubocurarine iodide
p-Nitrophenyl acetate

Trypsin

Soybean trypsin inhibitor
N,N-p~phenylenediamine
Cbz=-e—-aminocaproic acid
Triethylamine

Isobutyl chloroformate
Pyridine-2~aldoxime methiodide
L-cysteine

Supplier

Sigma Chemical Co.

St. Louis,

MO, USA
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Cyanogen bromide

Methyl iodide
Diisopropylfluorophosphate
Lanthanium chloride (gold label)

Aldrich Chemical Co.
Wisconsin, USA

Milwaukee,

HgCl, J.T. Baker Chemical Co.
CuSO0y Phillipsburg, New Jersey,
€dsS0, USA :

MnSO4

7-Quinol Eastman Chemicals

7-(dimethylcarbamyloxy)-N-
methylquinolinium iodide

Rochester,

New York, USA

MgSO,
Znso,,

British Drug Houses

London, England

Sepharose 4-B
CM~Sephadex C~50

Pharmacia Fine Chemicals
Upsala, Sweden

N-dansylaziridine

Pierce Chemical Co.

Rockford,

I1, USA

Amicon ultrafiltration
Apparatus and membranes
PMIO, microporous filter 0.45 uM

Amicon Canada Ltd.

Oakville,

Ontario,

Canada
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Materials Supplier
TLC sheets 20 x 20 cm Figsher Scientific Co.
Silica gel Winnipeg, Manitoba, Canada
Beer (draft) Aberdeen Hotel

Winnipeg, Manitoba, Canada

iii) Syntheses:

a) Synthesis of the affinity ligand [(6-aminocaproyl-6'-
aminocaproyl-p-aminophenyl)trimethyl ammonium]:

This procedure is essentially as described by Taylor et
al. (64). Ten grams of p-N,N-dimethyl phenylenediamine hydro-
chloride was dissolved in 50 mL HZO' The pH was adjusted
to 9.0 by the addition of NaOH (3M). The free base so formed
was extracted with ether (3 x 60 mL). The combined ether
extracts were dried over anhydrous Na2804, filtered and eva-
porated to dryness on a rotary evaporator (Bichi). The resul-
tant brown oil solidified upon cooling in the freezer (8.0 g
of the free base were obtained).

Cbz~cap-PDA(6-carbobenzoxyaminocapropyl-p-N,N-dimethyl
phenylene diamine):

9.6 g of carbobenzoxy-6-aminocaproic acid was dissolved
in 120 mL ethyl acetate. This mixture was cooled to ~10°C
on an ice/salt bath, 5.1 mL of triethylamine was added fol-
lowed by 5.1 mL of isobutyl chloroformate. A white precipi-
tate was formed; this mixture was stirred for 20 minutes,
then 5 g of the free base (dissolved in 50 mL of cold ethyl
acetate was added slowly (vl mL/min). A grey precipitate

replaced the white. This mixture was stirred for ~3 hrs then
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stood in the refrigerator overnight. The solid was filtered
off and washed successively with 10 mI each of HZO’ ethyl
acetate and finally petroleum ether (30-60°). 11.0 g of
white solid resulted, and was re-crystallized from MeOH (hot)
with activated charcoal, resulting in 9.0 g of Cbz-cap~PDA,

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

cap-PDA((6~aminocaproyl)-p-N,N-dimethylphenylene diamine):

To 75.0 mL of 33% HBr/acetic acid, 6.6 g of carbobenzoxy-
6—-aminocaproyl-p-N,N-phenylene diamine was added (dissolved
in 30 mL of glacial acetic acid), stirred for 1 hr at room
temperature, then approximately 200 mL of anhydrous ether was
added. The resultant gummy solid was removed with a glass
rod and dissolved in a minimum amount of isopropanol and
added dropwise to 100 mL of ether. Upon contact with etﬁer
a flaky white solid was formed. The solid was filtered,
washed with a further 3 x 30 mL of ether, then dissolved
in, and crystallized from, hot methanol by the dropwise addi-
tion of anhydrous ether. 5.3 g of off-white (very hygroscopic)

solid with a m.p. of 178-180°C was obtained (lit: 181-182°C

(64)) .

Z-dicap-PDA(6-carbobenzoxyaminocaproyl-6'—-aminocaproyl)
-p-N,N-dimethylphenylenediamine:

3.3 g of Cbz-6-aminocaproic acid was dissolved in 40 mL
of ethyl acetate, cooled to -10°C in an ice/salt bath, then
1.8 mL triethylamine followed by 1.8 mL of isobutylchlorofor-
mate was added. The suspension was stirred for 20 minutes,

then a mixture of cap-PDA (5.0 g) dissolved in 30-40 mL of
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ethyl acetate containing 3.6 mL of triethylamine (cooled to
<0°C) was added dropwise. This mixture was stirred at room
temperature for 1 hr then stored in the refrigerator over-
night. The resultant solid was filtered, washed sequentially
with 100 mL each of HZO’ ethyl acetate and petroleum ether
(30-60°). The product was recrystallized from hot methanol
(with activated charcoal). 3.69 g of purplish crystals with
a m.p. of 132-133°C (lit: 127-130°C (64)) were obtained.

Z—dicap—PDA([6-carbobenzoxyaminocaproyl—6'—aminocaproyl)
—p—aminophenyl]trimethyl ammonium) :

3.0 g of Z~-dicap~PDA was dissolved in 4.0 mL of dimethyl
formamide containing 4.0 mL CH3I in a large screw-cap test
tube (30 mL). This was placed in a beaker of boiling water
in the fume hood (with hood closed) for 40 min, then cooled
to 0°C. Ethyl acetate was added (0.5 mL), resulting in a
cloudy solution, followed by a gummy o0il, which settled to
the bottom of the test tube. The o0il was dissolved in hot
absolute ethanol, crystals resulted upon cooling, m.p. 87-88°C
(1it: 89-90°C (64)).

Dicap—-PTA: ([6-aminocaproyl—6'—aminocaproyl)—p—amino—
phenyl trimethyl ]ammonium:

500 mg of Z-dicap-PTA was added to 15 mL of 33% HBr/
acetic acid, left at room temperature for % hr, then 100 mnL
of ether was added. The gummy solid was removed and treated
as described above (cap~PDA). The solid was recrystallized
resulting in 125 mg of extremely hygroscopic solid m.p.

176-178°(1it: 179-180°C (64)).
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b) Coupling of the affinity ligand to Sepharose 4-B:

200 mL of packed Sepharose 4-B was washed with cold HZO
(1.0 L), then "activated" by the addition of 1.8 g of CNBr;
the pH was maintained at 11.020.5 by the addition of NaOH (3N)
and the temperature was maintained at 15°C*2 by the addition
of ice. After 20 minutes the activated gel was washed with
2.0 L of cold NaHCO3 (0.05 M; pH 9.8). The wet gel was trans-

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

PTA dissolved in 200 mL of NaHCO, (pH 9.8). The mixture was

3
stirred at low speed overnight at 5°C, washed with 1.0 L of
NaHC03; 0.11 m moles of ligand were recovered in the wash (i.e.
0.29 m moles were bound). The gel was washed with 2.0 L of
cold HZO followed by 2.0 L of Torpedo preparation buffer (0.01
M NaHCO

0.1 M NaCl; 0.04 M MgSO0,-7H,0; pH 7.4).

3° 2
An identical procedure was followed for coupling cap-PTA

and L-cysteine to Sepharose 4-B.

c) Synthesis of l-methyl-7-hydroxy quinoline:

1.0 g of 7-quinol was dissolved in 90 mL of tetrahydro-
furan, a small amount of insoluble material was filtered off
and 1.0 mL of CH3I was added. The reaction mixture was left
at room temperature, in the dark for 5 days. The yellow solid
that formed was filtered, dissolved in hot methanol (~5.0 mL),
cooled and applied to a (2 x 30 cm) column of silica gel (200-
500 mesh) equilibrated with methanol. The yellow band was
eluted, concentrated (to 5.0 mlL), ether was then added (drop-

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

freezer crystals were obtained with a m.p. of 250-252°C. TLC
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in methanol (using silica gel sheets) resulted in one single

fluorescent spot.

d) Synthesis of S-(2-dansylaminoethyl)-cysteine (162):

N-dansylaziridine (279 mg) was dissolved in 20 mL ethanol.
This solution was added dropwise with stirring to a solution
of 135 mg cysteine in 30 mL water, adjusted to a pH of 8.6 with
NaHCO,. The solution was stirred overnight at 25°C. The sol-
vent was removed by lyophilization , the resulting crude S-2-
dansylaminoethyl cysteine was dissolved in a minimum volume
of ethanol-water (l:1, v/v). To this hot butanol was added
until the solution became slightly turbid. Hot ethanol was
added to make the solution clear. The resulting crystals
had m.p. 172-178 (1lit: 178-180°C (162)). TLC in solvent systems

63, and 64 of Neiderweiser (164) resulted in a single fluorescent

ninhydrin positive spot with an Rf = 0.91.

iv) Isolation and purification of AcChase:

a) Isolation of T. californica AcChase and subsequent
purification by affinity chromatography:

The method used was that of Taylor et al. (64) with minor

modifications. 50 g of frozen T. californica electric tissue

was thawed, chopped into 1 cm3 cubes; 40 mL of cold Torpedo

preparation buffer (0.01 M NaHCO 0.1 M NaCl; 0.04 M MgSoO

L3

pPH 7.4) was added and the mixture was homogenized in a Virtis

33

homogenizer for 30 seconds (at the low/medium setting). The
homogenate was centrifuged at 30,000xg for 1 hr. The super-
natant was discarded, 40 mL of Torpedo preparation buffer

was added to the pellet and homogenized (at low speed) for 1
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min. The homogenate (V75 mL) was heated to 37°C in a water
bath, 75 uL of trypsin (5 mg/mL) was added. The mixture was
maintained at 37°C with stirring for 8 min, 75 UL of soybean
trypsin inhibitor (10 mg/mL) was added. The mixture was cooled
to 5°C and centrifuged at 30,000xg for 1 hr. The supernatant,
containing V10,000 units of AcChase activity was applied to
the affinity column (l10cm column containing 5.0 mL of Sepharose~-
4B-dicap-p-PTA), after application the column was washed with
Torpedo preparation buffer until the absorbance of the eluate
was <0.05. Upon elution with Torpedo preparation buffer con-
taining 10 mM DMB, a sharp protein peak with Vv60% of the

total applied AcChase activity was obtained. This fraction
was applied to a 3 x 50 cm column of CM-Sephadex C-50 (equili-
brated with Torpedo preparation buffer). The CM-Sephadex
eluate was dialysed and concentrated on an AMICON ultrafiltraf
tion apparatus {(using a PMIO membrane); the dialysis buffer
was 1 mM Tris-~Cl pH 8.0. After 2-3 L of buffer had passed
through the ultrafiltration cell, the protein solution was
concentrated to 20 mL, filtered through an AMICON microporous
filter (0.45 um) to remove insoluble material, divided into
1.0 mL lots and kept in the freezer (-20°C). TFor full details
see Tables XI and XII.

b) Purification by affinity chromatography of crude E.
electricus (1lls) AcChase:

The method used was that of Dudai et al. (58) with minor
modifications.

2.0 mL of equilibrating buffer (0.01 M phosphate; 0.1 M
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NaCl; pH 7.4) was added to two vials (containing V10,000 units/

vial) of crude lyophilized E. electricus AcChase (Sigma Type

VI-S). The crude protein solution was applied to a 1 x 5 cm
column containing 3.0 mL of affinity gel (Sepharose-4-B-cap-
p-PTA). The column was washed with 75 mL of equilibrating
buffer, then with 10 mM DMB in equilibriating buffer, this re-
sulted in the elution of a sharp protein peak with Vv607% of
the total AcChase activity. The DMB fraction was then pooled
and applied to a CM-Sephadex-C=-50 column. The eluate was dia-
lysed and concentrated on an AMICON ultrafiltration apparatus,
using 1 mM Tris-Cl pH 8.0. The dialysed protein was filtered
through an AMICON microporous filter (0.45 pm) divided into
1.0 mL lots and stored in the freezer (-20°C).

Since the AcChase is eluted from the affinity column with
a high concentration of DMB (10 mM), it is essential that all
of this inhibitor be removed or the kinetic results obtained
would be meaningless. A particular lot of purified enzyme
was dialysed extensively; enough buffer being passed through
the cell to ensure a decamethonium concentration of less than
10_'12 M. The pre-steady-state parameter kobs was determined
over the entire M7C concentration range used (0.5 UM to 40 uM).

These values were then used as a check for DMB contamination

in subsequent purifications (Table X).

V) Kinetic studies:

Definition of a unit of AcChase activity: One unit of

AcChase activity corresponds to 1 utmole of AcSCh hydrolysed

per minute under standard conditions (4.8 x 10_4 M AcSChj; 3.2
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TABLE X. The pseudo-first order rates of carbamoylation with
M7C; Affinity purified E. electricus AcChase.

[s] Kops sec~l Mean 1 /% 1/s
uM 1 9 3 4 kobs obs 4 10-5
1.0 0.0351 0.0342 0.037 - 0.035 28.57 10
2.03 0.0474 0.0471 0.0457 0.041 0.045 22.27 4.93
3.38 0.0540 0.0571 0.0587 0.0557 0.056 17.86 2.96
5.07 0.0772 0.0712 0.0747 0.0631 0.072 13.89 1.97
6.75 0.0846 0.0820 0.0824 0.0790 0.082 12.2 1.48
8.06 0.0920 0.0881 0.0827 - 0.088 11.36 1.24
10.12 0.0951 0.0962 0.0994 0.1026 0.098 10.20 0.99
13.43 0.1086 0.1225 0.1207 0.1184 0.118 8.47 0.74
20.15 0.1518 0.1690 0.1596 0.1444 3 .156 6.41 0.50
33.09 0.1921 0.2114 0.2058 0.1958 0.200 5.00 0.30
40.29 0.2438 0.2364 0.2635 0.2557 0.250 4.00 0.25
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x 1073 M DTNB; in 0.1 M phosphate; pH 7.5 at 25°C).

a) Buffer media:

Two buffer media were routinely usedin the kinetic studies
of AcChase. A high (physiological) ionic strength buffer con-
tained 1 mM Tris-C1/0.1 M NaCl, pH 8.0. In some cases the
Tris concentration was increased to 10 mM when a higher buf-
fering capacity was required. The second buffer was low ionic
strength medium consisting of 1 mM Tris-Cl1l, pH 8.0. In studies

of the kinetics of dinactivation of AcChase by iPr,PF, the buf-

2
fers used were 0.1 M and 1.0 mM phosphate, pH 7.0, respectively,

in order to minimize the base catalyzed hydrolysis of substrate

(NPA).

b) Ellman assay (73):

Routine assays of the enzyme activity were carried out by
the method of Ellman et al. (73) using AcSCh as substrate.
The production of the thionitrobenzoate anion generated by the
reaction of DTNB with the hydrolysis product thiocholine was
monitored at 412 nm (€M412 = 13,600 M—l cm-l), on a BECKMAN
model 25 spectrophotometer. Detailed studies of the steady-
state kinetics of this reaction at either low or high dionic
strength were carried out in a modified AMINCO-BOWMAN stopped-
flow apparatus. The signal derived from the photomultiplier
was collected on a Biomation 805 waveform recorder interfaced
with a Heathkit H-11 computer and simultaneously displayed on

an oscilloscope. The sensitivity of this instrument permitted

the use of AcSCh concentrations as low as 1 uM. The apparatus
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was operated under the control of a BASIC program developed

by Dr. G. Tomlinson. Up to 2048 data points from each kinetic
run were transferred from the waveform recorder to the compu-
ter where they were converted to absorbance values. Initial
rates were determined by least~squares regression on points
visually selected from the oscilloscope trace. The reactions
at low ionic strength were carried out in the presence of 3.2
X 10--3 M DTNB and AcSCH concentrations of 1.0 to 100 uM. At
high ionic strength the same DTNB concentration was used but

the range of AcSCh used was from 10 to 300 uM (or 10 to 614

UM in the case of T. californica enzyme). The stopped-flow

apparatus was equipped with two syringes. The enzyme (%10—10

N) was contained in one syringe, AcSCh, DTNB and inhibitor
(when used) were contained in the other (with the exception

of preincubation experiments where inhibitor was added to

both syringes). The use of the stopped-flow apparatus enabled
the determination of the steady-state rate of hydrolysis of
AcSCh several milliseconds after the mixing of the reactants.

