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Activation of Acetylcholinesterase by Monovalent (Na*, K*) and Divalent

(Ca?*, Mg?*) Cations'

Peter Hofer, Urs Peter Fringeli,* and Wolfgang Heinrich Hopff

ABSTRACT: The activation of acetylcholinesterase [EC 3.1.1.7
(AChE)] by monovalent and divalent metal ions has been
investigated by kinetic experiments under steady-state con-
ditions (pH-stat method). It has been shown that at low ionic
strength the enhancement of the activity by both monovalent
and divalent metal ions can be explained as an electrostatic

It has been known for many years that the enzymatic activity
of acetylcholinesterase [EC 3.1.1.7 (AChE)]! is enhanced by
alkaline metal ions (Na* and K*) and alkaline-earth metal
ions (Ca?* and Mg?*) whereby the activation caused by the
second group is much greater than that caused by the first
group (Nachmansohn, 1940). There are at least three ex-
planations for this activating effect: (1) ionic strength effects
according to the theories of Bronsted—Bjerrum and Debye-
Hiickel; (2) conformational changes as a result of a peripheral
site occupation by the metal ions; (3) specific binding of the
metal ion to the anionic subsite of the active centre.

Roufogalis & Wickson (1973, 1975) have shown that the
activation by calcium ions is inhibited by a treatment of the
enzyme with carboxyl group reagents such as carbodiimide.
They interpreted this observation as the inhibition of an al-
losteric effect.

Nolte et al. (1980) explained the influence of the sodium
concentration on the association rate constant of the cationic
ligand N-methylacridinium with AChE as an ionic strength
effect, which can be described by the Bronsted-Debye—Hiickel
theory.

Smissaert (1981) interpreted his results as a “specific salt
effect”. Thereby, the association of the Na* ions with the
anionic subsite of the catalytic center reduces the reactivity
(kear/ Kiy) of the enzyme.

Tomlinson et al. (1981) explained the activating effect of
the divalent metal ions Ca?* and Mg?* as a conformational
change which is induced by the occupation of a peripheral site
of the enzyme by these ions. A voluminous literature deals
with “peripheral anionic sites” of AChE. For a review the
reader is referred to Rosenberry (1975), Bolger & Taylor
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effect. Thereby, enhancement of the concentration of mo-
novalent metal ions (Na* and K*) acts by reducing the pen-
etration depth of the electric field of carboxylate groups located
at the active center whereby divalent metal ions (Ca?* and
Mg?*) act by a complex formation with these charged groups.

(1979), and Berman et al. (1981).

In this work we want to examine whether the activation of
AChHE by mono- and divalent metal ions can be explained only
by ionic strength effects or whether additional mechanisms
have to be taken into consideration.

Materials and Methods

Enzyme Purification. AChE from the electric organ of
Torpedo marmorata was purified by affinity chromatography
as described by Hopff (1976). Density gradient centrifugation
revealed that the preparation contained 50% of the globular
118 form and 50% of the asymmetric forms (~10% of 17S,
~25% of 13.3S, and ~15% of 9S).

Enzyme Assay (pH-Stat Method). In a total volume of §
mL, the mixture contained 10~ M acetylcholine iodide (AChI)
or bromide and various concentrations of the chlorides of the
salts of mono- and divalent metal ions. The reaction was
started by adding 5 uL of enzyme solution (~1 IU).! To keep
the pH constant 0.01 M NaOH was added by the use of a pH
meter equipped with an impulsomat and a dosimat. The
temperature was 25 °C, and the reaction mixture was kept
under nitrogen. For activity determinations at varied salt
concentrations the pH was kept at 7.4. If the activity at varied
pH value was measured, the pH dependency of the pH-stat
method had to be taken into consideration. At low pH (<6)
the protonation of the acetic acid increases, thus leading to
a reduced demand for NaOH. At high pH values (>9.5) the
amount of NaOH is too large because of the increased de-
protonation of the choline groups.

Results and Discussion

Effect of Monovalent Cations (Na* and K*) on the Enzy-
matic Activity. Figure 1 shows the results of activity mea-
surements at different sodium concentrations in the form log

! Abbreviations: AChE, acetylcholinesterase (EC 3.1.1.7); AChI,
acetylcholine jodide; 1 IU, 1 international unit = 1 umol of product
produced /min.
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FIGURE 1: Dependence of the enzymatic activity on the ionic strength.
(O) Results of Tomlinson et al. (1981). (@) Our results (pH-stat
method, T = 25 °C, pH 7.4, acetylcholine concentration = 1073 M,
Iin mol/L).

