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Acetylcholinesterase (E.C.3.1.1.7) was partially purified from rat brains stored in
toluene. Extraction was performed using buffers containing non-ionic tensoactive de
tergents. Some properties of the enzyme were affected by the use of different activity
measurement methods, such as the short-time radiometric or the long-time colorimetric
method.

There were two zones of maximum activity in the range pH 7.5-8.0 and 8.0-8.6,
respectively. There seems to be a histidine residue in the enzyme that participates in
the catalytic process. Thermal denuration presented first order kinetics and different
thermodynamic parameters were obtained on using different incubation periods.

On using the short-time activity measurement method there was activation at high
substrate concentration, but with the long time method there was a marked inhibition
produced by excess of substrate. However, if the enzyme was extracted from fresh rat
brain, toluene untreated, these differences dissapeared. Gel filtration and disc electro
phoresis showed the presence of multiple and interconvertible forms of the enzyme.

Acetylcholinesterase (E.C. 3.1.1.7) oc
curs at a high specific activity in brain
and nervous tissue. Most studies have
been carried out with the enzyme from
the elcctrogenic organ of the «Electric
Ecl». In this source the enzyme exists in
a number of multiple forms which can
be separated on the basis of their charge
and molecular weight. It has been sug
gested (3) that many of these forms are 
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aggregates from a lower molecular mo
nomer, and at present there is substantial
knowledge about the number and nature
of the multiple forms and their kinetic
and thermodynamic behaviour. In addi
tion, it has been established that this en
zyme possesses a regulatory site different
from the active site (6).

Relatively little is known about the
enzyme from mammalian brain, thoush
all the studies reveal a multiplicity of
forms. The existence of regulatory site
distinct from the active one has not been
reported in this source.

The aim of this work is to determine.
4
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in rat brain, the thermodynamic and ki
netic properties of the catalytic reaction
and the number of molecular forms pre
sent in the homogenates in order to lead
to a greater understanding of some of
the molecular mechanisms involved in
synaptic transmission.

Materials and Methods

All reagents used were of analytical or
spectral grade. Special chemicals: [1-14C]-
acetylcholine chloride (5-25 mci/mmol)
was purchased from Radiochemical Cen
tre (Amersham), Acetylcholine chloride
(Ach) from Merck (Darmstadt), Amber
lite CG-120 resin, sodium form, 200 mesh,
was a product of BDH (Poole Dorset).
Naphtalene was obtained from Eastman
Organic Chemicals (Rochester). 2,5-di-
phenyloxazole (PPO), 1,4 bis-2-(5-phenyI-
oxazolyl)- benzene (POPOP) and Triton
X-100 were purchased from Intertech
nique (France). Bovine serum albumine
(BSA), standard proteins and a-naphtyl
acetate were supplied by Sigma Chemical
Company (St. Louis) and Sepharose 6B
was a product of Pharmacia (Stockholm).

Wistar rats were obtained from «Jefatura
Provincial de Sanidad» (Murcia, Spain).
They were killed by decapitation and
brains were stored, for at least one month,
in a freezer with toluene dried by calcium
chloride.

Assay of acetylcholinesterase. AChE
activity was determined at 37° C and pH
7.6 by a colorimetric method (8); a titri-
metric method using a pH-stat (12); and
a radiometric method (17).

For some routine assays the colori
metric method of Hestrin (8) was used.
Measurements were made, at 540 nm, in
a Spectronic colorimeter after the reaction
was stopped by addition of hydroxylamine
in alkaline medium. The reaction mix
ture was composed of 1 mM ACh, 0.1 M
sodium phosphate buffer, pH 7.6. and
enzyme preparation with a total volume 

of 10 ml. Sometimes, the titrimetric meth
od (12) with a Radiometer pH-stat was
used. The reaction mixture consisted of
0.15 M NaCl, 1.3 mM MgCl2, 1 mM ACh
and enzyme preparation, with a final vol
ume of 8.0 ml.