In no case was the total change in AcCh concentration greater
than 7.5 uM which was determined in separate experiments to
produce no detectable change in the pH of the reaction mixture.
The data were analysed according to the Henri-Michaelis-Menten
(equation [6]) using Lineweaver-Burk plots. Complex inhibition
patterns that resulted in non-linear Lineweaver-Burk plots

were not analysed.

c) M7C assay:

The reaction of AcChase with the fluorogenic carbamoylating
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agent M7C can be described by Scheme II, however owing to the
decarbamoylation rate constant (k3) being much smaller than
the carbamoylation rate constant (kZ)’ the reaction is char-
acterized by a pre-steady-state burst, the amplitude of which
corresponds to the enzyme normality. The pseudo-first order
approach to steady-state is related to the carbamoylation rate
constant (kz) and the steady-state hydrolysis rate (VSS), can
be related to the decarbamoylation rate constant (k3). A full
kinetic treatment is contained in the Appendix. The approach
to the steady-state may be described in terms of the observed

fluorescence due to the formation of the product M7H:

- = 75
In (Iss Ipress) kobs £+ In Iss [75a]

where (I - I ) is the difference in fluorescence inten-
ss press

sities of a line extrapolated from the linear (steady-state)

portion and the measured pre-steady-state (Ipress> burst at

any time t and ko is the pseudo-first order rate constant

bs

of carbamoylation. Therefore a plot of 1n (I - I ) ver-
ss press

sus t will yield a line with a slopekObS and a vertical inter-

cept (t = 0) of 1n Iss which is the amplitude of the burst

phase. The dependence of ko upon M7C concentration under

bs

the experimental conditions used is given by:
k = e T T [784]

or in reciprocal form

Ks

K, 15,1

1/k = 1/k, + [79a]

obs
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Therefore a plot of 1/kObS vs. 1/M7C enables the evaluation

of KS as well as k., (165).

2

The decarbamoylation rate comnstant k, can also be evalu-

3

ated from the steady-state velocity of M7H production, since:

Voo = kg [E_T- [81a]

and since EO can be calculated from the burst amplitude then

k3 can be evaluated (165). The rate of M7H production in the
presence or absence of effectors was measured on a Perkin-Elmer
MPF-44 spectrofluorometer with a Hamamatsu HTVR 446 photomul-
tiplier tube, operated in the energy mode. The absorption

and emission maxima were 405 nm and 505 nm respectively. The
M7H fluorescence was not quenched by dissolved O2 as identical
M7H fluorescence intensities were obtained whether or not the
M7H solutions were saturated with N2.

The carbamoylation amplitude was related to the enzyme
normality by comparison of fluorescence intensities with those
of an M7H standard curve.

The M7C concentration range used, both under conditions of
low and high jionic strength, was 0.5 to 40 uM. Under these con-
ditions carbamoylation rates were 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 was usually in the range 1-4 x 10"8 M.

vi) TFluorescence titrations:

Free propidium exhibits an absorbance maximum at 494 nm

with a fluorescence maximum at 596 nm. Upon interacting
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with AcChase its spectral properties are altered markedly.
The absorbance maximum is shifted to 535 nm and the fluores-
cence emission to 630 nm. The titrations were carried out
by the addition of successive (5 ul) aliquots of propidium

4

solution (2 x 10'_5 or 2 x 10 M) to the solution of enzyme

(1-5 x 1070 N) in 2.0 mL buffer in 3.0 mL (1 cm path length)
cells. The total volume of solution did not increase by more
than 107 during the titration. The observed fluorescence

intensity was corrected for a small contribution from the
enzyme. A blank titration in the absence of enzyme was carried
out simultaneously as a linearity and a stability check. The
intensity coefficient of free propidium under the experimental
conditions was obtained from the slope of a plot of fluorescence
intensity vs. propidium concentration in the absence of the
enzyme., The intensity coefficient of bound propidium was
determined by titration of the enzyme under conditions of
stoichiometric binding. The concentration of free and bound
propidium during the course of the titration were calculated

using eq. [9a], [2a] (see appendix).

y [P]
[Pel = T, - T+ [9a]
(ppl = [P 1 -[P;] [2a]

Where [Pf] and [Pb] are the concentrations of free and bound
propidium respectively, [PO] is the total propidium concentra-
tion, It is the observed fluorescence intensity and y and v'

are the intensity coefficients of free and bound propidium

respectively, under given experimental conditions. Binding
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data were further analyzed by means of Scatchard plots accord-

ing to:

[p, /2.1 = k.70 ([E_] - [P, ])

where EO is the enzyme normality determined by M7C titrations
and KD is the dissociation constant for the binding of propidium
to the enzyme.

The ability of edrophonium, gallamine, an+ and Mg2+ to
displace propidium from the enzyme was determined by the addi-
tion of successive 5 ul aliquots of displacing ligand solution
to a solution containing both enzyme and propidium in 300 ulL
(0.3 cm2) microcells. The initial conditions were chosen
such that most of the propidium present was in the bound
form. A decrease in the observed fluorescence intensity (after
corrections for dilution) was taken to indicate displacement

of bound propidium. Analysis of competitive binding data was

carried out by the method of Taylor et al. (130).

[ED]/[EP] = (fo - £)/(f - fD) - ( [D]/[P] - KP/KD) [28a]

where [ED], [EP], [D] and [P] are the concentrations of enzyme-
displacing ligand complex, enzyme-propidium complex, free dis-
placing ligand and propidium respectively; fp is the fluores-

cence of fully bound propidium, fD is the fluorescence observed

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

fluorescence. Kp and KD are the dissociation constants of EP

and ED respectively (see appendix).
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vii) Inactivation profiles;

The inactivation profiles of metal ions were obtained by
preincubation of the enzyme for 10 minutes with the inactivating
metal ion, then measuring either the steady-state velocity or
the carbamoylation amplitude after the addition of either AcSCh,

NPA or M7C.

viii) Kinetics of inactivation of AcChase by metal ions:

The inactivation process was followed by two methods.
In a continuous assay the loss of enzyme activity was followed

by monitoring the absorbance at 400 nm due to the enzyme catalyzed

formation of p-nitrophenol. p-Nitrophenol-acetate was dissolved
in MeOH and this solution was made daily. The NPA concentra-
tion was 2 x 10“4 M. This is v10-fold lower than the Kapp for

NPA displayed by AcChase. TUnder these conditions less than

20%Z of the total substrate was hydrolyzed in the time course

of the inactivation thus ensuring steady-state conditions.

The linearity of the reaction under these conditions was deter-

mined 1n separate experiments without dinhibitor. The enzyme

concentration used was '\/10"10 N. A second discontinuous method

involved periodic measurements of the carbamovlation amplitude

after addition of M7C to samples of the metal ion enzyme mix-

tures. This second method is less accurate in the early points

since the pre-steady-state carbamoylation of the enzyme is

rather slow (requiring 15-25 seconds to attain steady-state).
Most of the metal salts used were sulphates; as a result

the pH of the stock solutions were checked and re-adjusted to

8.0 where necessary.
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+
La3 solutions were unstable and a precipitate formed
upon storage. This was attributed to La3(C03)2 which is extremely

unstable. This problem was overcome by boiling the H,O prior

2
. 3+ . .
to preparation of the La solutions, and flushing the cuvettes

with N2 during the course of the experiment.

ix) Kinetics of inactivation of AcChase by iProPF:

The dinactivation of AcChase by iPrZPF was followed by
two methods. In a continuous assay the loss of enzyme activity
was followed by monitoring the absorbance at 400 nm, due to
the enzyme catalyzed formation of p-nitrophenol (as in viii
above). A second discontinuous method, similar to the "rapid
sampling” method of Gentinetta and Brodbeck (139), involved,
the removal of (20 uLl) aliquots from a iPrZPF/enzyme mixture,

at various time intervals, and subsequent assay using NPA.

x) Modification of AcChase with DTNB and N-Dansylaziridine:

a) DINB:

To 2.0 mL enzyme (V5 x 10»7 M), 200 uL Tris-Cl (1 mM; pH
8.0), 200 uL SDS (10% in 1 M Tris-Cl; pH 8.0), and 200 uL DTNB
(10_2 M in 0.1 M Tris-Cl; pH 8.0) was added. The reaction was
followed by monitoring the absorbance at 412 nm due to the
formation of thionitrobenzoate anion (resulting from the reac-
tion of DTNB with free protein thiol groups). A duplicate
sample without enzyme served as the blank. The extinction co-
efficient used for the thionitrobenzoate anion was €M1 9

13,600 vt oen L.
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b) N-Dansylaziridine:
2 mg of N-DAZ was dissolved in 1 mL absolute ethanol

(7 x 10°°

M). 20 uL of this solution was added to 2.0 mL of
enzyme solution (1-5 x 10F7 M), and to 2.0 mL of buffer (as a
control). The reaction was monitored by spectral changes in
the emission spectrum of N-DAZ: Upon reacting with protein
thiol groups the apparent emission maximum is blue shifted by
V10 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 was removed by two different methods:
1) The protein/N-DAZ (/effector) mixture was dialysed on an
AMICON ultrafiltration apparatus. 2) The protein/N-DAZ (/effec-
tor) mixture was chromatographed on a Sepharose 4-B column to
which L-cysteine was covalently attached. The elution rate

was very slow (0.5 mL/hr).

Protein hydrolysis: The modified protein was hydrolyzed

in 6.0 N HCl in sealed evacuated tubes for 4 hr at 110°C. The HC1
was removed by placing tubes in a desiccator containing NaOH.

2-Dimensional TLC: The protein hydrolysate was extracted

with methanol and applied to 20 x 20 cm TLC sheets (silica gel).
The solvent system used in the first direction was benzene:
pyridine:acetic acid (80:20:5 v/v) (solvent system #63 of
Neidweiser (l164)). 1In the second direction toluene:2-chloro-
ethanol:NH40H (25%) (80:20:5 v/v) was used as the solvent system
(#64 of Neiderweiser - (164)). The spots were identified by

a wide range UV lamp and/or with a ninhydrin spray (1% in etha-

nol).
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RESULTS

1) Isolation and purification of AcChase:

The isolation of AcChase from the electroplax of T.

californica and the purification of the crude protein extracts

of AcChase from T. californica 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 1 mM Tris-Cl pH 8.0) was incubated at 25°C. Aliquots
(80 uL) were removed and assayed using the fluorogenic carba-
moylating agent M7C. The observed pseudo-first order rate
constant as well as the carbamoylation amplitude, which 1is
proportional to the amount of active enzyme was unchanged

(within experimental error) after incubation for up to 11 hrs

(Fig. 4).
3) Experiments with E. electricus AcChase:
A) Fluorescence titrations:

An apparent dissociation constant for the propidium-AcChase
complex of around 10_8M was estimated from pre-steady state
and steady—-state kinetic experiments (see results Section 3B
and C).

Accurate determinations of this dissociation constant
using equilibrium binding techniques require that the enzyme
concentration also be around this value in order for the con-

centration of free and bound ligand to be significant. However,
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TABLE XI. Isolation of AcChase from the electroplax of T.

californica.

Total Total Specific
Step Protein Units Activity
(mg) 2 (u) U-mg~1
1) Crude homogenate 350 22,000 63
2) Supernatant after 108 17,600 163

8'Trypsinization

e ]
I}

Determined from A using an 17.6.

280
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Effect of prolonged incubation

of AcChase at 25°C on the carba-
moylation amplitude and the observed
pseudo—-first order rate constant of
carbamoylation. The buffer was 1.0
mM-Tris-Cl, pH 8.0. A) T. californica

AcChase, assayed: (0O) immediately;
and after: (@®) 15 min; (@) 2 hr;
(B) 6 hr 20 min; (A) 7 hr 5 min;
($) 10 hr 50 min of incubation by
the addition of 4.72 uM M7C. B)

E. electricus AcChase assayed:

(O) immediately; and after: (®)
2 hr 5 min; (¥) 5 hr; () 6 hr 30
min; () 10 hr 30 min; (A) 11 hr 30
min; of incubation by the addition
of 4.72 uM M7C.
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Fig.

5.

Fluorescence titration of AcChase

with propidium. (@) observed

fluorescence in the presence of
3.82 x 10-6 N AcChase, (O ) blank
titration in the absence of the
enzyme., Titrations were carried
out at 25°C in 1.0 cm? cells in
1.0 mM Tris-Cl, pH 8.0.
Excitation wavelength = 395 nm
Emission wavelength = 565 nm
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the fluorescence intensity of propidium is such that accurate
measurements could be made only at propidium concentrations of
10—7 M or higher. It was therefore expected that, owing to
the high enzyme concentration required to observe propidium
binding, the equilibrium region of the titration curve would
be lost to stoichiometric binding. However, even with enzyme
concentrations as high as 5 x 10_6 M, there was a considerable
equilibrium region in the titration curve (Fig. 5). Analysis
of the data by means of a Scatchard plot revealed the pre-
sence of at least two <classes of propidium binding sites, one
class with a KD of less than 10__7 M and a second class with a
KD of 4 x 10—6 M (Fig. 6), suggesting possible heterogeneity
in propidium binding sites or in the enzyme population.

The ability of gallamine, propidium, edrophonium, Mg2+
and Zn2+ to compete for the peripheral sites is illustrated in
Fig. 7. Addition of a large excess of edrophonium had virtu-
ally no effect. Mg2+ displaced ~Vv30% of the bound propidium
at a concentration of 1 mM. Zn2+ displaced approximately 507
of the bound propidium at its (Zn(OH)Z) solubility limit.
Gallamine was the most effective ligand for the displacement
of propidium, ~80% of the bound propidium being displaced at
3.2 % 10—4 M gallamine. Analysis of the gallamine displacement
data according to the logarithmic form of eq. 28a (see appen-
dix) allowed an estimation of the dissociation constant for

the gallamine enzyme complex. The value of the KD was 8.9 x 10_8 M

based on an enzyme site concentration of 1.71 x 10_6 M and an

enzyme-propidium KD of 2 x 10—8 M. This is in reasonable agree-
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Fig,

6.

Scatchard plot of data derived

from Fig. 5.
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Displacement of bound propidium.

The enzyme (3.42 x 10-°® N) was
first titrated with propidium until
about 2 mol of propidium per
tetrameric enzyme were bound.
Aliquots of displacing ligand
were then added and the fluore-
scence intensity due to bound
propidium were recorded. Titra-
tions were carried out in 0.3 cm3
cells . (@) edrophonium; ()
Mg?t; (A) Zn2+; (E) gallamine.
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ment with the kinetic data (Results Section 3B and 3C).

B) Steady-state kinetics:

The kinetics of the AcChase-catalyzed hydrolysis of AcSCh
under steady-state conditions were performed at low (1 mM Tris-
Cl pH 8.0), high (1 mM Tris-Cl; 0.1 M NaCl) and at an inter-
mediate ionic strength (1 mM Tris-Cl; 0.025 M NaCl). The
kinetics at low and high ionic strength obeyed Henri-Michaelis-
Menten behaviour (Fig. 8). The steady-state kinetic parameters
Kapp and kc were calculated to be: low ionic strength Kapp =

6 5

4.3+.2 x 10 °~ M, kc = 3.5£0.5 x 10 min—l; high ionic strength
K = 5.6 x lO_5 M, k = 9.0 x lO5 min—l. At intermediate
app c
ionic strength the double reciprocal plots exhibited downward curva-
ture, suggesting the presence of at least two forms‘of the
enzyme. Above 0.1 M, NaCl displayed competitive inhibition
patterns (Fig. 8).
The cationic ligands edrophonium, gallamine and propidium
were found to be potent inhibitors of the enzyme (Fig. 9). How-
ever, only edrophonium displayed classical competitive inhibi-
tion (KC = 1.8 x 10—8 M). Gallamine and propidium resulted in
curved double reciprocal plots suggesting that these ligands
exert their effects on the enzyme in a manner different from
or in addition to direct competition with substrate for the
active sites. Note that these results were obtained from ini-
tial rate measurements made within the first 1-2 seconds after
the mixing of the enzyme with ligand-containing substrate solu-

tion. Incubation of the enzyme with the inhibitors (propidium,

gallamine) prior to the introduction of the substrate, resulted
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Fig.

8.

Kinetics of acetylthiocholine hydro-
lysis at various ionic strengths.

Initial velocities were 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. (B) 1.0 mM Tris—-Cl, pH

8.0; (A) 1.0 mM Tris-C1/0.025 M-
NaCl, pH 8.0; (@) 1.0 mM-Tris-Cl/
0.10 NaCl, pH 8.0; (QO) 1.0 mM-
Tris-C1/1.0 M-NaCl, pH 8.0.
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Fig.

Inhibition of acetylthiocholine
hydrolysis by edrophonium,

gallamine and propidium.

The buffer was 1.0 mM Tris-Cl,

pH 8.0, 25°C. Acethylthiocholine con-
centrations were in the range 1.43-
49.8 uM. Uninhibited runs are
indicated by open circles. Edro-
phonium: (@) 3.9 x 10-8 M; (A)
7.75 x 1078 M; (HB) 1.55 x 10-7 M;
(A) 3.1 x 10-7 M. Gallamine: (@)
6.45 x 10" M; (HE) 1.6 x 107 M; (A)
x 10 =7 M. Propidium: (@) 8.0

x 1078 M; (H) 1.6 x 10=7 M; (A)
3.2 x 10-7 M.