(Act) = f{I'/?) (I = ionic strength = 1/23 c;z? whereby ¢; and
z; denote the concentration and the charge of the ion {). In
this experiment the ionic strength was identical with the so-
dium chloride concentration. By use of potassium chloride
instead of sodium chloride, identical results have been obtained,
thus showing that the increase of activity (Figure 1) is caused
by an increased ionic strength and not by a specific sodium
effect.

Such a dependency of the reaction rate and the ionic
strength can be described by the theories of Bronsted—Bjerrum
and Debye-Hiickel. According to them the rate constant of
a reaction between two charged particles depends on the ionic
strength as follows (Kortiim, 1972):

2A4Z,Z,1\?
1 + Ball/?

ko = the rate constant at ionic strength = 0, Z, and Z, = the
charges of the two reactants, 4 and B are constants, 4 = 0.509
and B = 0.33 (T =298 K, ¢ = 80.3), a = the minimal distance
(A) of the two charges, and I = the ionic strength (mol/L).
The activity of AChE is limited by the slowest step in the
enzymatic hydrolysis of acetylcholine S* to choline Ch* and
acetic acid Ac™.

log k = log ko + nH

k, Ch*

P BN ks - +
E+S TES E—Ac—>HZO E+ Ac +H
(E stands for the free enzyme and E-Ac for the acetylated
enzyme.)

Different groups (Wilson & Cabib, 1956; Krupka, 1964;
Froede & Wilson, 1980) have found that the deacetylation
(k5) is the rate-limiting step, i.e., ky > k;. That means that
the ionic strength dependency of the turnover number (k)
and the activity (Act) is comparable to that of the deacety-
lation step.

Act = kcat[E]t = kJ[E]t

where [E], = total enzyme concentration

VOL. 23, NO. 12, 1984 2731

2A4Z,Z,I'?
log (Act) = log (Act)y + m/—z 2)
At low ionic strength the following linearization may be ap-
plied:
log (Act) = log (Act)y + 24Z,Z,I'/? (3)

At high ionic strength the Debye—Hiickel expression for the
activity coefficients is extended by a linear term (Kortiim,
1972) which also leads to a linear term in eq 2:
2A4Z,Z,1'?
log (Act) = log (Act), + T+ Bal, , + CI 4)

On the basis of eq 2 two conclusions can be drawn from
Figure 1: (1) There are two charged particles reacting in the
rate-limiting step, i.e., in the deacetylation. (2) The positive
slope of the graph indicates that the charges of these two
particles are of the same sign.

According to Nolte et al. (1980) the net charge Z, of the
active site amounts to —6.3¢; (¢, = 1.6 X 1071° C). The
deacetylation occurs under the electrostatic influence of these
negative charges. The fact that the two reactants are of the
same sign indicates that the acetylated enzyme reacts with a
negative charged particle. This is the case with a base-cata-
lyzed ester hydrolysis:

E(Z,)-Ac + OH™ — E(Z,)-OH + Ac”

E(Z,)-OH = AChE, E(Z,)-Ac = acetylated AChE, and Z,,
= the net charge of the active center. Before the Bronsted—
Debye-Hiickel theory is applied to this reaction, it should be
remembered that this theory describes the reaction between
two charged particles. The base-catalyzed deacetylation of
ACHE, however, is a reaction between the negative hydroxyl
ion and a positive polarized carbonyl group whereby the latter
is surrounded by about six negative charged carboxyl groups
(Nolte et al., 1980). The obtained value for the effective
charge Zg shows the effect of these carboxyl groups on the
hydroxyl ion and is probably smaller than the total charge Z,
of the active site.

Up to an ionic strength of 25 mM the data (Figure 1) can
be described very well by the linearized Bronsted-Bjerrum
expression (eq 3). The estimated effective charge amounts
to Zg = (-2.3 £ 0.1)e, (indicated errors correspond to the 90%
confidence limits). Measurements by Tomlinson et al. (1981)
lead to practically the same result.