Normally, we used the radiometric meth
od of Siakotos (17). The measurements
were made in a Intertechnique scintil
lation spectrometer S.L. 31 and 0.1 ml
of 0.1 M sodium phosphate buffer pH 7.6,
0.1 ml of enzyme preparation and 100 p\
of 3 X 10-3 M labelled substrate were
incubated at 37° C for the required time.
The reaction was stopped by adding 5 ml
of dioxane-resin suspension, then diluted
to 10 ml with dioxane and centrifuged at
1000 X g for 1 minute. 5 ml of the clear
supernatant was transfered to a scintil
lation vial and 10 ml of a modified «cock-
tail» (5) was added. The (14C]-hydrolysis
product was counted and considered as
a measure of the enzyme activity. The
yield of counting was 95 % and remained
constant. In all cases, spontaneous hy
drolysis was measured and discounted
from the enzyme activity value.

Protein. Protein concentration was
measured with the methods of Lowry
et al. (11), and Nakao (13), using crystal
line BSA as standard.

Enzyme solubilization. The solubili
zation procedure was performed on the
rat brains after toluene was removed. 1 g
of brain cortex was excised and then
homogenized in a mortar with sand and
50 ml of 0.1 M sodium phosphate buffer,
pH 7.6, containing 1 % Triton X-100. The
homogenate was centrifuged at 16,000 X
X g X 1 h and the supernatant consider
ed as the enzyme preparation.

Gel filtration chromatography. The
enzyme preparation obtained after cen
trifugation gave an enzyme activity of
35,000 cpm by the radiometric method.
2 ml of this solution was placed on the 
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top of a chromatographic column (56 X
X 2.6 cm) containing Sepharose 6B or
Sephadex G-200 gels. The column was
eluted with sodium phosphate buffer
0.1 M, pH 7.6, and 2.5 ml fractions were
collected. Each fraction was assayed for
acetylcholinesterase activity and protein.
Molecular weight estimation of the peaks
of enzyme activity was carried out by
calibration of the columns with markers:
chymotrypsin (25,000), ovalbumin (45,000),
bovine serum albumin (67,000), aldolase
(147,000), catalase (240,000), ferritine
(540,000) and Blue dextran (>2,000,000),
in accordance with Andrews (2).

gents (Triton X-100 or Lubrol WX 1 %
W/V) but results were very poor if ionic
tensoactive detergents were used. Factors
such as pH of medium (in a wide range),
ionic strength or the presence of Na+ and
Mg+2 ions did not ostensibly change the
yield of the extraction.

The extract prepared with 0.1 M so
dium phosphate buffer pH 7.6 containing
1 % W/V of Triton X-100, possessed a
specific activity of 15-20 /xmol of acetyl
choline per hour and per mg of protein,
at 37° C, using 10-3 M substrate. Similar
results were obtained with the colorime
tric, radiometric and pH-Stat methods.

Disc Electrophoresis. Before establish
ing a standard condition for the electro
phoresis on rods of polyacrylamide, three
buffers were investigated, namely: Tris-
C1H, sodium phosphate and sodium bar
bitone-barbituric acid. In each case dif
ferent pH and ionic strength were assayed
(pH 7.4-9.1 and 0.2, 0.1, 0.05 and 0.025
M). 7 % and 5 % (W/V) poliacrylamide
gels were used and the best patterns were
obtained when the pH of the cathodic
compartment was more acidic than that
of the anodic one.

The sample (50-100 /xl) was mixed with
sucrose and aplied to the surface of 7 %
polyacrylamide gels, using 0.1 M Tris-
C1H, pH 8.1, buffer in the cathodic com
partment and 0.1 M Tris-CIH, pH 8.7,
buffer in the anodic one, with 7 mA/tube
intensity for a 3 hours period. Staining
for acetylcholinesterase was carried out
with a-naftil acetate as substrate and fast
blue RR as the diazonium reagent, ac
cording to Paul and Fottrell (15). Gels
were scanned at 540 nm in a Vitraton
Spectrophotometer.

Results

Extraction procedure. Acetylcholine
sterase from Wistar rat brain could be
extracted by homogenization with buffers
containing non-ionic tensoactive deter-

Optimum pH for activity measurement.
Different buffers were used in the pH
range 4.5-10.0 and results were obtained
using the colorimetric and the radiometric
methods (fig. 1). In both cases 2 peaks
of maximum activity were observed, the
first one between pH 7.5-8.0 and the sec
ond between pH 8.0-8.6. The height of
the second peak was specific and severely
reduced in the colorimetric method (long
time period of incubation) as compared
to the radiometric method (short time pe
riod of incubation).

