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Abstract—Cholinesterases (ChEs) display a hysteretic behavior with certain substrates and inhibitors. Kinetic cooperativity in
hysteresis of ChE-catalyzed reactions is characterized by a lag or burst phase in the approach to steady state. With some sub-
strates damped oscillations are shown to superimpose on hysteretic lags. These time dependent peculiarities are observed for
both butyrylcholinesterase and acetylcholinesterase from different sources. Hysteresis in ChE-catalyzed reactions can be inter-
preted in terms of slow transitions between two enzyme conformers E and E’. Substrate can bind to E and/or E’, both
Michaelian complexes ES and E’S can be catalytically competent, or only one of them can make products. The formal reac-
tion pathway depends on both the chemical structure of the substrate and the type of enzyme. In particular, damped oscilla-
tions develop when substrate exists in different, slowly interconvertible, conformational, and/or micellar forms, of which only
the minor form is capable of binding and reacting with the enzyme. Biphasic pseudo-first-order progressive inhibition of ChEs
by certain carbamates and organophosphates also fits with a slow equilibrium between two reactive enzyme forms. Hysteresis
can be modulated by medium parameters (pH, chaotropic and kosmotropic salts, organic solvents, temperature, osmotic pres-
sure, and hydrostatic pressure). These studies showed that water structure plays a role in hysteretic behavior of ChEs. Attempts
to provide a molecular mechanism for ChE hysteresis from mutagenesis studies or crystallographic studies failed so far. In fact,
several lines of evidence suggest that hysteresis is controlled by the conformation of His438, a key residue in the catalytic triad
of cholinesterases. Induction time may depend on the probability of His438 to adopt the operative conformation in the cat-
alytic triad. The functional significance of ChE hysteresis is puzzling. However, the accepted view that proteins are in equilib-
rium between preexisting functional and non-functional conformers, and that binding of a ligand to the functional form shifts
equilibrium towards the functional conformation, suggests that slow equilibrium between two conformational states of these
enzymes may have a regulatory function in damping out the response to certain ligands and irreversible inhibitors. This is par-
ticularly true for immobilized (membrane bound) enzymes where the local substrate and/or inhibitor concentrations depend
on influx in crowded organellar systems, e.g. cholinergic synaptic clefts. Therefore, physiological or toxicological relevance of
the hysteretic behavior and damped oscillations in ChE-catalyzed reactions and inhibition cannot be ruled out.
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The physiological, toxicological, and pharmacologi-
cal importance of cholinesterases (ChEs) acetyl-
cholinesterase (AChE; EC 3.1.1.7) and butyrylcholin-
esterase (BuChE; EC 3.1.1.8) has long been recognized

[1-4]. Extensive work has been done on the catalytic
behavior and mechanisms of these enzymes under steady-
state conditions [5-7] and on the relationships between
structure, dynamics, and catalytic activity [8, 9].

Abbreviations: AAA, aryl-acylamidase; AChE, acetylcholinesterase; ASCh, acetylthiocholine; ATMA, 3-(acetamido) N,N,N-
trimethylanilinium; BSA, bovine serum albumin; BuCh, butyrylcholine; BuChE, butyrylcholinesterase; BuSCh, butyrylthiocholine;
BzCh, benzoylcholine; BzSCh, benzoylthiocholine; CBDP, cresyl saligenin phosphate; ChE, cholinesterase; MNPCC, N-methyl-
N-(2-nitrophenyl) carbamoyl chloride; NMIA, N-methylindoxyl acetate; OP, organophosphate; PAS, peripheral anionic site.

* In memory of Boris N. Goldstein (1943-2011). Boris N. Goldstein was not only a distinguished scientist who applied the graph
theory to formal enzyme kinetics, he was also a fabulous palindrome creator (B. N. Goldstein, Palindromes, Foton-vek, Pushchino,
2009, 112 p.). In homage to Boris, I would like to show French avatar of the famous Latin palindrome, known as the Sator square,
initially found in the ruins of Pompeii (see color insert). The picture is an example of this magic square as inserted in a house door

of the old Grenoble, France.
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However, relatively few studies have been performed on
pre-steady-state kinetics of ChEs.

In the past years, we reported that both BuChE and
AChE display a hysteretic behavior for hydrolysis N-
methylindoxyl acetate (NMIA) [10, 11]. Hysteresis in
enzyme catalysis can be defined as a retardation in the
reaction rate upon a change in substrate (or inhibitor)
concentration. Hysteresis with NMIA is characterized by
a lag of several minutes during the approach to steady
state. With an acetanilide substrate, 3-(acetamido)
N,N,N-trimethylanilinium (ATMA), the pre-steady-
state phase is a burst over several minutes [12]. These pre-
steady-state behaviors were interpreted as being the result
of a slow equilibrium between two enzyme forms, E and
E’, having different catalytic activity towards these sub-
strates. Kinetic cooperativity with long lag or burst phase
in the approach to steady-state reflects time-dependent
conformational changes; it is the characteristic of hys-
teretic enzymes [13-15]. Long induction times observed
with hysteretic enzymes must not, therefore, be mistaken
for Michaelis—Menten induction periods — of the order
of microseconds or less — needed for formation of
enzyme substrate complex ES (see Appendix).

Further, we showed that wild-type human BuChE
and certain of its mutants displayed hysteretic behavior
for hydrolysis of butyrylthiocholine (BuSCh) and ben-
zoylcholine (BzCh) [16]. Hysteresis of human and rat
BuChE with BzCh as a substrate was even more complex,
showing damped oscillations that superimpose on the
pre-steady-state lag phase [17, 18]. Complex time-
dependent behavior of ChEs was also observed for reac-
tion of ChEs with irreversible bulky inhibitors such as the
carbamylating agent N-methyl-N-(2-nitrophenyl)car-
bamoyl chloride (MNPCC) [19] and the cyclic
organophosphate cresyl saligenin phosphate (CBDP)
[20].

The hysteretic behavior of ChEs was found to
depend on the enzyme itself, the chemical structure of
the substrate (or the inhibitor), and the physicochemical
conditions of the medium. Mechanistic models describ-
ing the hysteresis of ChEs and a hypothesis about the pos-
sible molecular mechanism of hysteresis are presented. A
hypothesis about the role of ChE hysteresis in protection
of the cholinergic system against toxic substances is dis-
cussed.

MATERIALS AND METHODS

Enzymes. Kinetic experiments were performed using
ChEs from different sources. Recombinant wild-type
human BuChE and selected mutants, wild-type human
AChE, and wild-type rat BuChE were expressed in CHO
K1 cells and purified as described elsewhere [20-23].
Soluble forms of honeybee (Apis mellifera) AChE were
purified from bee head [24]. Recombinant Drosophila

MASSON

melanogaster AChE was expressed in a baculovirus system
and purified from the cell culture medium [25]. Bungarus
fasciatus AChE was purified from krait venom [26], and
mutants of this enzyme were expressed in stably transfect-
ed CHO Kl cells [27]. Horse serum BuChE was pur-
chased from Sigma (USA).