Thus, according to the theories of Brénsted—Bjerrum and
Debye-Hiickel, the reason for the enhancement of the activity
by sodium and potassium ions is a reduction of the range of
the electric field of the carboxylate groups, which reduces the
electrostatic repulsion between these groups and the hydroxyl
ions. At ionic strengths above 20 mM either the nonlinearized
or the extended Bronsted-Bjerrum equation might be applied
(eq 3 and 4, respectively).

The agreement of the least-squares fits and the data in either
case is not very good (Figure 2). For the (a) nonlinearized
Bronsted-Bjerrum equation (eq 2), the fitted parameters are
Zy = (-8.6 £ 3.2)ep a = 33 £ 11 A. Parameter a is much
too big to be realistic. A reaction between a hydroxyl ion and
an acetyl group at a distance of 33 A is hardly possible. This
minimal distance is also too big in comparison with the steric
extensions of the active center as estimated by Hopff (1976).
(b) For the extended Bronsted—-Bjerrum equation (eq 4), the
fitted parameters are Zg = (—4.5 £ 1.2)es,a = 12+ 6 A, and
C =-1.0 £ 0.5 M1, As the introduction of the linear term
is purely arbitrary and this constant C has no meaning in the
molecular model, the rest of the parameters too represent
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FIGURE 2: Dependence of the enzymatic activity on the ionic strength.
Least-squares fits on the base of the nonlinearized (a) (eq 2) and of
the extended (b) (eq 4) Bronsted—Bjerrum equation ( in mol/L).

merely fit parameters of little meaning. The appearance of
a maximum in the fitted curve which is not seen in our data
shows that this least-squares fit is not very likely.

The failure of the Bronsted—Bjerrum theory at high ionic
strength may be due to the following reasons: (1) The as-
sumptions for applying this theory are not fulfilled. (2) The
range of application of the Debye—Hiickel theory is exceeded.
(3) The charge and the conformation (eventually causing
subunit interactions) of the AChE may depend on the ionic
strength. Such a change of a reactant during the measurement
may influence the resuits.

(Case 1) As mentioned above, the Bronsted—Bjerrum theory
has been developed for reactions between charged particles.
With the acetylated AChE, which is one reactant at the
deacetylation, the reacting group and the charged group are
not identical. However, the application of the Bronsted-
Bjerrum theory is obviously an efficient means for interpreting
the experimental data at low ionic strengths.

(Case 2) Concerning the range of application of the De-
bye-Hiickel theory the opinions differ greatly. The concen-
trations above which the theory is said to fail reach from 1
to 100 mM (Frank & Thompson, 1959; Glickauf, 1959).
However, the extended theory describes the mean activity
coefficients of sodium chloride up to a concentration of ~10
M (Kortiim, 1972).

(Case 3) Polyelectrolytes carry many charges which interact
with each other. An increase of the ionic strength will reduce
these interactions which lead to a small change of the con-
formation of the protein. Moreover, in the case of poly(car-
bonic acids) such a reduced interaction will cause an increased
dissociation of the carboxylic groups, i.¢., an increased number
of charges. Both a conformational change and a change of
the net charge might influence the activity of an enzyme.
Concerning salt-sensitive conformational effects, there is some
evidence from infrared spectroscopic measurements that the
enzyme conformation is slightly altered when the ionic strength
passes the “discontinuity” in the Bronsted-Bjerrum plot
(Figure 1) at ~36 mM (J'/2 o~ 0.19). These spectroscopic
findings will be published elsewhere.

Effect of Divalent Cations (Ca** and Mg**) on the Enzy-
matic Activity. Figure 3 shows the dependence of the enzy-
matic activity of AChE on the jonic strength whereby at a

HOFER, FRINGELI, AND HOPFF

log Akt T
|
1

0o 0.2 04 -7

100 mM NaCl
FIGURE 3: Dependence of the enzymatic activity on the ionic strength
I (a) I =[NaCl]; (b) I = 0.1 M NaCl + 3[CaCl,] (pH-stat method,
T =25 °C, pH 7.4, acetylcholine concentration = 10~ M, I in mol/L).
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FIGURE 4: Dependence of the enzymatic activity on the ionic strength
I. (a) Without CaCl,; (b) 0.1 mM CaCl, and (c) 2 mM CaCl, have
been added (pH-stat method, T = 25 °C, pH 7.4, acetylcholine
concentration = 107° M, / = 1/,3 ¢;z? = [NaCl] + 3[CaCl,]).

o+

NaCl concentration above 100 mM the further increase of the
ionic strength was caused by the addition of either NaCl (a)
or CaCl, (b). Obviously the effect of the calcium ions on the
esterase activity is different from that of the sodium salt.