Variation of KM with pH. Plotting of
pKM against pH (5.3-9.4) (fig. 2), revealed

Fig. 1. Enzyme activity plotted against pH of
measurement media.

/I) Radiometric method. B) Colorimetric method.
O—O 0.1 M citrate-phosphate buffer.

■ —□—  0.1 M phosphate buffer. A—A,
A-A 0.1 M barbital buffer. ▼ -▼, V-V 0.1 M

glycine-NaOH buffer.
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the presence of an ionizable group at
pH 6.3, which could pertain to a histidine
residue (pKa 6.52) in a way similar to
other AChE from several sources.

pH

Fig. 2. Ionizable groups of the enzyme.

Arrhenius’ plot and activitation energy.
The activity of the enzyme preparation
was determined using 1 mM ACh in the
temperature range of 5° C to 80° C. Re
sults can be seen in figure 3. There were,
at least, 2 peaks when activities were
plotted against temperature, and the Ar

rhenius’ plot showed two straight lines
with an intersection at 23° C. The acti
vation energies calculated from these 2
different straight lines were 6.4 Kcal X
X mol-1 (at temperatures higher than
23° C) and 3.8 Kcal X mol-1 (at temper
atures lower than 23° C), respectively.

Thermodynamic parameters for the ther
mal enzyme denaturation. Thermal de
naturation was studied with enzyme prep
aration preincubated during different time
at several temperatures from 50° C to
56° C. In figure 3 the results show that
there is a first order kinetic for thermal
denaturation, but with different slopes,
depending on incubation time (5, 20 and
60 minutes). In table I different values
of velocity constants for the denaturation
are represented. From these values and
using the expression

K TAG = RTln —11
k-h

in which K = Boltzmann’s constant, h =

temperature *C time minutes

Fig. 3. Effect of temperature on the enzyme.
A) Optimum temperatures for the actuation of ACh. B) Arrhenius’ representation for calcu
lation of activation energies. C) Thermal denaturation of the enzyme at different temperatures

and times.
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= Planck’s constant, T = absolute tem
perature and k = velocity constant, AG
values were deduced and other thermo
dynamic parameters were obtained from
the expressions

AH = Ea —RT; AS = *«=*£

Values corresponding to Ea, AH, AG

Table I. Velocity constants (sec~' x 10*)  for
the thermal denaturation of the enzyme.

Table II. Thermodynamic parameters for the
enzyme denaturation.

Ea
(cal)

AS
cal x *K-’

Temper-
Time ature AG AH
(min) (*K) (cal) (cal)

323.0 —6,024 62,618 63,260 212.3±0.2
324.5 —6.217 62,615
326.0 —6,484 62,612
327.5 —6,901 62,609
329.0 —7,315 62,607

25 323.0 —5.424 80,025 80,667 264.5±0.3
324.5 —5,836 80,022
326.0 —6,304 80,019
327.5 —6,491 80,016

Temperature Time (min)
CC) 5 25 60

323.0 802 315 189 ----------------------------------------------------------------
324.5 1,215 577 390 60 323.0 —5,096 80,496 81,138 265.0±0.3
326.0 1,512 1,145 676 324.5 —5,584 80,493
327.5 3,365 1,790 1,085 326.0 —5,963 80,490
329.0 4,966 — — 327.5 —6,165 80,487

Fig. 4. Kinetics of acetylcholinesterase.
A) Lineweaver-Burk representation (colorimetric method). /?) Lineweaver-Burk representation
(radiometric method). C) Radiometric method. Product plotted against substrate concentration
at different times: 60 min; 0-0 40 min; A-A 20 min; A-A 10 min; 4 min.

7?) pKji platted against log time.
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and AS are presented at each of the three
different incubation periods considered
(table II).