Selected mutations in human BuChE were in the
peripheral anionic site (PAS) (D70G, D70H, Y332A), in
the active site gorge (A328C, E441D), in the oxyanion
hole (G117H, A199E), and in the cation-binding site
(E197Q). Mutated residues are involved either in sub-
strate binding or in stabilization of transition states. Rat
BuCheE is similar to human BuChE, but it presents exten-
sive modifications in the acyl-binding pocket, including
the introduction of a prominent positively charged
residue (L286R) [23]. Though horse and human BuChE
present some differences in their primary sequence, their
catalytic properties are similar. Introduction of triple
mutations in the active site pocket of B. fasciatus AChE
were aimed at engineering an organophosphate hydrolase
activity [27].

Substrates and inhibitors. Substrates were N-
methylindoxyl acetate (NMIA), butyrylthiocholine
(BuSCh), benzoylcholine (BzCh), benzoylthiocholine
(BzSCh), long N-alkyl chain derivatives of BzCh [18],
and 3-(acetamido)-N,N,N-trimethylanilinium (ATMA).
Experimental conditions of kinetic assays at different pH
and 25°C are described in [10, 17]. Irreversible inhibitors
were N-methyl-N-(2-nitrophenyl) carbamoyl chloride
(MNPCC) [19], CBDP [20], and diisopropylfluorophos-
phate (DFP) [27]. Ranges of substrate and inhibitor con-
centrations were large. Maximum concentrations were as
high as possible, being limited by the solubility of these
chemicals in sodium phosphate or bis-tris buffers.

Kinetics of substrate hydrolysis. Assuming no signifi-
cant substrate depletion, the reaction velocity expressed
as the rate of formation of product P is described by:

d[P]/dt = vie ™" + v (1 — e™¥). (1)

Induction times (t), corresponding to transient lags
or bursts before the steady state, can be calculated from
the mono-exponential term of the integrated form of Eq.
(1), i.e. Eq. (2). This equation describes the time course
for product formation P, throughout the transient phase
and into steady state:

[P], = vt — (v — v)(1 — e ) /k, (2)
where v is the steady-state velocity, v; the initial velocity,
and k the hysteretic rate constant, i.e. the reciprocal of
the induction time (t), the apparent rate constant for the
time-dependent conformational change. If (v, — V) > 0,
the transient is a lag, and if (v, — v;) <0, the reaction dis-
plays a burst. The amplitude of lag or burst is (v, — v,)/k.
When damped oscillations appear, superimposed on the
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lag, induction times can be estimated from the envelope
of the damped oscillations.

Kinetics of irreversible inhibition. Progressive inhibi-
tion of ChEs by carbamoyl or organophosphyl esters was
studied under pseudo-first-order conditions using the
sampling method of Aldridge and Reiner [28]. The pseu-
do-first-order rate constant of inhibition was determined
from the slopes of plots of log (residual activity) versus
time.

OBSERVED PRE-STEADY-STATE
SLOW INDUCTION PHASES

Hysteresis was seen with both neutral esters and
charged esters. Kinetics of ChE-catalyzed hydrolysis of
substrates can be described by Scheme 1 and Eq. (3).
Therefore, the hysteretic behavior of ChEs is independ-
ent of the catalytic mechanism of substrate hydrolysis.

k. [E] (1+ﬂ[S]/Kﬁj 3)

"Ik, ST+ [sTK,

In Eq. (3) the B factor refers to the effect on the k , of a
second substrate molecule that binds to the peripheral
anionic site (PAS) to form a ternary complex SpES with a
dissociation constant K. With neutral substrates such as
NMIA that do not bind to the PAS, = 1, ChEs displays
Michaelian behavior (boxed mechanism in Scheme 1 and
Scheme 10 in Appendix). Positively charged substrates,
e.g. BzCh and BuSCh, bind to the PAS, and as a conse-
quence ChEs do not display Michaelian behavior at high
substrate concentration. If § > 1, there is activation by
excess substrate; if B < 1, there is substrate inhibition at
high [S].

As mentioned above, hysteresis in the hydrolysis of
the neutral ester NMIA by AChE and BuChE was char-
acterized by a lag of several minutes before steady state
[10]. Lags were also observed for hydrolysis of other sub-
strates, e.g. for hydrolysis of BuSCh by the A328C mutant
of human BuChE (Fig. 1). Unlike the pre-steady-state
lags observed with carboxyl esters, the pre-steady-state

kcal
E + S_——ES——E + P

+ K, +

(S

S;E + S T_2SES——SE + P

m

Scheme 1
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Fig. 1. Progress curve showing a lag before reaching steady state.
The enzyme is the A328C mutant of human BuChE catalyzing
hydrolysis of the thioester BuSCh (2 mM) in 100 mM sodium
phosphate buffer, pH 7.0, at 25°C. The induction time T = 3 min.
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Fig. 2. Progress curve showing a burst before reaching steady
state. The enzyme is the D70G mutant of human BuChE, and the
substrate is the acetanilide ATMA (3 mM) in 0.1 M sodium phos-
phate buffer, pH 7.0, at 25°C. The induction time t = 100 sec
[12].

phase for hydrolysis of the positively charged acetanilide
ATMA by wild-type human BuChE and its D70G mutant
showed a burst (Fig. 2) [12].

Type and duration of induction time depends on the
substrate concentration, [S], the chemical nature of the
substrate, and the enzyme (species origin and/or type of
mutations). For example, for wild-type human BuChE at
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Fig. 3. Typical pre-steady-state kinetic curves showing damped
oscillations. The enzyme is rat BuChE hydrolyzing an N-alkyl
derivative of benzoylcholine (N-(2-benzoyloxyethyl)-alkyl-
dimethyl ammonium bromide with » = 6 methylene units (4 and
6 uM)) in 0.1 M sodium phosphate, pH 7.0, at 25°C.

maximum velocity, induction time is 15 min for hydroly-
sis of NMIA, 3.5 min for hydrolysis of BzCh, and 100 sec
for hydrolysis of ATMA. Mutations in the active center
modulate induction times with a given substrate. Certain
mutations can lead to hysteresis with substrates that show
no observable induction time in wild-type enzyme, e.g.
mutation A328C in human BuChE leads to hysteresis
with BuSCh (1 = 5 min at V,,), while wild-type human
BuChE has no hysteretic behavior with this substrate.
ChEs belong to the family of o/p hydrolases bearing high
sequence homologies and the same folding [1, 2]. Thus,
ChEs can be regarded has a family of muteins in which
the invariant feature is the catalytic machinery. Hysteresis
appears has an intrinsic property of ChEs and must there-
fore depend on one or several key residue(s) in the cat-
alytic center.