3.

2
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in linear Lineweaver-Burk plots, and the rates were enhanced
(relative to the non-preincubated case). This was observed
over most of the substrate concentration range used as illus-
trated in the case of gallamine (Fig. 10). The activation was
directly observed in a stopped-flow spectrophotometer, with
very low enzyme concentration, to ensure that less than 20%

of the substrate was hydrolyzed during the time course of the
activation (Fig. 11). Under these conditions the rate of thio-
nitrobenzoate production is enhanced 1.36 fold in comparison
to the rate observed in the first few seconds following the
mixing of the reactants. In the absence of propidium, produc-
tion of thionitrobenzoate was linear with time.

The inhibition patterm after preincubation with either
propidium or gallamine appeared to be of the competitive type.
No activation upon preincubation was observed with d-tubocura-
rine. However, the inhibition pattern became more uncompeti-
tive upon incubation with this ligand (Fig. 12).

The metal ions Mg2+, Mn2+, Ca2+ and Na+ were all found to
enhance the steady-state rate of hydrolysis of AcSCh under
conditions of near-saturation with substrate (Fig. 13). The
maximal effect was observed at an ionic strength of 0.07 to
0.1 and was independent of the metal ion used. However, the
divalent metal ion-induced activation was observable at an
ionic strength more than ten fold lower than that observed
with monovalent sodium. Also the concentrations of divalent
cation required to induce 50% of the total activation (a rough

estimate of the dissociation constant of the metal. ion-AcChase
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Fig.

10.

Effect of preincubation of AcChase

with 5 x 10-7 M propidium on the

rate of acetylthiocholine hydrolysis

(1 x 1010 N AcChase). (@) No

propidium; (&) + propidium, no
preincubation; (A ) + propidium,
10 min preincubation.



91

_
=]
N
L

4

80—

OL X P..Aoww\m::: 'sqe)

|
Q
<

AL

3.0

2.0

1.0

(MY x 107

1 /[s]



92

Fig.

11.

Activation of AcChase by 5 x 10/

M propidium. Enzyme solution was

mixed in the stopped-flow appara-
tus with an equal volume of a solu-
tion containing either substrate

+ DINB or substrate + DTNB +
propidium. The increase in
absorbance at 412 nm was moni-
tored immediately thereafter (final
concentration: 2.5 x 1072 M AcSCh;
3.14 x 1072 M DTNB; 9.3 x 10-12 y
AcChase. (@) No propidium; (€)

+ propidium.
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12.

Inhibition of AcSCh hydrolysis

by gallamine and d-tubocurarine

following 10 min preincubation

with effector. (a) Gallamine:

() none; (®) 3.9 x 10~7 M;
(O) 9.7 x 10-7 M; (HE) 1.9 x
10-38 M. (b) d-Tubocurarine:

() none; (®) 2.0 x 1076 u;
(O) 8.0 x 1076 M; (H) 2.0 x
10-5 M.
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Fig.

13.

Activation of AcChase by metal ions.

Initial velocities of the reaction
of AcChase with AcSCh (1 x 1074 M)
were measured in the presence (V)
and absence (Vy) of metal salts

by the method of Ellman et al.
(see Materials and Methods section
for details). The buffer was 1.0
mM-Tris, pH 8.0. (O) MnSO0y;

(A) CaCly; (O) MgSO4; (@) NacCl.
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complex) were 25-30 fold lower than that observed with sodium
ion, suggesting that metal ion activation is dependent both on
the ionic strength of the assay medium as well as on the nature
of the cation used. The measured velocities of AcSCh hydrolysis
in the presence of saturating salt concentrations were indepen-
dent of the order of mixing (manual or rapid mixing techniques)
suggesting that the rate of metal-induced activation of AcChase
is very high. This is in contrast to the results obtained

with organic activators of the enzyme such as propidium, which
were shown to activate AcChase relatively slowly (Fig. 11).

The effect of the divalent cations Zn2+ and Cu2+ was a
slow inhibition of the AcSCh hydrolysis rates, the maximum
inhibition being observed after a ten minute preincubation of
the enzyme with either cation (Fig. 14).' The instantaneous
effects of Zn2+ and La3+ on the steady-state kinetic hydro-
lysis of AcSCh were tested using a stopped-flow spectrophotometer
which allows the determination of hydrolysis rates ~10 msec
after mixing of the reagents. Under these conditions Zn2+
and La3+ were found to inhibit hydrolysis rates below 8 UM
AcS5Ch, but activated the rates by as much as 1.7-fold and 1.4-
fold, respectively at 100 pyM AceSCh (Fig. 15). The instantaneous
activation of hydrolysis rates by Zn2+ (and La3+) suggests
that a) the slow inactivation observed in the presence of these
metal cations is not due to simple competitive inhibition and
b) these metal ions have a dual effect on the enzyme which may
arise from their binding to separate classes of peripheral

sites.
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Fig.

14,

Effect of an+ on the rate of

AcS8Ch hydrolysis. ([AcSCh] =

50.0 uM); CuSO4 shows similar
behaviour. The buffer was
1.0 mM Tris-Cl, pH 8.0.
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Fig.

15.

+
The effect of an on the steady-

state hydrolysis of AcSCh. Initial

velocities were determined using
the stop-flow apparatus as described
in the Materials and Methods sec-
tion. The buffer was 1 mM Tris-—
ci, pH 8.0. AcSCh concentrations
were in the range 4.5 to 100 uM.
Runs without Zn4% are indicated

by open circles. Zn2%t: (V)

7.5 x 1075 M3 (A) 1.94 x 1074

M; (&) 5.8 x 104 M. The concen-
tration of enzyme was 2.69 x 10-11
N.
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C) Pre-steady-state kinetics:

In the substrate concentration range 0.5 to 10 uM, the
dependence of the pseudo-first order rate constant of carba-
moylation of AcChase upon the substrate (M7C) concentration,
was in close correspondance with the behaviour predicted by
eq. [79a] (see appendix).

The values of k2 and KS were calculated to be 0.09 sec
and 1.27 x 10"6 M, respectively. The inhibition pattern produced
in the presence of edrophonium was competitive (Fig. 16), with
a calculated Kcomp of 2.1 x 10_8 M.

Gallamine and propidium produced a downward displacement
of the extrapolated vertical intercept, the slopes of the lines
did not increase linearly with increasing inhibitor concentra-
tions, and appeared to approach a maximum value (Fig. 17).
Inaccuracies in the rate measurements at high inhibitor concen-
trations prevented a detailed study of this saturation pheno-
menon. Similar observations (activation of AcSCh hydrolysis
rates) with gallamine and propidium in the steady-state kine-

tics lead to the suggestion that these two compounds may

interact with the enzyme at the peripheral anionic sites.

i) Activation:

At M7C concentrations of 10 UM or above substrate acti-
vation was observed; pseudo-first order rate constants of
carbamoylation were increased from an extrapolated value of
0.08 sec—_1 (obtained from the substrate concentration range
1 to 10 uM), to a maximum of 0.23 sec_1 from the high substrate

concentration data (Fig. 18). The increased carbamoylation
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Fig. 16. Inhibition of the carbamoylation
reaction of AcChase with M7C by
edrophonium. The buffer was 1.0
mM Tris-Cl, pH 8.0. Enzyme con-
centration = 1.0 x 108 W. (&
no edrophonium; (QO) 1.32 x 107
M edrophonium; (H) 5.24 x 107
M; ([J) 1.05 x 107 M edrophonium.
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Fig. 17. Inhibition of the carbamoylation
reaction of AcChase with M7C by
gallamine and propidium. The
buffer was 1.0 mM Tris-Cl, pH
8.0. Enzyme concentration was
1 x 1078 N. Left-hand plot:

(O) no gallamine; (&) 5.4 x
10-8 M gallamine; (H) 1.08 x
1077 M gallamine; ([J) 2.7 x 10-7
M gallamine; (A) 5.4 x 10-7 M
gallamine. Right-hand plot:

(O) no propidium; (®) 1.26

x 1078 u propidium; (B)-

x 1078 M propidium; ([J) 6.34
x 1078 M propidium; (A) 1
1077 M propidium.
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18.

Kinetics of carbamoylation of
AcChase by M7C and subsequent
decarbamoylation of the dimethyl-
carbamoyl enzyme. (a) Double

reciprocal plot of the pseudo-
first-order rate constant as a
function of M7C concentration.
(b) Variation in kg with M7C
concentration.
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rates were not accompanied by any changes in the amplitude of
the carbamoylation reaction. The rate of decarbamoylation
(k3) of the dimethylcarbamoyl enzyme was also found to be sub-

strate concentration-dependent; with k3 increasing from 3.3

x 107" see”! at 1 wM M7C to 6.5 x 1074 sec”! at 38 uM M7C
(Fig. 18, Table XITTI).

In the presence of gallamine, propidium or d-tubocurarine,
the carbamoylation rate was found to be inhibited in the sub-
strate range 0.5 to 5 UM. At higher substrate concentrations
these ligands appeared to have little influence on the carba-
moylation rate (Fig. 19). Again no change in the carbamoyla-
tion amplitude was observed at all substrate and peripheral
site ligand concentrations with the exception of very high
concentrations (v1 mM) of d-tubocurarine. Na+, Ca2+, and Mg2+
likewise were found not to have an effect on the carbamoylation
rate or amplitude (Fig. 20). In all cases, the linear portion
of the curves extrapolated to a common intercept, indicating
that these species have no effect on the carbamoylation rate
constant. The principal effect of metal ion activators was
on the decarbamoylation rate constant. It was observed that
the effects of Ca2+ and M7C on the decarbamoylation rate con-
stant (k3) were additive and that the carbamoylation rate con-
stant was enhanced by substrate even at high ionic strength
(Fig. 20, Table XIII), suggesting that there are distinct

binding sites for organic and inorganic activators at the

peripheral anionic sites.
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Influence of effectors on the decarbamoylation
rate constant, k3 following reaction of AcChase

with M7C.

Effector [M7¢C] _1 k3,

uM (s x 107)
None 1.2 3.3
None 24,0 6.2
None 38.3 6.5
CaClz(l mM) 1.2 5.8
CaCl2 (1 nM) 24.0 9.9
MgSO4 (1 mM) 1.2 5.3
MgSO4 (1 mM) 24 .0 0.5
Gallamine (5 uM) 1.2 6.6
Gallamine (5 uM) 24,0 6.8
Propidium (5 uM) 1.2 4.4
Propidium (5 uM) 38.3 5.9
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19.

Inhibition of the carbamoylation
of AcChase with M7C by propidium
and d-tubocurarine. (a) Propidium:
() none; (®) 1.3 x 10-8 M; (A)
1.3 x 1077 M; (H) 1.3 x 10-6 M,
(b) d-Tubocurarine; (QO) none;
(@) 4.0 x 10=5 M; (A) 2.0 x 1073
M; (E) 4 x 104 M.
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Fig. 20. Kinetics of carbamoylation of
AcChase by M/C and subsequent
decarbamoylation of the dimethyl-
carbamoyl enzyme. Double-
reciprocal plots of the pseudo-
first order rate constant of
carbamoylation as a function of
M7C concentration. (A) in 1.0
mM-Tris~-Cl, pH 8.0; (@) in 1.0
mM-Tris~C1/1.0 mM-CaCly, pH 8.0;
(@) in 10 mM-Tris-C1/0.1 M Nac(Cl,
pH 8.0. 1Inset wvariation of the
decarbamoylation rate constant
(k3) with M7C concentration.

(®) in 1.0 mM Tris-Cl, pH 8.0;
(B) in 1.0 mM Tris-Cl/1.0 mM

CaClZ, pH 8.0.
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ii) Amplitude effects:

The amplitude of the carbamoylation phase and the rate
constant of the decarbamoylation (k3) were progressively
decreased with increasing d~tubocurarine concentrations. This
was most readily observed if the enzyme was pre-incubated with
the effector for about ten minutes and is apparent even at
high M7C concentrations where d-tubocurarine concentrations
as high as 1 mM were shown not to have any effect on the car-
bamoylation rates (Fig. 19). The amplitude decreased in an
approximately hyperbolic fashion as the d-tubocurarine con-
centration was increased and approached a final value which
corresponds to about 507 of the initial amplitude at M7C con-
centrations from 0.5 to 5 uM. However,in the M7C concentra-
tion region where activation of k2 and k3 are observed (10 to
40 uM), the corresponding d-tubocurarine dependent amplitude
decrease is smaller (Fig. 21), thus suggesting a competition
between d-tubocurarine and M7C for the peripheral anionic
sites.

The decrease in the carbamoylation amplitude was also
brought about by incubating the enzyme with the divalent
cations Cd2+, Hg2+, an+ and Cu2+. The carbamoylation ampli-
tude decreased in an hyperbolic manner with increasing metal
ion concentration, and unlike d-tubocurarine the metal ion
inactivators were capable of abolishing all of the carbamoyla-
tion amplitude. This effect was éeen both at low and high
ionic strength (Fig. 21).

Apparent K values were obtained from the data (Fig. 22):

D
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Fig.

21.

Effect of d-tubocurarine on the

amplitude of the carbamoylation

reaction. Measured by the decrease

in the carbamoylation amplitude
after reaction with M7C. Concen~-
tration of M7C: (@) 1.23 x 1070
M; (Q) 4.91 x 1076 M; (@) 9.84
x 107° M; (@) 2.46 x 1077 M,
Enzyme concentration 2 x 10-8 N.
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Fig.

22.

Inactivation of AcChase by metal

ions at low and high ionic strength.

Inactivation was determined by
three criteria as described in
the Materials and Methods section.
Selected examples: A & B loss of
activity towards hydrolysis of
AcSCh (1 x 104 M), ( A) ZnSO,;
(B) CdCly9. C & D, loss of acti-
vity towards NPA (9.8 x 104 M),
(A) HgCly; (M) CuS04. E & F
decrease in the carbamoylation
amplitude after reaction with M7C
(1.2 x 107> M), (A) HgCly; (H)
€Cds04. Low ionic strength buffer:
was 1.0 mM-Tris-Cl, pH 8.0; high
ionic strength buffer was 10.0
mM-Tris-Cl, pH 8.0. All measure-

ments were made after a 10 min pre-

incubation period in the presence
of the inactivators.
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2+
Hg appeared to be the most potent inactivator with an appa-
rent KD at low ionic strength of 5 x 10~6 M and 5 x lO_3 M at

+
high ionic strength. Cd2+, an and Cu2+ appeared to have

5 5

apparent K_'s at low ionic strength of 3 x 10 ° M, 5 x 10 ° M

D
-5 ) 2+ . . .
and 8 x 10 M, respectively. Cu at high ionic strength had
-4 2+
an apparent KD of 7 x 10 M. The effect of Zn on carbamoy-
lation amplitude could not be fully tested under conditions
of high ionic strength because of the low solubility of its
hydroxide.
. . . . 2+ 2+

The effects of inactivating ligands Hg~ , Zn was reversed
by EDTA. However all of the original activity could not be
recovered. This prompted a study of the effects of prolonged
incubation of the enzyme with a given inactivator. Prolonged
contact of the enzyme with the dinactivator resulted in a time-
dependent decrease in the amount of recoverable activity (Fig.

23b). If the experiment was repeated under 0, saturating con-

2
ditions the irreversible inactivation was more rapid (Fig. 23¢),
but under saturating N2, the irreversible inactivation was slower
(Fig. 23a).

iii) Lanthanum:

. 3+ . .

Incubation of La with the enzyme resulted in decreased
carbamoylation amplitudes both at low and high ionic strength
(Fig. 24). Unlike the other inactivating metal ions tested,
the concentration range of La3+ required for the abolition
of all of the carbamoylation amplitude at low ionic strength
covered four orders of magnitude (Fig. 24). This anomalous

behaviour did not extend to the high ionic strength conditions
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Fig. 23. 8Slow denaturation of AcChase by

ZnS80y4. Enzyme was incubated
with ZnSO04 (8 x 1072 M) for
various time intervals. EDTA

(2 x 1073 M) was then added and
the carbamoylation amplitude
measured after a further 6 min

recovery period. The buffer
was 1 mM-Tris-Cl, pH 8.0.
Reaction conditions: ( ) No-

saturation; ( ) air-saturation; ( )

Oz—saturation.



123

60

50

|

40

Time (min)

20

|
o
1D

apnijijdwe
uoliejhoweqien 0/0



124

24,

Inactivation of AcChase by La3+

at low and high ionic strength.