Acetylcholinesterase kinetics. The ki
netic behaviour of the enzyme against
substrate concentration was checked by
both the colorimetric and radiometric
method. In the first one, optimum activ
ity was obtained at 2 mM substrate con
centration, and above this value inhibition
by excess of substrate was observed (fig
ure 4A). From the Lineweaver-Burk
plot a of 6.2 mM was calculated. In
the radiometric-method no inhibition by
excess substrate was demonstrated (fig
ure 4B); on the other hand, activation
occurred when high substrate concentra
tions were assayed. KM value was 75 /zM.
In order to ascertain if this phenomenon
was caused by the variation in the incu
bation time (one hour for colorimetric
method against 5 minutes for the radio-
metric one) we have represented the pro
gress curves, using the radiometric meth
od at different times of incubation (fig
ure 4C) of the product formed in relation
to the concentration of substrate and the
Lineweaver-Burk plots, also at different
incubation times. It can be seen that dur
ing long periods of incubation the beha
viour was similar to that of the colori-

Fig. 5. Kinetics of acetylcholinesterase from
different sources.

• pig brain; 0—0 bovine erylrocytes;
A—A electric eel; A-A rat brain.

cathode mobility anode

Fig. 6. Disc electrophoresis of the enzyme.

metric method: inhibition by a substrate
excess, and the KM values were depen
dent on incubation times. In figure 4D
pKM are brotted against long time, showing
a linear relationship.

To compare acetylcholinesterase from
toluene-stored rat brains with the enzyme
from other sources, similar experiments
were carried out (figure 5) using acetyl
cholinesterase extracted from pig brain,
bovine erythrocytes and electric eel. In
all cases the behaviour of acetylcholine
sterase was different from that of rat
brain, showing the expected inhibition by
excess of substrate, with maximum activ
ities when substrate concentration was
close to 2 mM.

Gel jilt rat ion. Good separation was
reached wich Sepharose 6B, and at least
8 different forms could be distinguished
the elution pattern. The first three peaks
have molecular weights near 1,000,000,
and the others were calculated as: IV;
560.0D0; V: 350,000; VI: 180,000; VII:
120.000; VIII: 50,000. When a fraction,
such as number VII, was rcchromatogra„
phied on Sepharose 6B, a pattern very 
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similar to that of the original enzyme was
obtained.

Disc Electrophoresis. Disc electropho
resis of the enzyme also showed several
bands as indicated in figure 6.

Discussion

The best extraction for acetylcholine
sterase was obtained by the use of non
ionic detergents, and the combination of
detergents and high salt concentration, did
not increase the yield or the extraction
in contrast with Plummer et al. results
in pig brain (16). A possible explanation
could be that these authors used fresh
porcine brain whereas we have used to
luene stored rat brain and in this case
toluene could partially break the mem
brane involved in binding with the en
zyme.

The two peaks present in the pH-activ-
ity profile could be explained as a result
of the participation of different forms of
the enzyme with different optimum pH.
A similar situation was reported by Sil-
man and Karlin (18), working with elec
tric eel acetylcholinesterase. In our case,
the form with a more acidic optimum pH
seems to be more stable than the other
forms as deduced from the relative heights
of the peaks in the representations using
the radiometric (short time) or the colo
rimetric (long time) method for the activ
ity measurement.

Arrhenius plot of acetylcholinesterase
showed a biphasic behaviour, with a tran
sitional point at 23° C and activation
energies of 6.4 and 3.8 Kcal X mol-1; a
similar situation to that described by Bloj
et al. (4) in enzyme from rat erythrcytes,
with activation energies and breakpoint
temperatures changing with the solubiliza
tion of the enzyme and the essential fatty
acid deficiency of the membrane. Plummer
et al. (16) reported that the membrane
AChE from pig brain showed a break in
the Arrhenius plot with a transition tem

perature of 27° C and activation energies
of 1.99 and 9.36 Kcal X mol"1. The break
was abolished if the enzyme was solubi
lized with Triton X-100. The existence
of such breakpoint in Arrhenius plots in
the case of membrane bound enzymes is
likely due to phase changes in the lipid
portion of the lipoprotein structure. This
interpretation could ve valid for pig brain
AChE behaviour. However, some soluble
or solubilized enzymes exhibit breakpoints
in their Arrhenius plots, probably due
to temperature-dependent conformational
changes of the protein molecules. Hill
man and Mautner (9) and Wilson and
Cabib (21) claimed that the nonlinear
temperature dependence of AChE must
be ascribed to the two-step mechanism
of the acetylcholine hydrolysis, each of
these steps having a different activation
energy. Another possible explanation
could be the existence of multiple forms
with different behaviour.