Theoretical analysis of the dependence of the hys-
teretic constant, k, on substrate concentration can be
found herein [13, 29]. The dependence of the hysteretic
rate constant, k£ (the reciprocal of induction time 1), of
ChEs on substrate concentration is generally described by
a downward hyperbolic function [10]. However, all kinds
of dependences can be observed: upward hyperbolic
dependence, e.g. for the G117H/A199E mutant of
human BuChE with BzSCh [30], and A328C mutant of
BuChE with NMIA; a bell-shaped dependence for wild-
type BuChE with the acetanilide ATMA [12, 30]; and
even k can be invariant with [S], e.g. for the D70G
mutant of human BuChE with BzCh [17].

BuChE-catalyzed hydrolysis of BzCh [17] and N-
alkyl derivatives of BzCh [18] show damped oscillations
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in the mono-exponential phase of acceleration, preced-
ing establishment of steady state (Fig. 3). 'H-NMR spec-
tra of substrate solutions reveal substrate conformational
polymorphism. Thus, kinetic analysis of pre-steady-state
phases indicates that oscillations reflect slow equilibrium
between multiple conformational states of the substrate
molecules, substrate oligomers, and substrate micelles.
This is particularly clear for molecules such as N-alkyl
derivatives of BzCh with long alkyl chains [18].

FORMAL MECHANISTIC MODELS
FOR HYSTERESIS OF ChEs

Assuming that E and E’ are two enzyme states in slow
equilibrium, the general model for hysteretic enzymes
established by Frieden [13] describes situations where
substrate binds rapidly to both forms E and E’, and where
both complexes ES and E’S are catalytically active and
make products (P, ,) through acylation (k,) and deacyla-
tion (k;) (Scheme 2). Under these conditions, the pre-
steady-state phase is characterized by either a lag or a
burst depending on the relative values of the
enzyme—substrate dissociation constants.

Equation (4) describes the dependence of k on [S]:

k es k—es'
ky + KC [S] ko + v [S]
k — S + S (4)
1+ 15] 1+ 151
K K;

In Scheme 2, k, and k_, are the first-order rate con-
stants for the reversible transition between E and E'. The
equilibrium constants K, = k_,/k, and K = k' ,/k]{ are the
dissociation constants for substrate binding to E and E’,
respectively (assuming k,[S] + k_, and k{[S] + £, >>
ko + k_y). Equation (4) shows that the rate constant for
hysteresis depends on: a) the four rate constants that con-
trol both slow equilibria E <5 E’ and ES 5 E'S, i.e. k,,
k_y, k.. and k_.; b) the dissociation constants K, and K] of
both enzyme—substrate complexes. The boxed form of

/W ko '\\
P,;~—EA K, K /E'A — P,
\\ ke 7/
ES 4_' E'S
ko
Scheme 2
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Scheme 2 may apply for hysteresis in binding of reversible
ligands (see affinity electrophoresis, in hysteresis and
inhibition of ChE section).

The dependence of k on [S] varies with the relative
rates of the transitions E to E" and ES to E’S. The value of
k varies from k,+ k_, at [S] = 0 to k. + k_. at high [S].
There is a negative, hyperbolic dependence on [S] if &, +
k_y> k. + k_.,. There is a positive, hyperbolic dependence
on [S]if ky+ k_,< k. + k_... There is no dependence of k
on [S]if ky+ k_, = k.. + k_... The hysteretic behavior of
the D70G BuChE mutant with BzCh [17] can be
described by this latter condition. If K] — oo, the depend-
ence of k with [S] is described by Eq. (5):

k
k,+—<[S
0ty [S]

k= ——S— |+k,,
1+@

K

&)

where kK — k,+ k_, at low substrate concentration where-
as k - k., + k_g at high [S]. Then the dependence of k on
[S] depends on the relative magnitude of k; and k.. If k, =
ke, then k does not vary with [S]. The behavior of the
D70G mutant of human BuChE with BzCh [17] may also
obey this model. If k., > k,, increasing dependence of k on
[S] is expected. So far, positive dependence of k£ on [S]
was observed only for the reaction of mutants of human
BuChE A328C with NMIA and G117H/A199E with
BzSCh [30]. Because both ES and E'S are considered to
be productive, Scheme 2 predicts a non-zero rate of
product formation immediately upon mixing substrate
with the enzyme (v;> 0). Such a situation was observed
for human BuChE mutant E441D with BuSCh [30].

If substrate binds to E and E’ but when ES is not cat-
alytically active, in that case v; = 0, and Scheme 2 reduces
to Scheme 3. Equation (4) still describes the hysteretic
rate constant for Scheme 3. Hysteresis of wild-type
human BuChE with BzCh [9] corresponds to this situa-
tion. This situation occurs for the G117H/A199E mutant
of human BuChE with BzSCh (v, = 0).

If substrate binds only to E’, the hysteretic behavior
can be described by reduced Scheme 4, and Eq. (6)
describes the dependence of k on [S]. If most of the rest-
ing enzyme is in the E form, then the majority of the
enzyme undergoes the slow, hysteretic transition before
becoming catalytically competent. Under this condition
v;, the initial velocity (cf. Eq. (1)), is approximately zero.
If E’ is significantly populated at time zero, v; > 0.

= (6)

In this model, the equilibrium between E and E' is
the sole determinant of the hysteretic transition kinetics.
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Equation (6) shows that k vs. [S] is a hyperbolic function
with the limiting rates at low and high [S] being k, + k_,
and k,, respectively.

This simplest model for hysteretic behavior of
enzymes (Scheme 4) describes the hysteresis of ChEs
with NMIA as the substrate [7, 11]. However, this model
does not explain the hysteretic behavior of BuChE with
all substrates. Indeed, Eq. (6) predicts that the limiting
hysteretic rate constants should be the same for all sub-
strates. For instance, contrary to this prediction, the lim-
iting hysteretic rate constants for hydrolysis of BzCh by
wild-type human BuChE (k, + k_,~ 0.033 sec”!, k, =
0.0048 sec™!) [17] are larger than hysteretic rate constants
for NMIA (k,+ k_y~ 0.003 sec™!, k, = 0.001 sec™!) [10].
Moreover, this enzyme shows no hysteresis with BuSCh
or BzSCh, and a complex dependence with certain sub-
strates, e.g. bell-shaped dependence with ATMA [12, 30].
Therefore, the hysteretic rate constants depend on the
chemical structure of the substrate.

Conversely, if substrate binds exclusively to E, and
ES slowly isomerizes to E'S with both ES and E’S being
catalytically active, then there is hysteresis in the
approach to steady state. However, if E’S is inactive there
is no hysteresis, but if E'S alone is active, then there is
hysteresis. Such a hysteretic behavior is consistent with
the model that incorporates an “induced fit” step for
ChE-catalyzed hydrolysis of certain esters [21, 22]. If
substrate binds exclusively to E, and the transition ES to
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E'S is fast, then there is no hysteresis. This may explain
why there is no hysteresis for hydrolysis of BuSCh and
BzSCh by wild-type human BuChE. Since the transition
of ES to E'S involves an enzyme—substrate complex, the
rate constants for this transition may vary from substrate
to substrate and/or may be different between wild type
and mutants. The fact that certain human BuChE
mutants, in particular A328C, show hysteresis with
BuSCh supports this statement (Fig. 1).