The inactivation was determined
by decrease in the carbamoylation
amplitude after reaction with

M7C (2.5 x 102 M). Low ionic
strength (@ ); high ionic
strength (o).
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3+ L. . . .
where La behaved similarly to the other inactivating metal
ions. The inactivation was complete within two orders of mag-

nitude (Fig. 24). The apparent KD of La3+ for E. electricus

AcChase was 5 x 10_3 M at high ionic strength. One possible
explanation for L33+ behaving differently from the other diva-
lent inactivating metal ions is that La3+ is trivalent and
therefore makes a larger contribution to the ionic strength

of the solution. This postulate was tested: Hg2+ was made
equivalent to La3+ in ionic strength by the addition of appro-
priate amounts of NaCl. However, this made no difference to
the Hg2+ inactivation profile (Fig. 25). Hg2+ was still able
to "shut off" AcChase within two orders of magnitude of Hg2+

+
concentration and the apparent KD for ng was unchanged (Fig.

25).

D) Kinetics of conversion to unreactive species:

The inactivation process was studied by two methods. In
the first continuous assay, the loss of enzyme activity was
followed by monitoring the absorbance at 400 nm due to the
enzyme~catalyzed formation of p-nitrophenol. A second discon-
tinuous method involved periodic measurements of the carbamoy-
lation amplitude after addition of M7C to samples of inactiva-
ting metal ion-enzyme mixtures. Hg2+ proved the best inacti-
vator for these studies since it binds most tightly to the
enzyme and allows the inactivation experiment to be carried
out under conditions of saturating metal ion concentration,
at both low and high ionic strength.

The results obtained with Hg2+ are shown in Fig. 26. At
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Fig. 25. The effect of ionic strength on
Hg?T-induced inactivation of
AcChase. Measured by the decrease
in the carbamoylation amplitude
after a 10 min preincubation
with, (@) Hg?*; (O) Hg?t +
NaCl (made equivalent in ionic
strength to La3%). The buffer
was 1.0 mM Tris-Cl, pH 8.0.
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Fig.

26.

Kinetics of inactivation of acetyl-
cholinesterase by HgCly. A) As
measured by loss of activity towards
hydrolysis of NPA (2 x 10-4 M),
continuous assay; B) As measured
by the decrease in carbamoylation
amplitude after reaction with

M7C (5 x 1072 M), discontinuous
assay. See text for experimental
details. In both A & B the sym-
bols represent the following con-
ditions: (@) biphasic time
course at low ionic strength

(1.0 mM-Tris-CLl/3 x 1072 M-HgCl,);
(QO) fast process extracted from
the biphasic time eourse at low
ionic strength; (@) monophasic
time course at high ionic strength
(1.0 mM Tris-C1l/0.1 M-NaCl/1.0
mM~HgClg). The measured pH of

the reaction mixtures was 7.9.

The inactivation rates at high
ionic strength were too rapid for
accurate measurement by method

B. Average rate constants (6
determinations) were kfygt =
5.2(£1.7) x 1072 71y k q . =
4.4(x1.2) x 10-3 -1,
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low ionic strength the kinetics of inactivation can be resolved
into two first order processes characterized by rate constants
-2 -1 -3 -1 .
of 5.2 x 10 sec and 4.4 x 10 sec , respectively. The
relative amplitudes of the slow and fast phases appear to
differ according to the method of assay but the rate constants
extracted from the biphasic time courses are virtually identi-
cal for either method.

The discontinuous method likely exaggerates the biphasi-
city somewhat owing to the finite time required for the measure-
ment of the carbamoylation amplitude, thus introducing a con-
siderable degree of uncertainty 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 ionic strength, the
inactivation becomes monophasic with a rate constant similar
to that of the faster component observed at low ionic strength.

2+ 2+ . .. . . .

Zn and Cd resulted in similar biphasic rates of in-
activation at low ionic strength. The relative amplitudes of
the two components varied according to the metal ion used but
the extracted rate constants were independent of the nature
of the inactivating ligand.

. . . . 2+ 2+ .

At high ionic strength, with Zn and Cd  , monophasic

kinetics were obtained, but the rate constants were smaller
. 2+ . . .

than found with Hg” , owing to incomplete saturation of the

enzyme with these metal ions.

In summary, although the binding characteristics of these

metal dions to the enzyme differ, each is capable of inducing
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a conformational change in AcChase that results in a kinetically

unreactive species.

E) Effect of activators on metal ion inactivation:
2+ . . . .

The rate of the Zn” -induced inactivation as measured by
the time course of the decrease in the carbamoylation amplitude,
was inhibited in the presence of organic and inorganic acti-

2+ Y . .
vators (Mg” , propidium and gallamine) of AcChase (Fig. 27).
These experiments were performed at high M7C concentrations,
where peripheral site activators have been shown to have no
effect on either the carbamoylation rate or amplitude (Fig.
19).

. s s 2+ . . .

The inhibition of the Zn" -induced inactivation rates
suggests either a possible overlap of the activator and inacti-
vator sites or that activators can bind at inactivator sites

and vice versa. However, these same activating ligands failed

. . . . 2+
to reactivate enzyme which was incubated with Zn for 10
minutes prior to the addition of activating ligands, in up to

2+ .

500 fold excess over the Zn concentration (Table XIV). One
possible explanation of this result could be a lowering of the
affinity for activating ligands, and/or an increase in the
affinity for inactivating ligands, of the peripheral anionic
sites in the inactivator-induced unreactive conformational

state.

4) Experiments with AcChase from the electroplax of T.
californica:

A) Pre-steady-state kinetics:

The enzyme isolated and purified from tissue lot #1,
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Fig.

27.

The effect of propidium and

gallamine on the kinetics of

Zn?t—_induced inactivation of

AcChase. As measured by the

decrease in the carbamoylation
amplitude after reaction with
M7C (2.43 x 1072 M), disconti-
nuous assay, see text for details.
Propidium or gallamine added to
enzyme (V2 x 10-8 N) in low
ionic strength buffer (1 mM
Tris-Cl; pH 8.0), prior to the
addition of ZnClp (8 x 10~5 M).
A) Propidium: (€) none; (O)
9.95 x 1072 M; (V) 4.77 x 1077
M; (A) 9.55 x 1078 M; (H) 4.77
x 10-8 M. B) Gallamine: (o)
none; (O) 9.5 x 10-6 M; (A)
9.5 x 1077 M; (V) 9.5 x 1078

M; (A) 4.26 x 1079 M,
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TABLE XIV. Effect of Mg2+ on Zn2+

135

induced decrease in carba-
moylation amplitude of E. electricus AcChase.

Experimental Relative 7 carbamoylation amplitude
Conditions
1 2 3 Mean
Enzyme + M7C 100 100 100 100
Enzyme + Mg+2 incubated 93 89 95 92
for 10 min; Zn+2 added
incubated for a further
10 min; then M7C added
2+
Enzyme + Zn incubated 54 62 55 57
for 10 min; then M7C
added
2+
Enzyme + Zn incubated 60 69 59 63

for 10 min; Mg+2 added
incubated for a fur-
ther 10 min; then M7C

added
[E] = 2.4 x 10-8 N
[M7¢] = 4.7 x 106 M
[Mg+2] = 4.82 x 10-3 M
[znt2] = 2.41 x 1075 M
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displayed biphasic carbamoylation rates at low ionic strength,
with the pseudo-substrate M7C; both the observed fast and slow
pseudo-first order rates of carbamoylation increased with
increasing M7C concentrations (Fig. 28). The fast and the

slow rates were extracted from the biphasic time courses.

The dependence of the fast pseudo-first order rates of carba-
moylation on the M7C concentration was hyperbolic in the sub-
strate concentration range used (0.5 to 10 uM) (Fig. 29), per-
mitting the evaluation of the pre-steady-state kinetic para-
meters, The values of Ks’ k2 and k3 were 3.1 x 10_6 M, 0.148
sec_l, 1.4 x 10_4sec_l(average of three determinations), respec-—
tively. The fast carbamoylation amplitude increased as the slow
amplitude decreased with increasing M7C concentrations (Table xV).
The total (slow and fast) amplitude was constant, suggesting a
conversion of the slow enzyme to the fast form with increasing
M7C concentrations. The dependance of the slow carbamoylation
rates on the M7C concentration was also hyperbolic (Fig. 29).
The values of KS and k, obtained from the slow rates were 1.67 x

2
-7 -1
10 M and 5 x 10 sec

, respectively. The peripheral site acti-

2+
vators, propidium or Mg , did not effect the fast carbamoyla-

tion rate (although propidium inhibited at concentrations >

5 x 10°°

M) but increased the slow carbamoylation rate (Fig.
30) and the fast - -carbamoylation amplitude, as observed with
M7C.

Under high ionic strength conditions the carbamoylation

rates appeared to be monophasic and the dependence of the

pseudo-first order rate of carbamoylation on the concentration
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28.

Effect of M7C concentration on

the kinetics of carbamoylation

of "biphasic" T. californica

AcChase. The buffer was 1 mM-

Tris-Cl1l, pH 8.0. M7C concen-

trations: (O) 4.87 x 10-7 M;
(A) 1.21 x 1076 M; (@) 1.94
x 1076 M; (¥) 2.43 x 10-6 u;
(D) 4.84 x 106 M; (@) 9.71
x 10-6 M.
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TABLE XV. The effect of M7C concentration on the relative
slow and fast carbamoylation amplitudes of biphasic
T. californica AcChase.

[M7¢] Appaﬁent Appaﬁent
UM Fast amplitude Slow amplitude
0.487 36 64
1,21 48 52
1.94 62 38
2.43 60 40
4,84 68 32
9.71 70 30

[E]O = 2 x 10 ° N
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Fig. 29. Kinetics of carbamoylation of
"biphasic"T. californica by M7C.
Double reciprocal plots of the
pseudo-first order rate constant
of carbamoylation (kgypg) as a
function of M7C concentration.
The buffer was 1 mM Tris-C1l,
pH 8.0. (@) the extracted
slow rate; () the extracted
fast rate.
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Fig.

30.

The effect of propidium on the

biphasic rates of carbamoylation

of T. californica AcChase.

Pseudo-first order rate constants
of carbamoylation with M7C (5.23
x 10-6 M) at various concentra-
tions of propidium: (@) 3.6 x
10=7 M; (Q) 7.2 x 10-7 M; (@)
1.79 x 107 M; (A) 3.6 x 10-6 M.
The buffer was 1 mM-Tris-Cl, pH
8.0.
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of M7C was hyperbolic and was inhibited by propidium (Fig. 31).

The values of KS, kz and k3 obtained were 35.1 x 10“6 M, 0.23

4

sec-1 and 3.2 x 10 sec_l, respectively and were in very close
correspondence with previously published values (130).
2+ .
The effect of Zn and d-tubocurarine on the carbamoyla-
2+

tion amplitude was studied. Both Zn and d-tubocurarine were
shown to decrease the carbamoylation amplitude in a hyperbolic
manner upon 10 minutes preincubation with the enzyme. Both
ligands abolished all of the carbamoylation amplitude and the
. . . . 2+ , 2+ o
inactivation profile for Zn (concentration of Zn vs 7%

carbamoylation amplitude) was independent of ionic strength,

suggesting that in T. californica AcChase the peripheral anionic

inactivator sites are not altered by ionic strength-dependent

conformational changes in the enzyme (Fig. 32).

i) Monophasic enzyme:

Subsequent isolation and purification of AcChase from
tissue lots #2 and #3 resulted in an enzyme preparation that
no longer displayed biphasic carbamoylation rates at low ionic
strength. In view of these results attempts were made to
"induce" biphasicity in the carbamoylation rates by controlling
isolation and reaction conditions.

A summary of the various experiments that were attempted
is given in Table XVI . Although no biphasicity could be in-
duced to the carbamoylation rates, an interesting observation
was that the incubation of AcChase with DTNB for 11 hrs resulted
in a 30%Z loss in the carbamoylation amplitude, suggesting the

possible modification of AcChase by this thiol-specific reagent.
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Fig. 31. Kinetics of carbamoylation of
"biphasic" T. californica AcChase
by M7C at high ionic strength.
Double reciprocal plots of the
pseudo-first order rate constant
of carbamoylation (kgpg) as a
function of M7C concentration.
(O) in 1.0 mM-Tris-C1/0.1 M-
NaCl, pH 8.0; (@) in 1.0 mM-
Tris-C1/0.1 M-NaC1/1.0 x 1076
M propidium, pH 8.0.




146

0¢

OLx

G-

Gl

W [ow]/
Ol

G0

(0]

SQOH/ L

-0¢

-0€




L7

32.

Inactivation of "biphasic" T.
californica AcChase by ZnCly

at low and high ionic strength.
Measured by the decrease in the
carbamoylation amplitude after
reaction with M7C (2.53 x 10-5
M) . (O) low iomnic strength

(1 mM-Tris-Cl, pH 8.0); (@)
high ionic strength (1 mM-Tris-
C1/0.1 M-NaCl, pH 8.0).
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B) Steady-state kinetics (monophasic enzyme):

The concentration of T. californica AcChase used in the

steady-state kinetic studies was approximately 10*1l M. At

this concentration the enzyme was found to be unstable, and ~15%
of the activity was lost within 30 minutes (Fig. 33). To mini-
mize the denaturation at low enzyme concentrations, stock enzyme
(2 x lO_7 M), which has been shown to be very stable (Fig. 4),
was freshly diluted for each substrate concentration used.
As a result there was no detectable decrease in the initial
rate values within the time required to obtain quadruplicate
determinations at a particular substrate concentration. Incu-
bation of the enzyme (10_11 M) with DTNB was observed to in-
crease the time-dependent inactivation; at the end of 30 minutes
the rate was decreased by 377 (Fig. 33) in comparison to the
control experiment which only lost V15% of the initial acti-
vity (Fig. 33).

The kinetics of the hydrolysis of AcSCh (1 to 50 uM) at
low ionic strength displayed Henri-Michaelis-Menten behaviour.
The values of Kapp and kc obtained from the linear portion of
the double reciprocal plots (Fig. 34) were 1.18 x 10—5 M and
3.14 x 104 min—l,respectively. Above 50 uM the double reci-

procal plots displayed downward curvature, this result being

reminiscent of E. electricus steady-state kinetics obtained

at an intermediate ionic strength (0.025 M, Fig. 8). It might
be explained by either two pre-existent kinetic forms of the
enzyme, (low K and high K forms, the latter becoming

app app

activated at high substrate concentrations) or by substrate
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Fig. 33. Time-dependant loss of activity
" of "monophasic" T. californica

AcChase. (L) enzyme (1.0 x 10-11
N) incubated for various time
intervals in low ionic strength buf-
fer, 25°C (1 mM-Tris-Cl, pH 8.0);
(A) enzyme (1.0 x 10-11 N) incu-
bated for various time intervals
in low ionic strength buffer -+
DTNB (1.0 mM-Tris-Cl/6.45 x 10~4
M DTNB, pH 8.0). Initial velo-
cities were determined by the
addition of AcSCh (1 x 10~% M).
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Fig.

34,

Kinetics of acetylcholine hydro-

lysis of "monophasic" T. californica

AcChase at low and high ionic

strength. Initial velocdities

were determined using the stopped-
flow apparatus as described

in the Materials and Methods
Section. (@) low ionic strength
(1.0 mM-Tris-Cl, pH 8.0); (O)
high ionic strength (1.0 mM-Tris-
C1/0.1 M-NaCl, pH 8.0). The con-
centration of the enzyme was 3.56
x 10710 y,
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activation. However under steady-state conditions it is not

possible to distinguish between these two possibilities.

5) The kinetics of iPr,PF inactivation of AcChase:

The inactivation kinetics were studied by two methods.
A continuous assay where the loss in enzyme activity was fol-
lowed by monitoring the absorbance at 400 nm due to enzyme-
catalyzed hydrolysis of NPA to form p-nitrophenol. A second
discontinuous method involved the measurement of enzyme acti-

vity after addition of NPA to samples of iPr PF-enzyme mixtures.

2

The inactivation by iPr_ PF followed by either method of

2

assay produced linear pseudo-first order inactivation plots

in the case of the E. electricus and monophasic T. californica

AcChases (Fig. 35). However, the biphasic T. californica AcChase

that displayed biphasic carbamoylation rates, produced non-

linear iPrzPF inactivation profiles. The second order rate

constants of iPrZPF inactivation of E. electricus AcChase

under a variety of conditions are summarized‘in Table XVII

The second order rate constant was (Vv1.45 fold) higher at high
ionic strength than at low, in accord with the general trend
observed in hydrolysis rates (AcSCh, M7C) and in the rates of
inhibition (Zn2+, Cu2+, Hg2+, etc.). Mg2+, at low donic
strength, did not effect the iPrZPF inactivation rates, how-
ever, very low concentrations of propidium (3.71 x 10~8 M)

lowered the rates by approximately 1.5 fold.
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Fig.

35.

Kinetics of[iProPF]inactivation

of AcChase. Measured by the
discontinuous method see Materials
and Methods for details. (a)
"biphasic" T. californica AcChase,
[iPr9PF] = 2.87 x 10-% M; (b)
"monophasic" T. californica
AcChase, [iPr9oPF] = 1.02 x 10-2

M; (c) E. electricus AcChase
[iPr9PF] = 9.64 x 10~2 M. The
enzyme concentration was ~8 x 1079
N.
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TABLE XVII. Rate constants of the iPrzPF inactivation of
E. electricus AcChase.