Similarly, a nonlinear temperature de
pendence was found when thermal de
naturation of the enzyme was studied,
with three defined activation energies of
63.2, 80.6 and 81.1 Kcal X mol-1 corres
ponding at 5, 25 and 30 minutes of incu
bation respectively. Entropy changes were
high enough to assume true denaturation
of the enzyme, which, lost its orderly con
formation.

The kinetic behaviour of AChE ex
tracted from toluene stored rat brains was
different from that AChE of other sources
which normally show inhibition by hich
substrate concentration. In rat brain AChE
the inhibition was present only during
short incubation times. On the other hand,
at higher incubation times there was a
clear activatory effect producet at high
substrate concentration. KM values were
similar to that of other sources only if
incubation times were short. Nolan and
Schnitzerling (14) have found no excess
substrate inhibition for AChE from aca
ricide-resistant strains of the Cattle Tick
Boophilus microplus, and they assume
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possible advantages if physiological con
centrations of the transmitter were of the
order of 10"2 M. Desire and Blanchet
(7), have shown that the enzyme from
bovine erythrocytes presented an activa
tion by excess of substrate only when
high salt concentration were added to the
incubation medium.

The possibility of two different catalyt
ic forms of the enzyme was established
by Wermuth and Brodbeck (19, 20), for
one of the multiple forms of Electropho
rus Electricus. However, our last results
indicates that AChE extracted from fresh
rat brains presents inhibition at high sub
strateconcentration. Other properties, such
as activation energies and elution pattern
on Sephadex G-200 were also different
to those obtained using AChE from to-
luene-stored rat brains. It might be hypo
thesized that kinetics properties of the
enzyme seems to be closely related to its
lipid enviroment which is altered by the
toluene treatment. In the present, we are
studying the comparative behaviour of
both forms of AChE.

Gel filtration showed the presence of
several molecular forms of AChE of dif
ferent molecular weights with one form
having a very small molecular weight of
50.000. In adult mouse brain (1) there is
evidence that the native form is a mono
mer with a molecular weight of about
74,000. Our results concerning the exis
tence of an equilibrium between the dif
ferent multiple forms support other re
ports about AChE from calf brain (10)
and from mouse brain (1). 3 active forms
of the enzyme can be detected by specfic
substrate staining after electrophoresis in
polyacrylamide gel. a similar pattern to
that obtained bv Wright and Plummer
(21), with AChE from human erythro
cytes.

Resumen

Se purified parcialmente acetilcolinesterasa
de cerebro de rata Wistar, conservado en to-

lueno. Para su extraccion se emplearon diver-
sas disoluciones tamp6n conteniendo detergentes
de naturaleza no idnica. Ciertas propiedades
del enzima resultaron afectadas cuando se usa-
ron diferentes mdtodos para determinar la acti-
vidad, concretamente, segun se utilizara un md-
todo radiomdtrico (tiempos de incubaci6n bre
ves) o colorimetrico (tiempos de incubacidn
largos).

Se obtuvieron dos zonas de maxima activi-
dad en el rango de pH 7,5-8,0 y 8,0-8,6, respec-
tivamente. Un resto de histidina parece estar
implicado en el proceso catalitico. Al estudiar
la desnaturalizacidn tdrmica del enzima, se
obtuvo una cindtica de primer orden, asf como
una dependencia entre los valores de los para
metros termodindmicos y el tiempo de incu
bacidn.

Al emplear un mdtodo radiometrico para
medir la actividad, aparecid activacion por altas
concentraciones de sustrato; sin embargo, cuan
do se empled el colorimdtrico — largos tiem
pos de incubacidn—, se encontro fuerte inhi
bition por exceso de sustrato. No obstante, si
el enzima se extrafa de cerebro fresco, no con
servado en tolueno, desaparecian estas diferen-
cias. El empleo de filtracidn en gel y electrofo-
resis de disco demostro la presencia de formas
multiples del enzima que sufrian fendmenos de
interconversidn.
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