Reaction of the acetanilide ATMA with wild-type
human BuChE showed a burst in product formation. The
occurrence of a burst in the approach to steady state indi-
cates that v; > v, in Eq. (2). Three mechanisms can
explain this situation: a) accumulation of an intermediate
during the first turnover of the enzyme; b) slow release of
hydrolysis products P; c) slow equilibrium between
enzyme forms. Actually, because ATMA is a poor sub-
strate  (Kgy 140 min! and low k. /K, =
12.5:10° M~"sec™' [12]), the burst reflects a slow deacyla-
tion step. The acetyl intermediate, EA, and the deacyla-
tion rate constant (k;) are the same as for all acetyl esters
that are good substrates, e.g. NMIA (k.,, = 300 sec™).
Thus, because of structural constraints imposed by the
planar geometry of the acetanilide substrate, and because
the energy needed for breaking the amide bond of ATMA
is higher than for an ester bond, it follows that the rate-
limiting step for hydrolysis of ATMA is the acylation step
(ky << k3) [12]. Therefore, the burst does not result from
accumulation of the enzyme intermediate EA during the
first turnover due to slow deacetylation. The observed
burst phase represents the accumulation of product P
from multiple turnovers of the enzyme. Therefore, the
burst is due to hysteresis of the enzyme. Scheme 2 and Eq.
(4) predict a hysteretic transition with a burst, leading to
a slower steady state, if substrate binds to E and E’ with
K! < K, and if E'S is catalytically inactive or less produc-
tive than ES. Lastly, the dependence of the hysteretic
constant, k, on [ATMA] is bell-shaped for wild-type
BuChE; as said, k£ increase to a maximum value (k =
0.035 sec™!) at [S] = 1 mM, then decrease to the asymp-
totic limit (k = 0.01 sec™) at saturating substrate concen-
tration ([S] = 5 mM) [12, 30]. There are very few exam-
ples of pre-steady-state burst with biphasic dependence of
k [31]. Scattered values of k£ for the D70G mutant of
human BuChE make it difficult to determine the depend-
ence of k on [ATMA] [12].

DAMPED OSCILLATIONS
IN THE PRE-STEADY-STATE PHASE

Mechanistic models. As mentioned, the hysteretic
behavior of BuChE showed additional complexities with
BzCh and its N-alkyl-substituted derivatives [17, 18].
With these substrates, damped oscillations superimpose
on the lag phase (Fig. 3). Occurrence of these oscillations
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was dependent on [S]. Oscillations in the progress course
of enzyme reactions have been known for a long time
[32]. It was theoretically predicted that any single-
enzyme turnover involving two or more enzyme—sub-
strate complexes as time-dependent variables can exhibit
damped oscillations in the pre-steady-state phase [33,
34].

Damped oscillations are not predicted by the models
described in Schemes 2-4. These models are based on the
assumptions that the enzyme—substrate interaction is a
rapid equilibrium, that [S] >> [E], with [S] essentially
constant, and that transitions E/E’ and ES/ES’ are slow
equilibria. These macroscopic kinetic models predict sin-
gle exponential time dependence for the transient
approach to steady state of enzymes in solution. However,
if substrate binds exclusively to E’, the simplest hysteretic
model (Scheme 4) can theoretically lead to oscillations.
Goldstein established that the condition for oscillations
in this model is that all the steps along the cycle E' —
E'S —»> E'P — E’ are irreversible, and corresponding
kinetic constants are equal, k,[S] = k, = k; = k [35].
Then, the solution of kinetic equations for Scheme 4 is:

1 .3 V3

_ _ 3 3
v(t) = Ay + A — 4,67/ DR (—_gin X2kt + cos~—kt
( ) 0 1 2 (‘/g P 2 ), (7)

where v(f) is the observed transient reaction rate, and A,,
A,, A, are constants. Damped oscillations appear if the
imaginary roots to the solution are significant. However,
the damping coefficient in Scheme 4 is so strong that
oscillations cannot be observed in practice. Damped
oscillations, such as those that overlay the exponential
time course, can also be caused if a non-linearizing
parameter is introduced into the model. This can be
accomplished by introducing an additional time-depend-
ent variable into the pathway. Such a time-dependent
constraint can be the slow formation or influx of sub-
strate, S’ [36-40]. The effective substrate concentration
[S'] can be controlled by: a) slow diffusion or pumping
from a reservoir; b) metabolic flux of substrate, or ¢) slow
equilibria between different physical states of the sub-
strate (conformers, oligomers, aggregates, micelles), only
one of which is suitable for reaction with the enzyme.
Because under our experimental conditions we worked on
isolated enzymes in dilute solutions in a single compart-
ment system, we considered the latter item. However, for
hysteresis of enzymes in bioreactors or in vivo multicom-
partment organellar systems with crowding and viscosity-
dependent transport phenomena, e.g. in a synapse, (a)
and (b) situations have to be considered too.

In general, substrate molecules in solution exist in
multiple conformations with only one of them being
capable of binding efficiently to the enzyme. Normally,
transition between substrate conformations is very fast,
but a slow transition from an unsuitable conformation or
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E'S

Scheme 5

physical state (S) to a suitable one (S’) would constitute a
slow introduction of the substrate into the reaction path.
Therefore, we modified Schemes 3 and 4 as shown in
Schemes 5 and 6 to include a slow change in substrate
conformational/physical state. The models in these
Schemes are based to the infusion models [36-40]; they
include the openness condition for substrate and product,
and the presence of more than one enzyme form, E and
E’, that can bind substrate. The substrate concentration,
[S], is assumed to be in excess so that there is no signifi-
cant depletion throughout the time course. The S’ form of
the substrate is assumed to be a minor fraction, [S'], of
the total substrate concentration in the bulk solution, [S].
The rate of appearance of [S'] in the reaction is controlled
by the “feeding” rate constant k, = k.

In Scheme 5, S’ binds only to E’. The differential
equations corresponding to Scheme 5 for the three inde-
pendent concentration variables are:

AL )= kgl B+ G + KDLE'S') =K [STE)
AES] e [SE - Che + K DIE'S' ®)
dEj] =k,J[S]-k_[S']-K\[S'IE']+Kk',[E'S"]

with
Eo =[E1+[E'ST+[E], 9)

where the concentration [E’S’] is proportional to the
reaction rate.

In Scheme 6, S’ binds to both enzyme states, E and
E'.