More insight is given by the following experiment: At a
constant CaCl, concentration of 0.1 and 2 mM, respectively,
the influence of the ionic strength on the enzymatic activity
was measured. The ionic strength was varied by the addition
of NaCl. The results are shown in Figure 4. As the influence
of NaCl on the enzymatic activity up to a concentration of
25 mM can be interpreted in terms of an ionic strength effect
(see above), only this linear part has been taken into consid-
eration.

For comparison Figure 4a represents the ionic strength
dependence of the activity of AChE in the absence of Ca?*
ions. At a CaCl, concentration of 0.1 mM the slope of the
Bronsted-Bjerrum graph (Figure 4b), i.e., the charge of the
active site, is reduced by 60%. When the concentration of
CaCl, is increased to 2 mM (Figure 4c), the enzymatic activity
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Table I: Dissociation Constants of Different Carbonic Acids
with Calcium (Ionic Strength - 0 M)

acetic acid 0.17 M@
malonic acid 3.2x103 M?

citric acid 2.1 X107 M°

@ Coleman-Porter & Monk (1952) [see Sillén & Martell (1964, p
365)]. b Stock & Davies (1949) [see Sillén & Martell (1964, p
385)]. © Davies & Hoyle (1955) [see Silléh & Martell (1964, pp
477 and 478)].

is practically independent of the ionic strength. It is obvious
that calcium ions neutralize the negative charges of the active
site by a complex formation with the carboxylic groups. This
leads to an easier access of the negative charged hydroxyl ions
at the deacetylation step and thus enhances the enzymatic
activity. Similar results have been obtained for magnesium.

The determined values for the effective charges at CaCl,
concentration of 0.1 and 2 mM amount to

Zg, = (-0.96 £ 0.05)¢,  [CaCl;] = 0.1 mM
Zg, = (-0.02 £ 0.02)¢, [CaCl}] = 2 mM

From these data the complex formation constant X, of the
calcium ions with the binding sites (-COQO"), of the active
center has been evaluated (total concentration of binding sites
= [(-C00),))

(-C00"), + Ca?* = (-C00"),Ca?*
_ [(-€C00Y),Ca*]  fico0,cat* Zg ~ Zg,
[(-C007),][Ca®*] fi-coo, fesrr  Zg, X 1071 M

[(-COO),), = Zg, [(000Y),] « Zg,[(-CO07),Cat*] « (Zg
- Zg), and [Ca?*] = 10 M -[(-C0O0"),Ca?*] =~ 10* M.
Considering the low concentrations ([Ca?*] = 10~ M,
[(-COO0"),] ~ 10° M) the reactants are assumed to show
ideal behavior, i.e., f; = 1. The complex formation constant
K, and the dissociation constant Ky, (=1/K,) are calculated
tobe K, = (1.4 £ 0.4) X 10* M and K, = (7.4 £ 2.4) X
105 M. The corresponding value of Kp, determined by Taylor
& Lappi (1975) amounts to (4.3 & 0.4) X 10°* M. When this
is compared to our results, one has to consider that these
authors measured the association of Ca?* ions with the whole
protein surface while with our method only the one with the
active site was determined. The density of the carboxylic
groups at the active site area probably differs from that of the
rest of the protein surface. The great influence of this
“carboxylic group density” on the dissociation constant of
complexes of Ca?* with carbonic acids is demonstrated in
Table I. As concluded from Table I our determined value
of K, suggests that about three carboxylic groups are involved
in one calcium-binding site at the active center. At a low ionic
strength the enhancement of the enzymatic activity by Ca?*
and Mg?* can obviously be explained by a complex formation
of these ions with the carboxylic groups of the active center.
Thereby, these ions neutralize the negative charge of the latter,
which leads to an easier access for the hydroxyl ion. Thus,
at low ionic strengths the observed activation can be explained
by electrostatic effects, and there is no need to introduce a
conformational change to explain the presented data. More
recently, however, infrared spectroscopic data revealed a sig-
nificant change of the protein secondary structure upon con-
centration modulation of Ca?* ions between 0.25 and 0.75 mM
in the presence of 100 mM NaCl (cf. Figure 3). These results
will be published elsewhere.