[iPryPF] -1 -1 1072y

b
Method
etho ¥ x 10-5 k (M sec X

HIGH IONIC STRENGTH (Tris-Cl (10 mM/0.1 m NaCl) pH 8.0)

Rapid sampling 3.75 2.21 + .48
Continuous 7.08 1.74 + .06
LOW IONIC STRENGTH (Tris-Cl (1 mM) pH 8.0)

Rapid sampling 3.75 1.20 £ .30
Continuous 4,62 1.22 = .17
Continuous + Propidium 4,62 0.81 + .02

(3.71 x 10-8 M)
Continuous + Mg2+ 4.62 1.11 = .17

(3.3 x 10-4 m)

a
Average of 4 runs.
p-nitrophenyl acetate was used as the substrate.
[NPA] = 2 x 10-% M.

[E] = 10-10 N,
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6) Chemical modification of Acetylcholinesterase:

A) DTNB:
Attempts were made to determine the free thiol content of

AcChase from T. californica and E. electricus, using DTNB.

The reaction with DTNB was performed under denaturating condi-

tions (1% SDS; 0.1 M Tris-Cl; pH 8.0) with enzyme concentra-

tions of 1-2 x 10—6 N. Both T. californica and E. electricus

AcChases were reactive towards DTNB under these conditions,
although the amount of thionitrobenzoate anion (equal to the
free thiol concentration) was quite variable (Table XVIII).
This is thought to arise from inaccuracies in measuring small
absorbance values (.02-.05), and the autooxidation of fthe
enzymic thiol groups (prior to the addition of DTNB) and/or
the thionitrobenzoate anion. In view of these results, a more

sensitive assay of thiol content was sought.

B) N-Dansylaziridine:

The fluorescent, thiol-specific reagent N-dansylaziridine
(N-DAZ) was first introduced by Scouten et al. (162). 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 fluorescence intensity is enhanced. The free
thiol groups in the protein are thought to react with the azi-
ridinyl portion of N-DAZ to yield dansyl-S-aminoethylcysteinyl~-
protein. The covalently linked dansyl moiety has an excitation

maximum of 345 nm with an emission maximum of 495 nm (162).
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TABLE XVIII. Titration of free thiol groups in AcChase under
denaturating conditions.?

Moles of NBS b mol SH/mol enzyme
T. californica (4.45 x lO-7 M)
Trial 1 1.86 x 107° 4.78
Trial 2 1.25 x 10°° 2.81
E. electricus (2.87 x lO“7 M)
Trial 1 2.2 x 10—6
Trial 2 1.2 x 107° 4.2
§ 1% SDS in 0.1M Tris-Cl pH 8.0.

€ = 13600.
M(412)
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i) T. californica AcChase (monophasic):

Introduction of N-dansylaziridine to enzyme (2.5 x 10—7

M; in low ionic strength; pH 8.0) resulted in a time dependant
shift and enhancement of the N-DAZ emission maximum (Fig. 36).
The reaction was extremely slow, requiring V17 hrs for comple-
tion (at 25°C). The enzyme so modified retained Vv90% of its
activity (as measured by the carbamoyiation amplitude resulting
from the pre-steady-state "burst" upon addition of M7C).
Subsequently, the modification with N-DAZ was performed
under a variety of conditions (Fig. 37): The fluorescence
spectrum of the reagent (N-DAZ) in the absence of enzyme re-
mained unchanged over a period of 17 hrs (at 25°C), in the
presence or absence of a variety of peripheral-site ligands
(Fig. 37B). The reaction of N-DAZ with AcChase appeared to
be inhibited in the presence of Mg2+ or at high ionic strength
(Fig. 37C) but was enhanced in the presence of an+ (Fig. 37D,
with 1.6-fold higher fluorescence intensity at 500 nm than with
AcChase + N-DAZ alone; Fig. 37C). Only 30% of the original
activity remained when the enzyme was modified in the presence
of Zn2+.
The excess N-DAZ (and peripheral-site ligands) were removed,
either by extensive dialysis on an AMICON ultrafiltration appa-
ratus or by chromatography on a column of Sepharose 4B which
had L-cysteine covalently attached to it. The protein samples
so treated had an intense new fluorescent peak at 495 nm with

an excitation maximum at 345 nm (Fig. 38). Upon removal of

the excess N-DAZ the partially modified enzyme (N-DAZ plus
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Fig.

36.

Reaction of T. californica
AcChase with N-dansylaziridine.
Monitored by changes in the
emission spectrum of N-DAZ.

The scan of emission spectrum
(400-600 nm) at various time
intervals after the addition of
N-DAZ (3 x 10™3 M) to AcChase
(2.57 x 10-7 M): (1) t=0; (2)
5 miny (3) 15 min; (4) 35 min;
(5) 1 hr 15 min; (6) 2 hr; (7)
3 hr 4 min; (8) 5 hr 20 min;
(9) 9 hr 23 min. The excitation
wavelength was 345 nm. 0.3 mL
fluorescence cells were used.




Intensity

Filuorescence

163

90—

70—

30—

emission A

(nm)



164

Fig.

37.

Reaction of N-DAZ with T. cali-

fornica AcChase in the presence

of a variety of peripheral-site

effectors. Monitored by the scan

of the emission spectrum of N-DAZ
after 17 hr of reaction with
AcChase (2.57 x 107 M) at 25°C.
A) AcChase + Zn2% (4.74 x 1074
M)+ N-DAZ (2.72 x 105 M) ; B)
AcChase + N-DAZ (2.72 x 1079 M) ;
C) AcChase + Mg2+ (4.75 x 10-3
M) + N-DAZ (2.72 x 10~9 M); D)
Buffer + N-DAZ (2.72 x 1072 M);
The excitation wavelength was
345 nm. 0.3 mL fluorescence
cells were used. The buffer

was 1.0 mM-Tris-Cl, pH 8.0.
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Fig.

38.

Fluorescence spectrum of modified

T. californica AcChase. AcChase

(2.57 x 10~/ M) was reacted with
N-DAZ (2.5 x 102 M) in the pre-
sence of zZn2t (1.04 x 10-%4 M)
for 17 hr at 25°C. The excess
N-DAZ and Zn?t were removed by
extensive dialysis. The buffer
was 1.0 mM-Tris-Cl, pH 8.0. The
excitation wavelength was 345 nam.
3.0 mL fluorescence cells were
used. (A) dialysed enzyme; (B)
N-DAZ + Buffer after 17 hr at
25°C.
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AcChase; Fig. 37B) retained only 40% of its activity whereas
the enzyme that had the most label (N-DAZ + AcChase plus Zn2+,
Fig. 37A) was devoid of AcChase activity.

The reaction of N-DAZ with AcChase plus Zn2+ was followed
by continuously monitoring the increase in the fluorescence
at 500 nm. The reaction was very slow, reaching completion
in ~v17 hrs. The pseudo-first order rTate constant (kobs)

-1
extracted from these data (Fig. 39) was 0.16 hr (try of 4.33

1
3

hr), approximately 5-fold lower than previously reported for

the reaction of N-DAZ with BSA (162).

ii) E. electricus AcChase:

Incubation of E. electricus AcChase with N-DAZ resulted

in a very small enhancement in the N-DAZ fluorescence spectrum
(Fig. 40B), although the emission maximum was blue shifted by
10 nm. This partially modified enzyme was fully active at
the end of 17 hr. Again in the presence of Zn2+, the fluore-
scence at 500 nm was enhanced by 1.9 fold over that observed
with N-DAZ plus enzyme alone (Fig. 40A). Under these condi-
tions the enzyme retained only 237% of its original activity.
Neither Hg2+ nor 2-PAM had any apparent effect on the reaction
of N-DAZ with AcChase. DMB (1 x 10—6 M) was found to inhibit
the reaction of N-DAZ with AcChase (Fig. 40C, D and E). The
excess N-DAZ was removed (by either dialysis or chromatography)
and the resulting protein was fhen devoid of AcChase activity.
These results suggest that AcChase is most reactive to-
wards N-DAZ in dits unreactive conformation (stabilized by

+
an ) and least reactive in the activated form (stabilized by
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39.

Kinetics of the reaction of N-DAZ

with T. californica AcChase.
Fluorescence at 500 nm was con-
tinuously monitored. The exci-
tation wavelength was 345 nm.

The reaction mixture contained
AcChase (5.72 x 10-7 M), Zn2+t
(1.0 x 104 M) and N-DAZ (2.75

x 105 M). 3.0 mL fluorescence
cuvettes were used. Dashed line;
buffer + N-DAZ (2.75 x 1072 M).
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Fig.

40.

Reaction of N-DAZ with E. elec-

tricus AcChase in the presence

of a variety of compounds.

Monitored by the scan of the
emission spectrum of N-DAZ after
17 hr of reaction with AcChase
(2.57 x 1077 M) at 25°cC.

(A) AcChase + ZnS04 (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 + HgCly (5 x 10-5 M)
+ N-DAZ (2.72 x 10~° M);

(D) AcChase + 2-PAM (1 x 10~%

M) + N-DAZ (2.72 x 1075 M);

(E) AcChase + DMB (1 x 100 )

+ N-DAZ (2.72 x 1072) or Buffer
+ N-DAZ (2.72 x 1075 M). The
buffer was 1.0 mM-Tris-Cl, pH
8.0. 3.0 mL fluoresence cells
were used. The excitation wave-
length was 345 nm.

M)
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Mg2+ or at high ionic strength).

The modified enzyme samples, containing the highest amount
of label (E + an+ + N-DAZ), were hydrolyzed in 6 M HCLl, in
sealed tubes for 4 hr at 110°C, the HCl was removed, the
hydrolysate was dissolved in MeOH, and applied to a 20 x 20
cm TLC sheet (EASTMAN silica gel). Two dimensional TLC was
then performed using the solvent systems #63 or #64 of Neid-
weiser (164). A fluorescent, ninhydrin positive spot that
did not move in the first (#63) solvent system but had an Rf
value of 0.87 din the second (#64) solvent, which is very close
to the Rf value obtained with dansyl-S-aminoethyl-cysteine
(0.85), subjected to 2 dimensional TLC under identical condi-
tions (Fig. 41). Further tests, to determine the structure

of the fluorescent compound in the enzyme hydrolysate, are in

progress.



174

41.

2-Dimensional TLC of the hydro-

lysate of modified AcChase.

The modified protein was hydro-
lysed in 6.0 M HC1l at 110°C for

4 hr. The HCl was removed, and
the hydrolysate was extracted
with methanol and applied onto a
silica gel plate (20 x 20 cm).
Solvent system in direction 1

was benzene:pyridine:acetic acid
(80:20:5 v/v); and in direction

2 was toluene:2-Cl-ethanol:NH,O0H
(80:20:5 v/v). Neither dansyl-
S—-aminoethyl cysteine (A) nor the
protein hydrolysate (B) moved in
solvent system #1. 1In solvent
system 2: dansyl-S-aminoethyl
cysteine (A) resulted in two
fluorescent (F) spots with Rf
values of 0.65 and 0.85 only

the spot with the latter Rf value
was ninhydrin positive (N); the
protein hydrolysate (B) resulted
in one fluorescent spot (F) with
an Rf value of 0.85, and was nin-
hydrin positive (N).
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DISCUSSION

Fluorescence titrations:

The specificity of propidium for the peripheral anionic

sites of AcChase isolated from T. californica has been elegantly

demonstrated by Taylor et al. (130). 1In these studies

four molecules of propidium were shown to bind per molecule

of tetrameric (lls) AcChase, with a binding constant of 3 x

10—7 M. The binding was hyperbolic indicating that the four

propidium binding sites were identical. Propidium displacement

experiments were used to demonstrate binding specificity of

other ligands: Propidium was displaced by the ligands galla-

mine, d-tubocurarine and decamethonium. Active site-directed

ligands which display competitive kinetic behaviour (edropho-

nium and N-methylacridinium) as well as the modification of

the active site with bulky sulphonates and phosphates had no

effect on the interaction of propidium with AcChase (130, 143).
In the current investigation the use of propidium as a

probe for the peripheral anionic sites was extended to AcChase

isolated from the electric organs of E. electricus, the elec-

tric eel. The AcChases from these two sources are quite dis-
tinct with respect to molecular weights and amino acid content.
These differences also extend to the catalytic properties of
the two enzymes, although qualitatively they display many simi-
larities with respect to substrate and ligand binding speci-
ficities. Quantitatively they are somewhat different. T.

californica AcChase has a turnover number that is approximately

3-fold less and displays approximately ten-fold lower affinity
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for cationic ligands, than E. electricus AcChase under compa-

rable experimental conditions. The present results indicate
that these differences extend to propidium binding: Four
molecules of propidium were shown to bind per tetrameric (118)

E. electricus AcChase molecule, however, the binding exhibited

considerable heterogeneity. Less than two molecules of pro-
pidium were bound very tightly, with a dissociation constant
of less than 10—7 M. The remainder of the propidium molecules
were bound less tightly, with a dissociation constant of 4 x
10_6 M. There are several possible interpretations of these

results. The first explanation that comes to mind is that E.

electricus AcChase possesses non-equivalent propidium binding

sites. This is plausible in view of the structural asymmetyy
suggested in the most recent structural model for 11S E. elec-
tricus AcChase proposed by Rosenberry and his co-workers (60,
65). In this model two of the subunits are linked to one another
by disulphide bridges while the remaining two are linked again

by disulphide bridges to a collagen-like tail (as illustrated

below).

@®s-s
@

S S
\eg/
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Another possibility is that there is a heterogeneous enzyme
population made up of native and partially denatured enzyme.
The source of the denaturation could be the proteolytic (or
autolytic) step in the isolation procedure: Both i. califor-

nica and E. electricus are solubilized from their respective

tissues by a limited proteolytic or a prolonged autolytic (in

toluene) digestion. The E. electricus enzyme used in this

study was obtained from a crude, commercially available pre-
paration (Sigma type VI-S) which is solubilized from the eel
electric tissues by autolysis, for up to 2 years under toluene.
It is therefore conceivable that under these conditions E. elec-
tricus AcChase is more susceptible to autolytic degradation

of its polypeptide chains. A third possibility involves the
binding of propidium to pre-existing kinetic states which are

in equilibrium; one conformation would bind propidium tightly,
the other less so. The homogeneous propidium binding observed

in the case of T. californica could be accounted for by assuming

that only one form dominates or that propidium can bind to either
conformation with equal affinity. ©Evidence for the latter has
been presented by Bolger and Taylor (l44): Binding of bis-

quaternary ligands to T. californica AcChase was characterized

by a fast bimolecular step plus a slow unimolecular step. Pro-
pidium on the other hand displayed only the fast bimolecular
step. These results were interpreted in terms of two pre-
existing conformations of AcChase. Propidium was assumed to
bind to either form, therefore only displayed the fast bimole-

cular step whereas the bisquaternary ligands were thought to
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bind to one conformation only. The slow unimolecular step
represented the rate of interconversion between enzyme forms
(144).

The apparent differences between E. electricus and T.

californica enzymes with respect to propidium binding were,

in the present study, shown not to extend to the locus of
binding. Gallamine, a molecule that has peripheral anionic

site specificity for T. californica AcChase (130, 143) or

erythrocyte (133) AcChases, was able to displace propidium,

while edrophonium, a ligand specific for the anionic subsite

. . . A +
of the catalytic site (56), failed to do so. In addition an
a species that has been demonstrated to inactivate T. califor-

nica (145) and E. electricus AcChases (see results) and Mg2+,

an activator of both T. californica and E. electricus enzymes

(129, 133, present study), were tested for their ability to

displace propidium from E. electricus AcChase. Zn2+ displaced

50% of the bound propidium at its (Zn(OH)Z) solubility limit.
Mg2+ was less effective, displacing approximately 30% of the
bound propidium. The Mg2+ results are in accord with previous
kinetic and spectral evidence that demonstrate that divalent
activators combine at the peripheral anionic subsite Pl whereas
gallamine and propidium occupy subsites P2 through P4. The
subsite specificity of Zn2+ has yet to be established although
the present results seem to indicate that Zn2+ and propidium
sites do not exactly overlap.

These studies further demonstrate the usefulness of pro-

pidium as a probe for the peripheral sites of AcChase from E.

electricus as well as T. californica, although there does appear




180

to be some (as yet unexplained) differences in the binding char-
. . . . . 2+ .

acteristics. The inorganic cation Zn appears to combine

with AcChase at the peripheral anionic sites but whether this

interaction leads to the inactivation of the enzyme requires

further kinetic evidence.

Steady-State kinetics:

The results obtained from a study of the rates of hydro-
lysis of AcSCh under steady-state conditions, in the presence
or absence of a variety of peripheral or catalytic site speci-

fic ligands, indicate that E. electricus exists in at least

three kinetically distinct states in equilibrium. These states
may be defined as: the low ionic strength state (E); the
activated state (Ea); and the inactive state (Ei). In the

absence of peripheral site effectors, at low ionic strength

the E state predominates, while the conversions to states Ea

and Ei require the presence of specific peripheral site ligands
and occur in a concerted manner without any apparent intersub-
unit co-operativity.