The differential equations corresponding to the four
independent concentration variables in Scheme 6 are:

dE)
dt
] o LE1- kgl 1= R[S+ G + K 'S

@ = KV [STE ] (kg + K E'S'] ~ ko [E'S]+ K [ES']
% =—k[S'IE1+k_ [ES' - K\ [S'][E']+ k' [E'S']+ ks [ST- k_S[S']

= —ko[E]+k_o[E'] =k [S'IE]+ Kk, [ES']

(10)
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with

E, =[E'1+[E'S']+[E]+[ES"]. (11)

To simulate damped oscillations in Schemes 5 and 6,
Egs. (8) and (9) and Egs. (10) and (11) were normalized
by dividing all concentrations by E,.. In the normalized
equations, all parameters are the same as in Egs. (8) and
(10) except k, and k| are changed to k,E,, and k[E,,,
respectively. Other normalizations were obtained by
dividing the concentrations of all enzyme forms by E,,
and all substrate forms by [S]. All relative concentrations
were calculated with the same equations. Normalization
by dividing all substrate forms by [S] was used for estima-
tion of k, and k_g; normalization by dividing all concen-
trations by E,,, was used to investigate the dependence of
oscillations, i.e. [E'S’], on substrate concentration. For
the simulation, a computer solution of the differential
equation system (Eq. (10)) was determined with parame-
ter values as close as possible to the experimental values.
The calculations yield 3-4 periods of damped oscillations
similar to the experimental observation for the pre-
steady-state phase of BuChE-catalyzed hydrolysis of
BzCh or long-alkyl chain derivatives of BzCh [17, 18]
(Fig. 3). Simulations with increasing k_, while keeping
the other parameters constant showed that oscillations
tend to vanish as k_, increases. Simulation carried out at
various [S] showed that at high [S], or equivalently at high
k,, there is a smooth lag and damping is so high that there
are no oscillations [17].

To summarize, the main requirements for damped
oscillations are: a) k, must be sufficiently slow; b) S’ is
produced at a slow rate (k,), and c) k_ < 0.05 sec™’. In
earlier studies, Roussel stated that £[S] has to be less
than the turnover capacity k., [E] [36]. Moreover, mod-
els predict that oscillations are favored if enzyme—sub-
strate complex formation is irreversible. The existence of
several enzyme—substrate complexes formed along the
descent of substrate to its final position on the active site
[21, 22] would thus favor damped oscillations. Lastly, the
oscillation period was found to change slightly over the

ko
E > E
k.() A
L SI kcat
k.l kl T ki kl_l EIP — P1,2
3 lk.s
S
kes v
ES' T >E'S'
k—es
Scheme 6
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time course [17, 18] (Fig. 3). This may occur if [S]
changes slowly with time. Indeed, simulations of Scheme
5 and 6 show that the damping factor and the oscillation
period can be modulated by tuning the different rate con-
stants, and by introducing multiple slow equilibria
between different substrate states S < S’ <5 S" S .
Each substrate state is considered to have a different local
concentration.

Multiple transitions between S and S’. The physical
description of the different substrate populations and the
nature of the transitions between them were important
experimental issues. It is noteworthy that organic mole-
cules in solution normally exist in different conforma-
tional states and can form clusters or aggregates, depend-
ing on concentration. Spectroscopic methods and molec-
ular mechanics studies showed that acetylcholine in solu-
tion exists as seven populations of conformers, all of
which are in rapid equilibrium, with rate constants in the
picosecond range [41]. Conformers can be extended, or
cyclic. Cyclic conformers are stabilized by interactions
between the cationic head and the carbonyl oxygen. The
preference of AChE is for the fully extended conformer.
BzCh and its N-alkyl derivatives are expected to show
conformational polymorphism similar to that of acetyl-
choline; and BuChEs are expected to preferentially bind
the extended conformation of BzCh and its derivatives.
But if interconversion between conformers is fast, confor-
mational polymorphism does not support the condition
of a slow feeding rate for S’ as stated in Schemes 5 and 6.
However, 'H-NMR spectroscopy showed that a slow
equilibrium between two populations of BzCh conform-
ers exists in solution. A population of extended forms (I)
and a population of cyclic forms (II) are in slow equilib-
rium (k = k,+ k_ < 200-250 sec' and k_>> k,) [17]. The
extended form S’ (considered to be a sub-population of
form I) that binds to human BuChE is thus generated at a
slow rate. For N-alkyl derivatives of BzCh, slow equilib-
ria amongst multiple conformers and substrate aggregates
were also detected by 'H-NMR. Aggregation of N-alkyl
BzCh derivatives leads to micelle formation around a
critical concentration [18].

HYSTERESIS AND NON-LINEAR
TEMPERATURE DEPENDENCE
OF ChE-CATALYZED REACTIONS

Numerous reports have shown curvatures or discon-
tinuities in Arrhenius plots of ChEs-catalyzed reactions
between 16-27°C, depending on the type of enzyme and
medium conditions [42-44]. Anomalous temperature
dependence of enzyme-catalyzed reactions has been
known for decades [45, 46]. There are four possible caus-
es for non-linear Arrhenius plots: a) phase transition of
water at protein/solvent interfaces or of associated lipids
[47]; b) convexity can be due to change in the rate-limit-
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ing step [47, 48]; ¢) a change in the specific heat capaci-
ty, AC,, of reactant(s) that affects either acylation (k,) or
deacylation (k) [49]; d) temperature-induced conforma-
tional change that precedes the rate-limiting step can
cause sharp breaks in Arrhenius plots [47, 49-52]. In that
later case, the temperature dependence of k,, is:

k —

cat,t

(Eg /R)UV/T-1/T) (E,»/R)1V/T,-1/T)
cat,le ' ' + (1 - a)kcat,Ze ? : ) (12)

where a is the fraction of enzyme in the form predomi-
nant at low temperature; 1 — a, the fraction of enzyme in
the form predominant at high temperature; subscripts 1
and 2 refer to corresponding catalytic constants, activa-
tion energies (E,), and temperature domains (below or
above the temperature break, T).

Continuous convexity in AChE-catalyzed hydrolysis
of substrates has been attributed to change in the rate-
limiting step because acylation (k,) and deacylation (k;)
are of the same order of magnitude [53, 54]. This change
can be a temperature-induced conformational rearrange-
ment of the active site. Thus, clear breaks have been first
attributed to a phase transition of associated lipids, which
in turn may alter the enzyme conformation [55-61].
However, the role of associated lipids was disproved, and
discontinuities in Arrhenius plots are rather due to a tem-
perature-induced conformational change [62-64]. Bound
proteins or ligands can significantly shift the temperature
of or abolish the break [65-67]. In particular, in the pres-
ence of high concentration of salt (NaCl), breaks are
abolished [60, 61], as high concentration of salt was
found to abolish hysteresis of human BuChE [10].
Wavelike discontinuities [68, 69] may thus reflects coexis-
tence of two active enzyme forms in a narrow temperature
interval around 18°C, and convexity can reflect a contin-
uous shift in equilibrium between E and E'. Indeed, forms
E and E’ are significantly populated at 25°C.