Effect of Ionic Strength on the Activity vs. pH Curve.
Figure 5 represents the enzymatic activity of AChE at varied
pH values, measured at an ionic strength of 0.1 (0.1 M NaCl)

A
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FIGURE 5: Dependence of the enzymatic activity on the pH measured
at an ionic strength of 0.1 (a) and 0.006 M (b) (pH-stat method, T
= 25 °C, acetylcholine concentration = 107 M).

Table II: pK Values of Citric Acid at Different Ionic Strengths

ionic strength=0.15 M
(temp = 25 °C)

ionic strength—+ Q0 M
(temp = 25 °C)

pK, = 5.629 pK,=6.39°
pK, = 4.349 pK,=4.73
pK, = 2.939 pK,=3.11

¢ Liet al. (1959) [see Sillén & Martell (1964 p 477)]. ©° Bates &
Pinching (1949) {see Silléh & Martell (1964, p477)]. ¢ Heinz
(1951) [see Silléh & Martell (1964, p 478)]. ¢ Davies & Hoyle
(1953) [see Sillén & Martell (1964, pp 477 and 478)].

(a) and 0.006 M (0.005 M NaCl + 0.001 M AChI) (b). The
lowering of the ionic strength leads to a reduced activity of
the enzyme and a shifting of the maximum of the activity to
higher pH values. At low ionic strength (Figure 5b) the
penetration depth of the electric field of the carboxylate groups
is increased from about 10 to about 40 A. This leads to an
increased repulsion between the active center and the hydroxyl
ion, i.e., to a decreased activity. In addition, this enlarged
penetration depth leads to an enlarged interaction between the
carboxylate groups, thus leading to an increase of the pX values
in question. Such a dependence of the pK values of poly-
carbonic acids on the ionic strength has been measured for
citric acid (Table II).

At the active center of AChE interactions of not only three
but also about six carboxylic groups are expected (Nolte et
al., 1980), thereby causing an even enhanced shifting of the
pK values. As a consequence of this shifting a certain amount
of carboxylic groups remain protonated at relatively high pH
values.

This is also illustrated by the following experiment: The
dependence of the activity of AChE on the pH was measured
in 0.1 M NaCl solution which contained 2 mM CaCl, (Figure
6a) and in pure 0.1 M NaCl solution (Figure 6b). The main
effect of the CaCl,, the increased activity, has been discussed
above. But in addition there is a shift of the maximum of the
activity to higher pH values in the presence of CaCl,. The
reason for this behavior is probably found in an increased
deprotonation of the carboxylic groups of the active center at
higher pH values which is paralleled by an increased complex
formation constant of Ca?* and the active center of AChE.,
Such a neutralization of the negative charge would lead to the
observed enhancement of the enzymatic activity (see above).
In 1955 Davies & Hoyle [see Sillén & Martell (1964), pp 477
and 478] indeed found a very strong correlation between the
degree of deprotonation of citric acid (H;L) and the complex
formation constant of this acid with Ca?* ions: K,(Ca?* +
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FIGURE 6: Dependence of the enzymatic activity on the pH measured
in 0.1 M NaCl with the addition of 2 mM CaCl, (a) and without
CaClzs(b) (pH-stat method, T = 25 °C, acetylcholine concentration
=10 M).

H,L~ = CaH,L*) = 12.6 M™}; K,(Ca?* + HL* = CaHL)
=123 X 10 M}, K, (Cal* + L* = Cal) =4.79 X 10 ML,
Thus, the observed shift of the maximum of activity induced
by Ca?* ions indicates that at a pH value of 7, i.e., at a
physiological pH value, there still are protonated carboxylic
groups in the active center, a fact which has recently been
verified by infrared spectroscopy (unpublished results). From
this the following consequences can be drawn: (1) At phys-
iological pH values the carboxylic groups of the active center
of AChE are still partly protonated. (2) A change of the “inner
electric field” of the protein by changing the ionic strength
of the electrolyte leads to a change of the number of charged
groups. (3) The activity depends highly on this number of
charges. (4) Thus, the inner electric field might be a useful
means to control the enzymatic activity of AChE. In this
context it should be mentioned that on the basis of infrared-
ATR data Fringeli & Hofer (1980) have already postulated
an electrostatic model for the regulation of the activity of
AChE.
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