The preliminary evidence for the existence of the ionic
strength-dependent (E) and (Ea) forms arose from the fact that
two distinct sets of data, both displaying Henri-Michaelis-
Menten behaviour, were obtained at either low or high ionic
strength. The wvalues of Kapp and kcat at low ionic strength
were 4.3 x 10—6 M and 3.5 = 1.0 x lO5 min—l,respectively and

5

increased to 5.6 x 10“5 M and 9 x 10 min”1 at high ionic

strength. The kinetics of hydrolysis of AcSCh at an inter-
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mediate ionic strength (0.025 M) did not obey Henri-Michaelis-
Menten behaviour and displayed downward curvature in the reci-
procal plots, at high substrate concentrations, suggesting
kinetic heterogeneity at sub-critical ionic strengths. In
addition the organic ligands that were shown to be peripheral
site-specific (propidium and gallamine) inhibited the AcSCh
hydrolysis at low ionic strength, in an uncompetitive manner,
and displayed downward curvature 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 peripheral site-specific ligand-
induced kinetic heterogeneity in AcChase. This assumption is
given further support by the observation that preincubation

of AcChase with either propidium or gallamine prior to the
addition of AcSCh resulted in hydrolysis rates that were up to
l.4-fold higher than obtained when AcSCh plus gallamine or
propidium were introduced at the same time. Furthermore, the
double reciprocal plots in the preincubated case no longer
displayed curvature and the initial rates were increased over
most of the substrate concentration used. In addition, the
inhibition appeared to be more competitive in nature. The
activation was observed only upon a 10 minute preincubation

of the enzyme with either gallamine or propidium, suggesting
that the rate of activation of the enzyme by these ligands
was Véry slow. The slow propidium- or gallamine-induced acti-

vation was directly observed in the stop-flow spectrophotometer.
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The rate of AcChase-catalyzed hydrolysis of AcSCh increased
gradually to a rate approximately 1.36 times that of the ini-
tial rate (a few seconds after the mixing of the reagents).

In addition to the organic peripheral site-specific ligands,
inorganic cations Mg2+, Ca2+ and an+ were shown to activate
AcChase at low ionic 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
1.7 times over and above the rates in their absence. The maxi-
mal effect was observed at an ionic strength of 0.07 to 0.1
and was identical to the amount of activation observed by Na+.
However, the concentration or ionic strength of the divalent
cations required for half-maximal activation (a rough estimate
of the enzyme-cation dissociation constant) was 30-fold or 12-
fold lower, respectively, when compared with monovalent sodium.
Therefore the activation of AcChase by cations is thought to
result from a specific metal-metal-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 cations was rapid in contrast to
the slow activation observed with propidium and gallamine.
This provides further support for the existence of separate
metal ion (Pl) and organic cation activator sites (P2 - P4)
(56).

The enzyme was converted to an inactive state (Ei) in
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+ + 2+ 2+
the presence of an s Cd2 , Pb and Hg . The inactivation

was very slow, requiring about 10 minutes for the onset of
maximal inhibition. The concentration-dependence of the in-
activation process appeared to be hyperbolic with respect to
both metal ions, as measured by the decrease in initial rates
. . 2+
of AcSCh hydrolysis. The instantaneous effect of Zn , measured
under steady-state conditions with rapid-mixing techniques
(using a stopped-flow apparatus), was an inhibition of the rates
. . -6 .
of hydrolysis at AcSCh concentrations <8 x 10 M; above this
. 2+ . e
substrate concentration, Zn was found to increase the initial
. . 2+ . .
rates of hydrolysis. A concentration of Zn required to in-
activate >957% of the AcSCh hydrolysis rate after a 10 minute
. . -4 . .
preincubation (4 x 10 M), increased the instantaneous hydro-
lysis rates by 1.7-fold. These results, aside from the demon-—
stration that the decrease in the rates of AcSCh hydrolysis
does not arise from simple inhibition and therefore is a peri=
. . . . 2+
pheral anionic site-mediated effect, suggest that Zn has two
opposing effects on AcChase: an instantaneous conversion of
the enzyme to an activated state (Ea) as well as a slow inacti-
vation to an inactive state (Ei). These two opposing effects
. 2+ . . .
could result if Zn can bind to peripheral activator as well
. . . . 2+ . .
as to peripheral inactivator sites. Zn binding at or near
propidium binding sites has been demonstrated by the fluore-
scence displacement experiments described earlier, however
the location of the site or sites on the enzyme responsible for

inactivation are not known.
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T. californica AcChase:

The steady-state rates of hydrolysis of AcSCh catalyzed

by T. californica AcChase under low and high ionic strength

conditions were significantly different from the results obtained

with E. electricus AcChase. The kinetics at low ionic strength

obeyed Henri-Michaelis-Menten kinetics up to 12 UM AcSCh. Above

this concentration the double reciprocal plots were displaced

downward and no substrate inhibition was observed, even with

AcSCh concentrations as high as 614 uM. The K and k
app cat

evaluated from the linear portion of the double reciprocal

-5 4 . -1 .

plots were 1.18 x 10 M and 3.1 x 10 min respectively.

The kinetics at high ionic strength displayed Henri-Michaelis-

Menten behaviour over the entire substrate concentration range

with K and k___ 4.46 x 107> M and 2.92 x 10° min" !, respec-

app cat
tively. The initial rates at high ionic strength were higher
than the low ionic strength rates for the entire substrate

concentration range. This is brought about by the values of

kcat at low and high ionic strength, differing by approximately

10-£fold. In E. electricus kcat increased by approximately 2.5-
fold; as a result enhanced rates at high ionic strength are
observed only at AcSCh concentrations above (25-30 uM). A
ten—-fold inecrease in kcat going from low to high ionic strength,

with T. californica AcChase, was accompanied by an approxi-

- i 1 4y K ). This is in
mately 3.7-fold increase in Kapp (Kapp Koot s>

contrast to the E. electricus AcChase where a 2.57-fold increase

in k is accompanied by a 10-fold increase in K . It there-
cat app

fore appears that in T. californica AcChase, K, for AcSCh decreases
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whereas in E. electricus AcChase it increases with increasing

ionic strength.

The downward curvature in the case of the T. californica

AcChase observed at low ionic strength is reminiscent of the
biphasic double reciprocal plots obtained at intermediate ionic

strength with E. electricus AcChase. One possible explanation

of these results is that the equilibrium between active (E)

and activated (Ea) forms of T. californica enzyme is less de-

pendent on the presence of activators so that at low ionic
strength significant amounts of (E) and (Ea) are present. An
alternative explanation could be that AcSCh binds at the peri-
pheral anionic activator sites, thereby converting (E) to (Ea),
at high concentrations. However, the nature of steady-state
kinetics makes it impossible to distinguish between these two

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 KS, k2 and k3 of the proposed catalytic mechanism
(Scheme II) may be separately established (see appendix). 1In
addition the amount of active enzyme can be accurately deter-
mined. Therefore pre-steady-state kinetics seem ideally suited
for a study of the consequences of peripheral site occupation.

In the present study pre-steady-state conditions were

obtained by studying the carbamoylation of the enzyme by the
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fluorogenic carbamoylating agent M7C (79). With this pseudo-
substrate the decarbamoylation rate constant k3 is much smaller

than the carbamoylating rate constant k2 and as a result there
is a pre-steady-state "burst" of fluorescence resulting from
the release of the fluorescent compound M7C, upon formation

of the carbamoyl enzyme. The amplitude of the carbamoylation
phase corresponds to the amount of free, active enzyme, while
the pseudo-first order approach to steady~state is a reflection
of the carbamoylation rate constant (kz). The steady-state
turnover of M7C can be related to the decarbamoylation rate
constant (k3) (79).

In the M7C concentration range 0.5 to 10 UM, at low ionic
strength, the dependence of the pseudo-first order rate cons-—
tant (kobs) on the substrate concentration was hyperbolic (as
predicted by eq. [7%9a]; 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 (k3). Edrophonium,
on the other hand, inhibited the carbamoylation in a competi-
tive manner, once again demonstrating that these two classes
of compounds interact with the enzyme in different ways.

Above 10 UM M7C concentration at low and high ionic strength,

the dependence of ko on the M7C concentration was no longer

bs

hyperbolic. The rates increased in a non-hyperbolic manner,
resulting in a downward displacement of the double reciprocal

plots. The increase in ko was accompanied by an increase

bs

in k3: The extrapolated value of k2 was increased almost
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3-fold, k3 was almost doubled (Vv1.3-fold at high ionic strength).
This result, reminiscent of AcSCh kinetics at low ionic strength

displayed by T. californica AcChase, could be due to either

substrate activation or a second enzyme population becoming
activated, at high M7C concentrations. The activation 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 entire substrate (M7C) range
studied (0.5 to 38 pM), suggests that the observed activation
of k2 and k3 is due to the conversion of the active enzyme to
an activated form (Ea). There are several lines of evidence

to indicate that M/7C interacts with the same region of the
peripheral anionic sites occupied by propidium or gallamine:
The effects of propidium or gallamine on k2 or k3 are observed
only at low M7/C concentrations. At high M7C concentrations,
where substrate activation is observed, these ligands no longer
have any effect on carbamoylation (k2) or decarbamoylation (k3)
rates. This could only come about if M7C and gallamine or
propidium binding subsites (P2—P4) are mutually exclusive.

In going from low to high ionic strength conditions, KS
was increased by 3.8 fold, k3 was approximately doubled, while
k2 was unaffected. Inorganic activators appear to induce the
same conformational changes as induced by high ionic strength,
as the only effect of Ca2+ or Mg2+ was an approximate tripling
of k,. However, the activation of k by Mgz+ or Caz+ was also

3 3

observed at high ionic strength, further indicating that con-
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formational changes induced either by high ionic strength or
by specific metal cation binding to peripheral activator sites,
although resulting in similar kinetic consequences, are two
independent processes. The observation of activation of k3
2+ 2+ . . . . . . e
(by Mg or Ca” ) at high ionic strength is also significant
in that it illustrates that the role of peripheral anionic
sites in controlling the catalytic activity of the enzyme is
not limited to the physiologically unimportant, low ionic
strength conditions.
The decarbamoylation rates (k3) were also activated by
2+ 2+ . . . .
Mg or Ca at high M7C concentrations, where organic acti-
vators (propidium or gallamine) were shown to have no effect.
This result once again provides evidence for the existence of
separate metal and organic cation activator sites.

The effect of inactivating ligands on the pre-steady-

state carbamoylation of E. electricus AcChase was a gradual

lowering of the carbamoylation amplitude and the decarbamoyla-
tion rate. This effect was most readily observed when the
enzyme was preincubated with the inactivator for about 10
minutes prior to the introduction of M7C, thus suggesting that
the inactivation is very slow and possibly reflects a ligand-
. . . . 2+
induced change in the enzyme conformation. Evidence for Zn -

and d-tubocurarine-induced slow changes on AcChase has been

presented by Epstein et al. (146): T. californica AcChase

was modified at the reactive serine with the reagent [1-(di-
methylamino)napthalene—5—sulfamido]pentylmethylphosphonofluori—

date ( a sensitive probe of active-site conformation). In the
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+2 .

presence of Zn or d-tubocurarine, the fluorescence of the
modified protein was enhanced and the emission maximum shifted
to lower wavelengths. The change in fluorescence intensity
occurred very slowly, and was comparable with the rate of in-

C . . 2+ .
hibition of the native enzyme by either Zn or d-tubocurarine.

. 1 2+ . .
Displacement of propidium by Zn or d-tubocurarine was rapid
with respect to the time course of enzyme inhibition or changes
in the fluorescence of the dansylated enzyme, thus suggesting
that inactivators combine rapidly with the peripheral anionic
sites and induce slow conformational changes that lead to in-
activation of the enzyme.

O0f the organic ligands tested only d-tubocurarine resulted

in the inactivation of E. electricus AcChase. The carbamoylation

amplitude decreased in an approximately hyperbolic manner with
increasing d-tubocurarine concentrations and reached a minimum
at approximately 50% of the initial carbamoylation amplitude.
The evidence for d-tubocurarine-induced inactivation being a
peripheral effect is two-fold; a) the inactivation is observed
at high M7(C concentrations, 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 amplitudes at high
M7C concentrations where M7C has been implicated in peripheral
site occupation. The inability of d-~tubocurarine to lower

the amplitude below approximately 50% of the initial carbamoy-
lation amplitude (at d-tubocurarine concentrations as high as

5 mM) might be related to an inability of the lls AcChase to bind
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more than two of the bulky d-tubocurarine molecules.

The cationic inhibitors Hg2+, Zn2+, Cu2+, Cd2+ and Pb2+,
also brought about a decrease in the carbamoylation amplitude.
The inactivation was again slow and required a 10 min preincuba-
tion for the maximal decrease in carbamoylation amplitudes.

The carbamoylation amplitude decreased in a hyperbolic man-

ner with increasing metal ion concentration, and unlike d-tubo-
curarine, the metal ions were able to abolish all of the car-—
bamoylation amplitude. The amplitude decrease was not depen-
dent on the M7C concentration. The inactivation was observed
at both low 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 inactivating metal ions (estimated
from the concentration of the cation required to eliminate 50%
of the carbamoylation amplitude) were 10-30 fold higher at high
ionic strength than at low ionic strength, suggesting that the
peripheral anionic sites as well as the catalytic 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 is converted to
the inactive form in a concerted manner without inter-subunit
co-operativity.

+ 2+ 2+
The effects of the inactivating ligands (ng s Zn , Cu s

Cd2+ and Pb2+) were reversible upon addition of EDTA; however,

all of the criginal carbamoylation amplitude could not be
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recovered. This prompted a study of the effects of prolonged
incubation of the enzyme with a given inactivator. It was
observed that prolonged contact of the enzyme with the inacti-
vator resulted in a time-dependent decrease in the amount of
recoverable activity. If this experiment was repeated under
conditions of Oz—saturation the irreversible inactivation was
more rapid but under Nz-saturation was slower. The irrever-
sible inactivation could therefore involve a metal-catalyzed
oxidation of an essential enzymic functional group. One func-
tional group, oxidizable under such mild conditions is the
sulphydryl group of the amino acid cysteine. These observa-
tions led to a study of the reaction of AcChase with sulphydryl-
specific reagents and is discussed further, later in this sec-—
tion.

The effects of inorganic and organic peripheral-site
activators on the inorganic cation induced inactivation of
AcChase was very interesting. The peripheral-site activators
(Mg2+, propidium) protected AcChase from Zn2+—induced time-
dependant decrease in the carbamoylation amplitude, but failed
to reactivate the Zn2+—inactivated enzyme. These results could
come about either from a lowering of the peripheral site affi-
nity for activators or from an increase in the affinity for
inactivators, in the inactivated state (Ei). The latter possi-
bility would be analogous to the desensitization of the acetyl-
choline-receptor: Prolonged incubation of the receptor with
agonists or antagonists results in a slow conformational change

of the receptor to a desensitized state which is characterized
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by an increased affinity (by as much as 1000-fold) for agonists

or antagonists ( 28 ).

The kinetics of conversion to inactive species:

The inactivation of E. electricus AcChase by the inorga-

+
nic cations ng s Cd2+, Cu2+

2+
and Zn was biphasic at low ionic
strength, irrespective of the method of assay. The kinetics were
resolved into two first order processes, characterized by two

-2 -1 -3 -1

rate constants of 5.12 x 10 sec and 4.4 x 10 sec , res-
pectively. Although the relative amplitudes of the slow phases
differed according to the method of assay, the rate constants
extracted from the time courses were virtually identical either
with the continuous NPA assay or the discontinuous M7C assay.

Pattison and Bernhard (145) were the first to report bi-
phasic inactivation kinetics with the inactivating peripheral

. . . 2+ 2+ . .

site ligands d-tubocurarine, Cu and Zn . The biphasicity

was explained in terms of a two state model for AcChase. In

this model AcChase from T. californica was assumed to be in a

conformational equilibrium between active (E) and inactive (Ei)

2+ 2+
u

kinetic states. Activators of the enzyme such as Mg“® , C s

propidium or gallamine were thought to stabilize the active (E)
. . . . 24
conformation, whereas inactivators d-tubocurarine, Cu and
2+ s , , .
Zn would stabilize the inactive (Ei) conformation. The faster
rate observed in the inactivation kinetics, under saturating
inactivator ligand (L) concentrations, was attributed to the

rate of conversion, E+EiL. The slower rate constant was thought

to represent the conformational transition in the opposite
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2+ . }

(146) were able to detect Zn~ - and d-tubocurarine—induced

slow conformational changes, by alterations in the fluorescence

of T. californica AcChase labelled at the active sites with

fluorescent dansyl [l—(dimethylamino)napthalene—S—sulfonamido]
phosphonates. The onset of the Zn2+— and d-tubocurarine-induced
conformational changes was biphasic, at low ionic strength.