An Arrhenius plot for hydrolysis of NMIA by human
BuChE was built at saturating substrate concentration
(V.. after steady state was reached, i.e. when all the
enzyme population was in the form E’. This Arrhenius
plot is linear (Fig. 4). Linearity in Arrhenius plot for
hydrolysis of NMIA by E’ strongly supports the con-
tention that breaks and/or curvatures and discontinuities
in Arrhenius plots for other ChE-catalyzed reactions are
due to temperature sensitive slow equilibrium between the
two enzyme conformational forms E and E’. In addition,
the Arrhenius plot for the hysteretic constant, k, of
human BuChE for hydrolysis of NMIA at V,,, is linear
(Fig. 5). This suggests that the conformational change
E — E' is a two-state transition with no intermediates.
Moreover, differential scanning calorimetry does not pro-
vide evidence for a change in conformational stability of
ChEs around 20°C [54]. Therefore, the conformational
change E — E' must be very small and limited to the area
of the active center.
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Fig. 4. Arrhenius plot for hydrolysis of NMIA by human BuChE
in 10 mM Bis/Tris, pH 7.0, at V,,,,, i.e. saturating substrate con-
centration (1 mM) after steady state was reached; all the enzyme
molecules are in the form E’.
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Fig. 5. Arrhenius plot for the hysteretic constant, k£, of human
BuChE for hydrolysis of NMIA (I mM) at V., in 10 mM
Bis/Tris, pH 7.0.

HYSTERESIS AND PRESSURE/HEAT-INDUCED
INACTIVATION OF BuChE

Eyring plots for thermal inactivation of human
BuChE in both water and heavy water buffers exhibit a
wavelike discontinuity over a span of 2°C around 58°C
[70]. This transition was interpreted in terms of equilib-
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rium between two temperature-dependent conforma-
tional states. Non-linear pseudo-first-order kinetics of
inactivation at 60°C also suggests enzyme heterogeneity.
Inactivation of human BuChE by the combined action of
heat and hydrostatic pressure up to 4 kbar was found to
continue after interruption of combined pressure/tem-
perature treatment [71]. This secondary inactivation
process was termed “remnant inactivation”. The occur-
rence of remnant inactivation or “hysteretic inactiva-
tion” following pressure/temperature pretreatment of
BuChE suggests a slow conformational drift of
metastable active enzyme forms toward irreversibly inac-
tive forms.

HYSTERESIS AND INHIBITION OF ChEs

Time-dependent reversible inhibition. Time-depend-
ent reversible inhibition of ChEs has been rarely investi-
gated. However, it can be observed in two situations: lig-
and binding during affinity electrophoresis, and slow-
binding inhibition in solution.

Affinity electrophoresis is a gel electrophoresis tech-
nique based on affinity of migrating proteins for ligands
immobilized in the matrix. Decrease in relative elec-
trophoretic mobility of protein as a function of immobi-
lized ligand concentration depends on the strength of
protein—ligand interaction (K; = k_,/k;). We applied this
technique to the study of the anionic site of human
BuChE, using specific inhibitors (e.g. phenyl trimethyl
ammonium, procainamide) entrapped in polyacrylamide
gels [72, 73]. It was found that above a critical immobi-
lized ligand concentration (L), a slow enzyme migrating
form (E’) appeared and intensified at the expense of the
initial enzyme form (E). This slowly migrating form was
interpreted in terms of long-lived ligand-induced ChE
isomerization as seen in Scheme 7.

Binding of E to immobilized ligand, L, induces a
discrete isomerization of the enzyme (k;) with an increase
in affinity of E’ for L, i.e. K} < Kj. Because the slow form
predominates at high L, it follows that the reverse reac-

ke k| ks
e ;

v
E'+L —» E'L
k-

Scheme 7
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tions (k_; and k,) E' — E must be slow compared to the
rapid association/dissociation process (k, + k_,) of the
migrating enzyme with L.

However, in light of the hysteretic catalytic behavior
of ChEs, an alternative explanation can be proposed.
Assuming that the enzyme exists as two forms E and E' in
slow equilibrium, the boxed model in the general Scheme
2 can account for the phenomenon observed in affinity
electrophoresis of human BuChE. However, the fact that
the lowest affinity form (E) is prevailing at low L would
imply that k_, > k. Then, because Kj < Ky, the equilibri-
um is progressively shifted to E'.

Slow-binding inhibition. Three mechanisms account
for slow-binding inhibition of enzymes [74, 75] (Scheme
8): a) slow interaction (slow k,, = k;) between enzyme (E)
and inhibitor (I) (called “mechanism A”); b) rapid for-
mation of enzyme—inhibitor complex (EI) followed by
slow isomerization of EI to a second complex, EI* (called
“mechanism B”); c¢) slow equilibrium between two
enzyme forms E and E’, inhibitor binds rapidly to the
enzyme form that does not bind the substrate (called
“mechanism C”).

The kinetics of fractional enzyme inhibition by slow-
binding inhibitors follows Eq. (1). Although the relations
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between hysteresis and slow-binding inhibition have not
been thoroughly investigated, the hysteretic inhibition
mechanism may involve slow conformational change of
either the enzyme E or the first enzyme—inhibitor com-
plex EI, as illustrated in Scheme 8 (mechanisms B and
C). Other mechanisms for slow-binding inhibition can be
considered. In particular, competition between substrate
and inhibitor for both enzyme forms may theoretically
occur. Accordingly, the general Frieden’s model for hys-
teretic enzymes (Scheme 2) can be expanded for compet-
itive inhibition. The different mechanisms of slow-bind-
ing inhibition can be distinguished from the dependence
of k, the induction constant, on inhibitor concentration
[74, 75].

Kinetic analysis of slow-binding inhibition of AChE
by (—)-huperzine A [76] and human BuChE shows that it
obeys mechanism A in Scheme 8 (Masson et Gillon,
unpublished). Slow-binding inhibition of BuChE by (+)-
tubocurarine obeys mechanism B in Scheme 8 [77], and
the reaction of DFP with Bungarus fasciatus AChE
mutant (,,,HFQT),5) involves also a reversible slow bind-
ing step of B type [78]. Other slow-binding inhibitors of
ChEs and tight inhibitors like the protein toxin fasci-
culin-2 [79, 80] may interact similarly. So far the product
progress curves of ChEs in the presence of slow-binding
inhibitors have not been analyzed in detail, except for
inhibition of Electrophorus electricus AChE by fasciculin-
2 where inhibition was found to obey mechanism B [81].
There is no known reversible slow-binding inhibition of
ChEs that can be described by mechanism C so far.
However, we cannot rule out the possibility that certain
reversible inhibitors of ChEs bind to E and/or E’ forms in
slow equilibrium, thus leading to hysteresis in enzyme
inhibition.

Irreversible inhibition. If the inhibitor binds and
reacts irreversibly with both enzyme forms E and E’ with
different bimolecular rate constants (k; > k{) (Scheme 9),
then under pseudo-first-order conditions of inhibition
(E << [I]), the residual enzyme activity as a function of
incubation time with the inhibitor does not follow simple
first-order inhibition kinetics.

In Scheme 9, the dissociation constants of both
enzyme—inhibitor complexes, E.I and E'.I, are respec-
tively:

ky .

E _’<k— E

=+ - —+

| |

ko lkon kéferlm
k k'
E-1 —— E.I E'l —— E'-I

Scheme 9
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K; =ko—ﬁ and K',:Iii
on off
where k, and k; are the rate constants of irreversible inhi-
bition (phosphorylation or carbamylation), and the
bimolecular rate constants are k; = k,/K; and k{ = k,/K].
Since [E,]o = [El, + [E']y, the enzyme inactivation
rate is:

) 13)

Vin = d[Etot]O/dt = kobs,app[Elot]O = d([E]O + [E’]O)/dt (14)

Then, the apparent overall inactivation constant is:

1 ok ke,

Kopsapy = Koo TR T )
obs,app obs 1+k0 /k_() obs 1+k0 /k_o )

15)

where both rate constants of inactivation for E and E' are:

k [T k[
hs = —2 ] and k', = o] ) (16)
K, +[1] K +[1]

In Scheme 9, a slow equilibrium between E.I and
E'.I (cf. Scheme 2) cannot be ruled out, but k; + k. is
much slower than the carbamylation or phosphorylation
reaction process (k, and k), and this equilibrium does not
affect the remaining enzyme activity as a function of
incubation time of enzyme with inhibitor.

Therefore, starting with a total activity [E.,], at t,,
the remaining activity at time t, [E,], can be described by
the sum of two pseudo-first-order processes (Eq. (17)).

[E], =[Elpe”™™" +[E']oe " (17)

The observed rates of inhibition of both phases are
kops > kiys. In a semi-log plot of Eq. (17), the first-order lines
(In[E)/[E o and In[E{]/[E,], versus time) for both phases
extrapolate to In(50% activity) at t = 0. This indicates that
both enzyme forms, E and E’, are equally populated at t = 0.

Such a type of inhibition was observed for carbamyla-
tion of Electrophorus electricus AChE with long-chain
analogs of physostigmine [82], carbamylation of human
BuChE with N-methyl-N-(2-nitrophenyl) carbamoyl chlo-
ride (MNPCC) [19], and phosphorylation of human
BuChE and AChE with cresyl saligenin phosphate (CBDP)
[20]. Also, reported concentration-dependent change in the
apparent bimolecular rate constants (k;) of human AChE
with OPs such as paraoxon [83] and chlorpyrifosoxon [84]
can be explained by reaction of inhibitors with two enzymes
forms, E and E’, differing in reactivity (k; > k{) for these OPs.

MOLECULAR MECHANISM
OF CHOLINESTERASE HYSTERESIS

ChEs belong to the family of o/p hydrolases, and
they present strong sequence homology [1]. The fact that
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all studied ChEs display hysteretic behavior indicates that
this behavior is an intrinsic property of this enzyme fam-
ily. For example, under the same experimental conditions
with NMIA as the substrate, the maximum induction
time at substrate saturation is 20 min for wild-type horse
BuChE [30], 16.6 min for wild-type Drosophila
melanogaster AChE [11], and 2 min for wild-type
Bungarus fasciatus AChE [30]. For wild-type human
BuCheE it is 15 min, while it is 8.5 min for the D70G
mutant [10] and 4.5 min for the D70H mutant [30]. In
human BuChE, residue D70 located at the rim of the
active site gorge plays a role in the motion of the Q loop
that connects the PAS and the substrate binding site of
the active center (Fig. 6; see color insert). Thus, sequence
differences between ChEs, as well as point mutations for
a given enzyme, appear to modulate induction times.
However, human AChE and human BuChE that are
sequentially different shows the same maximum induc-
tion time with NMIA at saturation. Then, single or mul-
tiple substitutions in the peptide sequence are not the
determining factor. Though mouse AChE, human AChE,
and human BuChE differ in sequence, they display the
same hysteretic behavior with NMIA, i.e. T = 15 min at
saturating substrate. Moreover, the fact that molecular
dynamics of mouse AChE, human AChE, and human
BuChE are very different [85, 86] suggests that induction
time does not correlate with molecular dynamics of the
enzyme.

Double mutation in the oxyanion hole (G117H/
A199E) of human BuChE causes hysteresis with thio-
esters BuSCh and BzSCh, whereas wild-type BuChE and
the simple G117H mutant are not hysteretic with these
substrates [30]. With the homologous oxo-esters, BuCh
and BzCh, mutated enzymes do not display this hysteretic
behavior [87], and hysteresis is observed for wild-type
BuChE with BzCh. It was shown that the effects on cat-
alytic parameters (K,,, acylation constant k,, and k) of
ethereal oxygen/sulfur substitution between oxo- and
thio-substrates are due to electronic and steric factors
[87]. Because mutations in the oxyanion hole affect the
stabilization of transition states for the chemical steps of
substrate hydrolysis, the results indicate that a slight alter-
ation in the adjustment of thio substrates in the active
center at the level of acylation plays a role in the hys-
teretic behavior of BuChE mutated in the oxyanion hole.
This implies that hysteresis of ChEs originates in the sta-
bilization of the transition state for acylation. The fact
that a mutant of human BuChE (A328C) displays hys-
teretic behavior with BuSCh as the substrate while wild-
type BuChE does not supports this contention. In fact,
molecular modeling indicates that mutated residue C328
forms a H-bond with the catalytic histidine (His438) in
the resting enzyme. Thus, it may be hypothesized that
hysteresis of ChEs is controlled by the conformation of
the catalytic triad histidine. Induction time may depend
on the probability of His438 to adopt the operative con-
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formation in the catalytic triad. QM/MM works in
progress support this hypothesis (Lushchekina et al., in
preparation).

Water molecules appear to play a role in hysteresis.
As seen on Fig. 6, key residues in the active site gorges of
ChEs are interconnected via a network of structural water
molecules. Perturbing the organization of water mole-
cules was found to modulate hysteresis. In particular, it
was shown that hydrostatic and osmotic pressure, tem-
perature, chaotropic and kosmotropic salts, organic sol-
vents, and pH affect induction time [10, 16, 17].
Hydrostatic pressure and kosmotropic salts were found to
decrease induction times [4]. The hysteretic constant, k,
is associated with a negative activation volume, A*V, =
—45 ml/mol, indicating more structuring of water in E’
than in the unprimed form E. On the contrary, chaotrop-
ic salts [4], osmotic pressure (sugars and polysaccha-
rides), and a water-soluble organic solvent (methoxy-
ethanol up to 22% v/v) (Masson et al., unpublished
results), that are water-structure breakers and/or act as
water-suckers for sucking water molecules out of the
active site gorge, caused increase in induction times.
Thus, hydration of key residues by organized water mole-
cules is important for hysteresis.