The faster of the two rate constants extracted was 2.2 x 1071
sec ~, similar to that observed kinetically by Pattison and
Bernhard (145) (3 x lO_~2 sec_l). There was no attempt made on
the part of Epstein et al. (146) to explain the second slower

rate constant. These results were explained in terms of a two-

state model (Scheme 1IV),. In this model, T. californica AcChase

was thought to be in two conformational states, active (E) and
. . 2+
inactive (Ei). The rate constant extracted from the Zn or
d-tubocurarine induced changes in enzyme fluorescence was

thought to be the sum of the two slow processes, EL->E L, and
i

E.L>E, under saturating inactivating ligand (L) concentrations.
1

fast

slow + ¥ slow
—
E.+4L & E.L
fast
SCHEME IV

It is felt that a more adequate explanation of the bi-

phasic inactivation results obtained here with E. electricus

AcChase, and by Pattison and Bernhard (145) and Epstein et al.
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(146) with T. californica AcChase, requires the inclusion of

a third activated state in the proposed model (Scheme 1IV).
Extensive evidence for the activated (Ea) state, induced
by peripheral activating ligands and stabilized at high ionic
strength comes from steady-state and pre-steady-state kinetic
data presented here: Under conditions of low ionic strength

the steady~state kinetic parameters K and k for AcSCh
app cat

are 4.3 x 10—6 M and 3.5 x lO5 min °, respectively. In the
presence of 100 mM NaCl the enzyme is converted to a high K

app
5 min_l) form. Ca2+, Mg2+ and

(5.6 x 107°M), high k (9.6 x 10
cat
an+ also appear to induce this conversion, increasing the
steady-state velocities by approximately 1.7-fold. The organic
peripheral site ligands have also been shown to activate the
enzyme through slow conformational changes; the maximal acti-
vation was approximately l.4-fold. Under pre~steady-state
kinetic conditions, the organic ligands M7C, propidium and
gallamine were shown to activate both the carbamoylation and
decarbamoylation rate constants by approximately 3-fold. In-
organic activators were shown to activate only the decarbamoy-
lation step by ~3-fold.

The inactivation kinetics under high ionic strength con-
ditions are monophasic, but at low ionic strength are biphasic.
The fast rates at high and low ionic strength are virtually
identical. This behaviour cannot be accounted for by the two
state model.

A more appropriate explanation, which can account for the

observed inactivation kinetics, would be that the metal cation-
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induced inactivations from the active (E) and the activated
(Ea) kinetic states, are characterized by rate constants dif-
fering approximately by an order of magnitude. The slow inac-
tivation rate constant, only observed at low ionic strength,
is thought to represent the conversion to the active (E)
enzyme to the inactive (Ei) form, (E+Ei); whereas the fast
inactivation rate constant observed both at low and high ionic
strength is thought to represent the conversion of activated
(Ea) enzyme to the inactive (Ei) form (Ea+Ei). Biphasic inacti-
vation kinetics can therefore be accounted for by the presence
of both (E) and (Ea) in significant proportions at low ionic

strength. In order for this to happen inactivating ligands

must activate the enzyme as well as inactivating it. This has
. . . 2+

in fact been demonstrated in the present study with Zn (as
the inactivating ligand): at low ionic strength, with rapid

mixing techniques, an+ was shown to increase the initial rates
of AcSCh hydrolysis by as much as l.7—fold;

In view of the present evidence, Scheme V is proposed to
account for peripheral-site-specific ligand induced kinetic
(conformational) states in E. electricus AcChase.

Ky
E == E
Kl I K4
E

o 4 ~
K

SCHEME V



196

In this scheme active enzyme (E) predominates at low ionic
strength., The activated enzyme (Ea) is stabilized by peripheral
site activators or at high ionic strength. The inactivating
ligands can bind to activator (Pl) as well as to inactivator
subsites of the peripheral anionic sites, the conversion to
(Ea) is rapid whereas to (Ei) or to (Eia) is slow. The con-
version to the inactive states, (Ei) and (Eia), from the cor-
responding active (E) and activated (Ea) states proceed with
different rates. The conversion, Ea+Eia, has a larger rate
constant than the E+Ei, conversion, thus resulting in biphasic
inactivation kinetics at low ionic strength. Under high ionic
strength conditions only the rate constant corresponding to
the conversion of Ea—>Eia is observed. The states Eia and Ei
are kinetically indistinguishable. 1In addition to the rever-
sible steps, metal inactivators of AcChase convert the enzyme
to a denatured state (Ed), which is irreversible.

Strong support for Scheme V is provided by the results

—+
obtained from the study of the La3 -induced inactivation of the

enzyme. Preincubation of E. electricus AcChase with varying

3+ . . .

amounts of La for 10 minutes resulted in a decrease in the
carbamoylation amplitude both at low and high ionic strength.
The inactivation profile at low ionic strength was very unusual
in that the onset of the inactivation was observed at 1 uM

3+ . . .
La and the enzyme was still not completely inactivated at

3+ . . -2 .
La concentrations as high as 10 M. This effect was not

due to the extra contribution to ionic strength made by tri-

, 2+ . 3+ . .
valent cations as Hg~ , made equivalent to La in iomnic
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strength by the addition of appropriate amounts of NaCl, did
2+ . . . .
not alter the Hg inactivation profile.
. . . 3+ . . . . .

At high ionic strength, the La~ -induced inactivation titra-

tion curve was "normal', in the sense that it was complete
. . . 3+ .
within two orders of magnitude of La concentration.
3+ .

La was also observed to activate the steady-state hydro-
lysis rates under rapid mixing conditions but the activation
occurred at concentrations much lower than observed in the case

2+ . . R . .
of Zn~ . This raised the possibility that the magnitudes of dis-
sociation constants Kl and K3 (the affinity of the inactivating
ligands for the activator and inactivator sites) might control
the shape of the observed inactivation profile. An expression

for the fraction of active enzyme (f) was derived from Scheme

V (see appendix) eq. [467].

£ = 1 [46a]
[t] | [1] . [t]2
1 + Kl + K3 + K1K4

Titration curves were generated by utilizing eq. [46a].
It was observed that if K1 (Scheme V) exceeded K3 by 5-fold
or less the titration curves generated were similar to that
obtained with La3+ at low ionic strength. However, if Kl
exceeded K3 by 7-fold or greater, the titration curves appeared
"normal" i.e. the titration (inactivation) was complete within
two orders of magnitude of ligand concentration (Fig. 42).

3+ . . . . .
The La titration data obtained at low ionic strength, were

fitted to eq. [46a] by computer; the values of K1, K3 and K,
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Fig. 42. Simulation of La3+ inactivation
profiles using eq. [46a] derived
from Scheme V

3+
[La” ]
1+ -
f = [46a]
[La ] [La>T]  [La>t]2
1+ L + 2 2
1 3 14

Conditions: K4 = 1 x 1073 M; Kq = 5 x_1076
M; a) K; = 5 x 1074 M3 b) Ky = 5 x 1072 M;
c) K1 =1 x 1072 M.
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obtained from the computer-fit were 6.5 x 10 M, 4.26 x 10

M, and 1.52 x lO_BM, respectively.

T. californica AcChase:

AcChase isolated from one particular lot of T. californica

electroplax displayed biphasic carbamoylation rates at low but
not at high ionic strength. The carbamoylation at low ionic
strength was characterized by two pseudo-first order processes,
differing approximately by an order of magnitude. This phenome-
non was not due to a time dependant denaturation of the enzyme,
as incubation of AcChase at 25°C for up to 11 hrs did not re-
sult either in a change in the observed carbamoylation rates
or in the relative amplitudes of the two rate processes. The
dependance of the fast pseudo-first order carbamoylation rates
on the M/C concentration was as predicted (by eq. [79a], see
appendix) in the concentration range (0.5 to 10 QM) used. The
kinetic parameters extracted from the data had the values KS =
6 4 -1

3.1 x 10 ° M, k. = 0.148 sec™! and k. = 1.4 x 10° sec

5 3 As

in the case of E. electricus AcChase, the peripheral activators

Mg2+, Ca2+ activated k3 by 3-fold; propidium activated both

kz and k3. Under conditions of high ionic stremngth KS and k

had the values 3.5 x 10_5 M and 0.23 sec“1 in very close cor-

2

+
respondance with published values (130). The an inactiva-
tion profiles were independent of ionic strength. This is in

contrast to the results obtained with E. electricus AcChase

and possibly suggests that with T. californica AcChase the
peripheral anionic-inactivator subsites are not altered by

ionic strength-induced conformational changes in the enzyme.
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The overall conclusion from the fast carbamoylation results is

that T. californica AcChase is essentially identical to E. elec~

tricus AcChase with respect to carbamoylation kinetics under
pre-steady-state conditions.

The slow carbamoylation rates may be due to the Presence
of a kinetically altered form of the enzyme, perhaps as a re-
sult of excessive proteolysis during the isolation of this
particular batch of enzyme. The pre-steady-state kinetic para-
meters extracted from the dependence of the slow pseudo-first

order carbamoylation rates on M7C concentration, were Ks = 1.67 x
107 M, k2 = 5 x lO_3 sec . These two parameters, which are

12- and 30-fold lower, respectively, than the corresponding values
obtained using the fast carbamoylation rates, therefore may
result from a partially denatured form of the enzyme. The slow
carbamoylation rates were activated but never attained the fast

rates in the presence of Mg2+, propidium or M7C. This effect

has not been observed with E. electricus or the fast T. cali-

fornica AcChases. Furthermore the effect of these activators
was to decrease the slow phase amplitude and to increase the
fast phase amplitude without affecting the total carbamoyla-
tion 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 it to a
more "native" like state.

Attempts to induce biphasicity in "monophasic" T. califor-
nica AcChase were not successful. Various experiments consisting

of alterations in isolation and assay procedures and of the TIAA
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(throw in anything available) type, failed to introduce biphasi-
city in the carbamoylation rates.
Kinetic heterogeneity in AcChase is by no means limited

to T. californica enzyme or to the present study. Gentinetta

and Brodbeck (139) reported that 185,88 and 11S E. electricus

AcChase isolated and purified in their laboratory, resulted in
curved Lineweaver-Burk plots, and the inhibition of all of
the molecular forms of the enzyme with iPrZPF was biphasic.
Subsequently, attempts by Barnett and Rosenberry (77) to repro-
duce Gentinetta and Brodbeck's (139) results failed, the inac-
tivation by iPrZPF was strictly monophasic. 1In the current
investigations the inactivation by iPrZPF was also strictly
monophasic. The iPrZPF inactivation kinetics of "monophasic"

and "biphasic" T. californica as well as E. electricus AcChase

were performed in the hope that iPrZPF kinetics were more sen-
sitive at detecting kinetic heterogeneity than the carbamoyla-
tion kinetics. The kinetic picture that emerged was identical

to the carbamoylation results: E. electricus and the "mono-

phasic" T. californica AcChases displayed monophasic iPrZPF

inactivation kinetics whereas the "biphasic" T. californica

enzyme displayed biphasic inactivation with iPrZPF.
An explanation of the intermittent observation of kinetic

heterogeneity in AcChase cannot be offered at this point and

must await further study.

The chemical modification of AcChase:

There have been many reports of a thiol~-like reactivity

in AcChase. Some of the earlier evidence is summarized in
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Table IX. More recently Massoulié and Rieger (149) have re-

ported that purified T. californica AcChase is inhibited by

PCMB. The inactivation was very slow, the half-life of the
Teaction was approximately 90 minutes. Wins et al. (132) have
demonstrated PCMB interacts with AcChase at or near the peri-
pheral anionic sites, as the PCMB inactivation was reversible
with Ca2+, a peripheral site-specific ligand. Wilson and
Silman (150) have also demonstrated that arsenite inhibition

of AcChase was reversible with PCMB, suggesting a possible com-
petition between these two thiol specific reagents for the
"thiol-like" group in AcChase. In the present study, the time-
dependent loss of activity observed at low concentrations of

T. californica AcChase ( 10—11 M) was greatly increased if the

enzyme solutions contained DTNB. At high enzyme concentrations
(2 x 10_7 M), the enzyme was very stable. Neither the carba-
moylation rate nor the amplitude changed upon incubation of the
enzyme at 25°C for up to 11 hrs. However, if DTNB was added,
there was a slow decrease in the carbamoylation amplitude. In-
cubation with DTNB for 8 hrs at 25°C resulted in the loss of
25% of the carbamoylation amplitude. These results were inter-
preted as arising from the modification of free thiol groups
in AcChase since DTNB is one of the most specific reagents
for the titration of thiol groups in proteins. A DTNB-depen~-
dent loss in activity could not be demonstrated with E. elec-
tricus AcChase, either with low or high enzyme concentrations.
However, the observation that the metal-induced irreversible

inactivation was O2 dependent raised the possibility of free
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thiols being at or near the peripheral anionic sites and that in

the case of E. electricus AcChase were inaccessible to DTNB. DTNB

titrations with both T. californica AcChase and E. electricus

AChases were 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) was quite
small (0.02-0.05 absorbance units). Accurate determinations

of the free thiol groups using DTNB could be made, either with

a very sensitive spectrophotometer or by using very high con-
centrations of enzyme. Owing to the lack of the former and

the prohibitive costs of the latter, an alternative, more sen-
sitive method for the determination of free thiol groups was
sought. One such reagent introduced recently by Scouten et al.
(162) was the fluorescent, thiol specific compound N-dansyl-

aziridine (N-DAZ).

T. californica AcChase:

The reaction of N-DAZ with T. californica AcChase was

characterized by a slow, time dependent enhancement in the N~
DAZ fluorescence intensity and blue shift of approximately 10
nm in the fluorescence emission maximum. The magnitude of
the fluorescence enhancement was dependent on the reaction
conditions used. The largest enhancement ( 1.6-fold higher
than with enzyme plus N-DAZ alone) of the fluorescence spec-

trum (at 500 nm), was obtained in the presence of an+ (1 x

10—-4 M) while the smallest enhancement was observed if the

reaction was performed at high ionic strength or in the pre-
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sence of Mg2+ (5 % 10—3 M). These results are thought to re-

flect at least 3 distinct conformational states of the enzyme

(in order of reactivity with N-DAZ): The inactivator stabi-

lized, inactive state (Ei), the low ionic strength stabilized,
active state (E), and the high ionic strength/activator-stabilized,
activated state (Ea)'

The kinetics of the AcChase/N-DAZ reaction were studied
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 was obtained, and was unaffected by
Zn2+. This rate constant is approximately 5-fold smaller than
that reported for the reaction of N-DAZ with BSA (162). The
unreacted N~-DAZ was removed by either extensive dialysis or by
chromatography on a column of Sepharose 4-B to which L-cysteine
was covalently attached.

The resultant modified protein was devoid of AcChase acti-
vity and displayed a new peak in its fluorescence spectrum.
This peak had an excitation maximum at 345 nm and an emission
maximum at 495 nm, and is identical to the spectral properties
of S—-aminoethyl dansylated BSA (162). The effect of the modi-
fication on the catalytic activity of AcChase is not clearly
understood: If the enzyme is modified with N-DAZ in the
absence of Zn2+, it retains 907% of its original activity at
the end of 17 hrs, but upon removal of the excess N-DAZ, the
activity drops to only 40%Z of the original. One possible
explanation of this result could be that the damsylation

renders the enzyme more susceptible to denaturation (i.e. it
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precipitates out of solution, or becomes sensitive to agita-

tion).

E. electricus AcChase:

The reactivity of E. electricus AcChase towards N-DAZ was

different from that of T. californica AcChase. Incubation of

E. electricus enzyme plus N-DAZ resulted in a very small enhance-

ment in the N-DAZ emission spectrum, although the same spectral
. 2+ )

changes were observed. Introduction of Zn to the reaction

mixture again resulted in a greater enhancement of the fluore-

scence at 500 nm, but in the case of E. electricus AcChase the

amount of fluorescence increased by Vv1.9-fold as opposed to

v1.6-fold with T. californica AcChase. The greater reactivity

of T. californica as compared with E. electricus AcChase indi-

cates that the reactive groups are more exposed in the case of
the former, possibly explaining the greater tendency of the
T. californica enzyme to denaturation or modification with

+
DTNB. Carrying out the modification in the presence of ng s

the most tightly bound of the divalent inactivators of AcChase,
resulted in a fluorescence enhancement that was 1.9-fold less

+
than that observed in the presence of an . 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 dansylation results, aside from indicating the possi-
ble presence of thiol groups in AcChase, give further support

to the proposed model (Scheme V), for a variety of peripheral-

site ligand induced kinetic states in AcChase. The enzyme
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appears to be most reactive towards N-DAZ in the Zn2+—induced
inactive (Ei) state, partially reactive in the active state
(E) and least reactive in the high ionic strength/activator
induced activated state (Ea). If the differences in reacti-
vity are assumed to be due to the degree of "burial" of these
groups within the protein structure then gross conformational
changes are implicated. Evidence for extensive peripheral-

ligand induced conformational changes in T. californica AcChase

have been presented by Epstein et al. (146). The conformational

changes were directly measured by the changes in the fluores-

cence of the enzyme labelled at the active sites with fluores-

2+ 2+ .
cent dansyl phosphonates. Zn~ , Cu and d-tubocurarine were
shown to induce slow conformational changes on the enzyme.
2+

However Zn appeared to enhance the dansyl fluorescence (n1.1
. 2+ .

fold) whereas d-tubocurarine or Cu appeared to quench it by

up to 2-fold. These results were interpreted as an indication

that peripheral-site ligands can induce more than a single

conformation at the active centre. Such a conclusion was

thought to be reasonable in view of the diverse structures

of peripheral-site ligands and their disparate influences on

the catalytic behaviour of AcChase (146).

Hydrolysis of the modified T. californica and E. electri-

cus AcChases and the subsequent 2-dimensional TLC of the hydro-
lysates yielded a fluorescent, ninhydrin-positive compound that

displayed R_. values nearly identical to those of a sample of

£

dansyl-s—aminoethyl cysteine.

Further characterization of this compound is essential
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in view of the recent report by Sturgill et al. (163) that
3 mol of N-DAZ were incorporated per mol of BSA, even though
BSA is known to contain only 1 free thiol group. The extra
label was thought to be the result of the covalent reaction
of N-DAZ with lysine 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 was demonstrated by fluorescence binding and displace-
ment studies. In these studies the peripheral site specificity
of propidium, gallamine or an+ was established. Two classes
of binding sites were evident from the propidium binding experi-
ments, and may arise either from structural asymmetry in the
enzyme or from heterogeneity in enzyme populations.

Steady-state kinetic studies indicated that eel enzyme
existed in two distinct kinetic forms stabilized at either low
or high (physiological) ionic strength, At intermediate ionic
strength kinetic heterogeneity was evident, suggesting that
these kinetic forms are reversibly linked. The kcat and Kapp
of the high ionic strength form were “3- and 12-fold higher
respectively than the corresponding parameters for the low
ionic strength form. The peripheral site ligands gallamine,

+ + . . .
propidium, Mg2 Ca2 were shown to activate the low ionic

5

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

2+
activated form (Ea)' The cation Zn was shown to have two
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opposing effects on the steady-state kinetics: an instantaneous
activation of the steady-state rates of hydrolysis as well as
a slow inactivation of the enzyme. This may be a general metal
ion effect with consequences which depend upon the relative
affinities of the various binding sites for a particular metal
ion.

The pre-steady-state kinetics enabled a more comprehensive
study of the consequences of peripheral site occupation on
the proposed kinetic mechanism of AcChase. M7C as well as
carbamoylating the active site of AcChase was found to inter-
act with the peripheral sites, activating both the carbamoyla-
tion rate constant (kz) and the decarbamoylation rate constant

(k,). The other organic peripheral ligands propidium and gal-

3

lamine were also shown to activate both k2 and k3. The value

of Ks was also increased by Vv6-fold in going from low to high
. . . . . 24+ 2+

ionic strength. The inorganic activators Ca” , Mg were
shown to affect only ks.

+
n2+, d-tubocurarine, Cu2+, Hg2+, Cd2 induced the con-

Z
version of AcChase to an inactive form. This inactivation was
partially reversible with EDTA but a slow metal cation, O2
dependent irreversible step was evident. The activating ligands

2+ . o 2+ .
Ca , gallamine and propidium inhibited the Zn induced inac-
tivation but were not able to reverse the inactivation after
the enzyme was 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 kinetics of the metal-induced inactivation were bi-
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phasic at low but not at high ionic strength. The fast rates
under both ionic strength conditions were identical, and were
thought to represent the same process i.e. the inactivation
of "activated" enzyme, Ea+Eia. On the other hand, the slow
rate observed at low ionic strength was thought to represent
the inactivation of "active" enzyme, E+Ei. The biphasic in-
activation at low ionic strength méy then be explained by
assuming that both active and activated enzyme are present in
significant amounts at low ionic strength. This could come
about if the inactivating ligand activates the enzyme as well

. . . . . . +
as dinactivating it. This has been demonstrated with La3 and

+
an

. In view of these results a model (Scheme V) was pro-
posed to account for the kinetic consequences of peripheral
site occupation by activating and inactivating peripheral-site
specific ligands. This model is particularly successful in
accommodating the La3+ inactivation results, which demonstrate
that the inactivation profile is dependent on the affinity

of inactivating ligands for the activating as well as for the
inactivating peripheral sites. If the affinity of the inacti-
vating ligand for the activating sites exceeded its affinity
for the inactivating sites by 5-fold or less the inactivation
profile is spread out as in the case of La3+. However if the
affinity of the inactivating ligand for the activating sites
is 7-fold or greater than its affinity for the inactivating
sites the inactivation at low ionic strength is '"normal" in
that it is complete within two orders of magnitude of the

. . . 2+
ligand concentration. Activating species such as Mg and
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2+
Ca thus appear to have a very low affinity for the "inacti-
vator'" binding site.

T. californica AcChase displayed non-hyperbolic steady-

state kinetics at low ionic strength; the Lineweaver-Burk
plots were displaced downwards at high AcSCh concentrations
suggesting that AcSCh possibly acts as a peripheral site acti-

vator in T. californica but not in E. electricus AcChase.

The pre-steady-state kinetic properties of T. californica

enzyme were qualitatively identical to those of E. electricus

AcChase. Organic ligands activated both kz and k3 whereas

inorganic 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

isolation process.

I. californica and E. electricus enzymes were modified

by reaction with DTNB and N-DAZ, two thiol-specific reagents.
A fluorescent, ninhydrin-positive compound with identical Rf
values to those of dansyl-S-aminoethyl cysteine was isolated
from the hydrolysates of the enzyme modified with N-DAZ. While
strongly suggestive of the presence of free thiol groups in
AcChase, conclusive proof must await further characterization
of this compound.

Both enzymes were most reactive towards N-DAZ in the in-
active (Ei) state, partially reactive in the active (E) state,
and the least reactive in the activated state (Ea), further

illustrating the existence of at least three, peripheral-site

specific, ligand-induced conformational states of AcChase.
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APPENDIX

1) Determination of free and bound ligand in the propidium
titrations and the analysis of the binding data by means
of Scatchard plots:

a) Determination of free and bound ligand in fluorescence
titrations (130):

For dilute solutions the fluorescence intensity of a

fluorescent compound is given by eq. [la]

I = v[F] [la]
where I = fluorescence intensity
[F] = concentration of the fluorescent ligand
Y = intensity coefficient.

In the presence of enzyme some of F will be bound so that

[F 1o = [Fgl + [F] [2a]

where [Ff] and [Fd are the concentrations of free and bound

ligand respectively, and the observed intensity is now given by

eq. [3a].
Ip = I, + I, [3a]
I, = Y][Fb] [4a]
Ip = v[F,] [5a]

where yl and y are the intensity coefficients and Ib and If

are the fluorescence intensities of free and bound ligand
respectively.

Substituting eq. [3a] for Ib and If

Ip = vIFl + v [F] [6a]
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or YIF ] + v ([F 1 - [F.D) [7a]

il

Y [F 1+ (v - v [F] [8a]

Therefore the concentration of free ligand is given by eq.

[9a]:
Ip = v [F_]
[F.] = —% -~ [9a]
Y -

Similarly

Tp=vy'[F ]+ v([F 1 - [F. D [10a]

= v [F] 4 v[F ] - [F.] [11la]

rearranging and solving for [Fb]

Fb - [IT]_ Y[FO] [128,]

' -

Y can be determined from the slope of an IT vs. [Ff] (i.e. in
the absence of enzyme). YI can be determined the limiting
slope of an IT vs. [FO] curve under the conditions where

E >>F .
o} o

b) Analysis of the by means of a Scatchard plot:
The average number of moles of fluorescent ligand bound
to an enzyme containing n binding sites is given by

nK[Ff]

;oo Ll ;
[E)] ~ 1+ K[F,] [13a]

where K is the binding constant for the ligand-enzyme complex,
all sites being assumed to be equivalent.

Eq. [13a] can be rearranged

v+ VK[F,] = nR[F,] [14a]
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v

or [Ff] = nK - %K [15a]
lacing 7 by —ob3
Tre acin Y
(¥, ] [F, ]
W = nK - [EO] K [163.]
[F ]
[Ff] = nK[EO] - [Fb]K [17a]

thus a plot of [Fb]/[Ff] vs. [Fb]will have a slope of -K, a
vertical intercept of nK[EO] and a horizontal intercept of

n[EO]. If [EO] is known n and K can readily be determined.

2) Analysis of the competitive data from the propidium
displacement experiments (130):

If both propidium [P] and a displacing ligand (D) are
present two competing equilibria will be set up

Kp
[E,] + [P] = [EP]

[E] [P]

KP = TE_P.T_‘ [18a]

Kp
[E,] + [D] == [ED]

K = [E][D] [19a]

D [ED]

If [P]>>Kp and [EO] then the concentration of free enzyme
[E] is negligible.

When both propidium and displacing ligand are present the
fractions of enzyme present as [EP] and [ED] are given by eq.

[20a] and [21a] respectively.
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[EP]
[EP] + [ED]

[20a]

[ED]

[EP] + [ED] [21a]

1-Y =

The the contribution to the observed fluorescence by EP (bound
propidium) is fPY and the contribution of free propidium is

fD(l-Y) eq. 22a

h
il

fPY - fD(l—Y) [22a]

where £, fP and fD is the observed fluorescence, fluorescence
of fully bound propidium and the fluorescence of free propidium
(when displaced from the enzyme under conditions of saturation

with displacing ligand)

Rearranging eq. [22a]

h
Il

£,Y + £ - £¥ [23a]

= £+ (£

D - fD)Y [24a]

P
substituting for Y in eq. [20a]]

[Ep]
P fD)([EP] + [ED])

f=f£_+ (f [25a]

expanding and rearranging

£[EP] + £[ED] = £ [EP] -~ £, [EP] + £ [ED] + £,[EP] [26a]

(f, - £)  [ED] [27a]

(f - £,)  [EP]

substituting for [ED] and [EP] from eq. [18a] and [19a]]

(f, - 1) [D] K
(f-f) ~Tp] " K

P
D

[28a]
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(£, - £) [D]
Therefore a plot log TE_——?_T vs. log TET should be linear
D
with a slope of unity and intercept log (KP/KD). Since KP can

be evaluated as described above, KD can be evaluated.

The concentrations of [D] and [P] are evaluated as follows:

£f = fD + (fP - fD)Y [29a]
(f - fD) [ ]
— = Y 30a]
(Fp - fp
Therefore [P]bOund = Y[EO] [31la]
(£ - fD)
Then [P] = [PO] - W[EO] [32a]
Fraction of sites saturated with D = 1-Y
(f - £5)
[D]bound =1 - (fP - fD) [Eo] [33a]
£ - £ - £ + £
P D D
= - [E_] [34a]
fP fD o :
o B [35a]
= w————— [E 35a
(fP - fD) o
(£, - £)
Therefore [D] = [D ] - v4——=— [E ] [36a]
o (fP - fD) o
3) Derivation of an expression for the fraction of active
enzyme from Scheme V
K1
E = E;
I K
Kg 4

SCHEME V
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L represents a ligand capable of occupying both the peri-
pheral activator and inactivator sites. E, Ea’ E, and Eia
i
represent free enzyme, enzyme with activator site occupied,

enzyme with inactivator site occupied and enzyme with both

activator and inactivator sites occupied.

g = LBl IL] [37a]

1 [Ea]

L (38a)
_ [E ] (1]

K4 = ——?:—E—;a—-]— [398,]

E, = E+E +E, +E [40a]

Therefore the fraction of active enzyme is given by E + Ea/Et =

from eq. [37a].

g - LEI [L] [41a]

a K1

From eq. [38a]

Ei = iglﬁékl [42a]

From eq. [39a]

_ Ea [L]
ia aK4 [43a]

i

Substituting eq. [4la] in [43a]

2
E = E._LL]_ [44&]

ia Kl K4

Therefore

f
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(E] + [ES{[L]
E, + B . 1 [45a]
T - 2
E, [E] + [Ei[L] + [Ei[L] + E[; ]
1 3 174
eliminating [E]
; 4+ L]
Xy
K K K,X
1 3 174
4) Determination of an expression for the pre-steady-state

carbamoylation of AcChase by M7C (165):

The mechanism of carbamyl ester hydrolysis is given by

eq. 47a
K ko ] k3
E + S = ES ES — E + P [47a]
Py
P, = M7H

1

Under steady-state conditions ([S]>>[EO] and [S] is a constant)

KR = —3 . g [48a]

K = —2 3 [49a]

i
The rate expressions for ES, ES and P1 and PZ can then be

written
dlEs]
so = & [EI[S] - (k) + k_,) [ES] [50a]
LU k. [ES] [51a]
it 2
it L [Es'] [52a]
it 3
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d[ES" ] _ ]
T = k,[ES] - k,[ES ]
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[53a]

[ES] is the highest at t=0 then decreases to a steady-state

rate.

[E,] = [E] + [ES] + [ES']
. E S
since KS = lT%éTl
then [E_ ] = [ES]XS_ + [ES] + [ES ']
° 57
K |

(2,1 = [ES1C1 + $57) + [ns']

!
substituting in [53a] to get an equation only in [ES ]

[E.] - [ES ]
Ksg
5]

[ES] =

1+

1
d[ES] 2
dt Ks

I
~
—

=
[}
—
I
—
=1
[92]
1_|—
~
|
o
w
~
=

5]

e

if a =

and b

1l
=
+

then eq. [60a] simplifies to

L
d[ES 1 _ 4 _ b [ms']

dt

[S54a]

[55a]

[56a]

[57a]

[58a]

[59a]

[60a]

[61la]

[62a]

[63a]
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dles'] _ [64a]
(a-b) [ES']

integrating and evaluating the constants

In (a-b [ES'])
a

~-bt [65a]

taking the antilog of both sides
! -
[Es'] = 2 (1 - &7PF) [66a]

now substituting [66a] and in [58a] to get an expression all

in [ES]
Es - % (1 - e—bt)
[ES] = X [67a]
s
1+
[s]
now substitute in rate expression for P1 (eq. [51a])
d[P;]  Eo - & (1 - e Pty
dc R_ © k, [68a]
1 +
[S]
integrate and evaluate the constant
k2 a a -bt
[Pl]= ——-———K—sﬁ [EO] -3 t + 52 (1 - e ) [69a]
1+
= [S]
substituting for a and b
k2 2
P = kcat[Eo][So]t + [E_] k2 + k3 X
1 [s ] +K o K
0 m m
1 +[§—T
o

(kz + k3)[SO] + k3KS
1 - expi - R+ [5_] t [70a]
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The total enzyme and M7C concentration are EO and So’
t is the time. As t increases, the exponential approaches

zero and eq. [70a] reduces to

[Pl] =1 + A [71a]
where
A = cat [Eo][so] [72a]
[S ] + K
o m
and
- -
k2 2
k, + k
T = [E ] 2K3 [73a]
m
JR—
In the titration experiments [SO]>>KS k3/k2 eq. [73a]
reduces to II = [EO] [74a] and thus is a measure of enzyme

normality.
The observed pseudo-first order rate constant of carba-
moylation (kobs) can be evaluated according to the first-order

rate equation

1n(ISS - Ipress) = kobst + log Iss (e = 0) [75a]

where (I - I ) is the difference at time t between the
ss press

calculated fluorescence on the extrapolated steady-state line
and the measure pre-steady-state burst in M7H production.

A plot of In (I - I ) vs. t yields a line with a
ss press

_ 1 . . - )
slope of kobs and 1n (ISS) as the vertical intercept (t 0)

The value of ko can then be related to any substrate

bs
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concentration [SO], according to eq. [76a]

) ] (k, + kg) [S.] kK_ ]
obs K + [S ] a
s o
if k2>>k3 and [So]2>Ks then [77a]
reduces to
k, [S ]
2 0
k = = [78a]
obs [SO] + k2
and in its reciprocal form
- s
l/kObs 1/k2 + E;—TET [79a]
permits the evaluation of KS and k2. A plot of 1/kOb vs.

1/[S] will have a slope of Ks/k2 and a vertical intercept

( [SO] = Q) of 1/k2. The decarbamoylation rate constant k3

can be evaluated from eq. [80a]

k, ky  [E ][]
d[Pl] k., + k
dt - Vss = A= K k [80a]

If [SO]> KS and k2>>k3 then eq. [80a] reduces to eq. [8la]

VSS = k3 [EO] [81la]
and since [EO] can be determined from the amplitude of the

burst eq. [73a] k3 can be easily evaluated.
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