FUNCTIONNAL SIGNIFICANCE
OF CHOLINESTERASE HYSTERESIS

Most hysteretic enzymes are regulatory enzymes,
and it has been suggested that hysteresis may play a phys-
iological role in damping out cellular response to rapid
change in substrate or effector concentration [88, 8§89].
However, the actual role of hysteretic enzymes in cellular
regulations has not yet been demonstrated. There is no
evidence that hysteresis plays a role in function(s) of
BuChE and AChE in the body. Cholinesterases, at least
AChE as a regulatory enzyme, play an important role in
transmission of nerve influx in the cholinergic system.
Otherwise, human plasma BuChE plays a role in detoxi-
fication of poisonous esters as an endogenous stoichio-
metric or catalytic bioscavenger [4]. Since detoxification
enzymes are promiscuous, multifunctional enzymes, they
are expected to exist as conformational ensembles [90].
Therefore, physiological and/or toxicological relevance
for the hysteresis of ChEs cannot be ruled out.

Hiysteresis as a component of the “protein new view”
paradigm. The “new view” of protein conformational
dynamics proposes that proteins are normally in equilib-
rium between preexisting functional and non-functional
conformers, and that binding of a ligand to the function-
al form shifts that equilibrium towards the functional
conformation [91]. This conformational heterogeneity is
the central concept of the “New enzymology”. This has
been demonstrated for ligand binding to several enzymes,
e.g. human glucokinase [92]. About ChEs, crystallo-
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graphic data and MD simulations on native forms of
AChE and AChE forms complexed with ligands argue for
selective binding of certain ligands to preexisting confor-
mations [93]. However, preexisting equilibrium dynamics
involves a wide range of very fast motions (femtosecond-
to-millisecond time scale) [94], several orders of time
faster than hysteretic responses of ChEs. Thus, slow con-
formational dynamics of enzymes imply that the proba-
bility density to cross energy barriers is low, thus increas-
ing waiting time for selective reactions to occur [90, 95,
96]. Our hypothesis about His438 conformation in hys-
teresis fits with the underlying concept of enzyme confor-
mation landscape at the level of transition states for acy-
lation reactions (k,) in our case.

Oscillatory hysteresis and inhibition of cholinesteras-
es. The next question that arises is whether hysteretic
mechanisms and/or oscillations of ChEs are toxicologi-
cally relevant. Could they be involved in protection of the
cholinergic system during response to intoxication by
reversible inhibitors or poisonous esters? Non-linear
pseudo-first-order irreversible inhibition of ChEs by cer-
tain OPs and carbamates [19, 20, 82-84] suggest a damp-
ing function of hysteresis.

The functions of metabolic oscillations are scarcely
understood. Potential roles for protection of cells against
poisons have been proposed [97, 98], but there is no evi-
dence that ChEs display this property even under physio-
logical distress conditions. Yet, oscillatory behavior may
occur if enzyme inhibition by excess substrate is coupled
to product inhibition [99, 100]. AChE is inhibited by
excess substrate [1-7], and one reaction product, H*,
inhibits the enzyme. Then, it has been reported that
AChE bound to bovine serum albumin (BSA) membrane
at pH higher than the BSA isoelectric point (negatively
charged membrane) can produce sustained oscillations in
transmembrane potential upon infusion of acetylcholine
(positively charged substrate) on one side of the mem-
brane [101]. However, this observation that has never
been reproduced is questionable for theoretical reasons
[100]. In the case of immobilized AChE, combination of
mass transfer (influx of substrate in Scheme 5) coupled to
inhibition by excess substrate was found to lead to hys-
teresis [102]. Damping effect of mass transfer on substrate
inhibition (cf. Eq. (3) with 8 < 1) could certainly lead to
damped oscillations as in Roussel’s models [36, 37]. In
addition, non-linear dynamics analysis of oscillations
predicts that a substrate in-flow coupled with slow tight-
binding inhibition can generate damped oscillations in an
open enzyme system [103]. Because of the slow forma-
tion of EI, more ES is initially formed than the steady
state allows, then oscillations occur. Numerical solution
of the model equations shows that the damping is
reduced, and oscillations are more likely to appear if the
local enzyme concentration is high. Such a situation may
prevail for BuChE on glial cell membranes and for AChE
in synaptic clefts (the AChE active site density is 2500-
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3000 pm~2 at neuromuscular junctions [104]). Though no
sustained or damped oscillations in ChE activity have
been observed in vivo so far, it is therefore conceivable
that such phenomena arise for membrane-bound ChEs in
the cholinergic systems, and thus could play a role in
short-term regulation of the cholinergic system and in its
adaptive physiological response(s) to chemical aggres-
sions.

APPENDIX

Let us consider the simple Michaelis—Menten
model with two intermediates (n = 2) for hydrolysis of an
ester by cholinesterases (Scheme (10), where &, is the rate
constant for formation of the enzyme—substrate complex
(ES), k_, is the rate constant for dissociation of ES, &, is
the rate constant of acylation, and k; is the rate constant
of deacylation. P, is the alcohol product and P, the car-
boxylic acid product.

Assuming [E] << [S] and &, < k_;, with most good
substrates, both acylation and deacylation are rate-limit-
ing step: k, > k; [87]. The Michaelis—Menten constant is:

- (k_,+k,)k, (18)
ky(ky + k)
and the catalytic constant k,:
k.k
23 (19)

(k)

According to the theory of transient-phase kinetics,
the approach to the steady state in this Michaelis—
Menten mechanism depends on two exponential terms
exp(—A;t) [105]. Thus, under these conditions, the varia-
tion in the concentration of released product P, for the
establishment of the steady state (ss) is:

[Pl=v, +f+ Y e

i=1

(20)

where the amplitude of the lag is § = v/2\;. The overall
rate constant, XA; = 1/t, is the sum of all first-order rate
constants:

Sh =k [S] + k_, + ky+ ks Q1)

kl k2 k3[H20]
E+S @« ES - EA =- E +P,
ki  +P,
Scheme 10
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For hydrolysis of a substrate with a typical k., =
333 sec, it follows that A; > 333 sec™'. Therefore, the
Michaelis—Menten induction period is: t < 1/333 =
0.8 usec.
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(P. Masson) Grenoble’s magic square

Fig. 6. (P. Masson) Active site gorge of human BuChE. Key residues are labeled: a) in the PAS (D70 and Y332); b) in the active site pocket:
the m-cation binding site (W82), the catalytic triad (S198, H438, E325); c) E197 is involved in stabilization of transition states. The water mol-
ecule network interconnects key residues in the active center gorge. The Q loop connects the PAS and the n-cation binding site. The surface
in gray delimitates the solvent accessible volume of the active site gorge (500 A°).
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