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THE THERMAIL INATTIVATION OF ACETYLCHOLINESTERASE
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SUMMARY

Thermal inactivation of acetylcholinesterase (Acetylcholine acetyl-hydrolase, EC.
3.1.x.7) from mammalian erythrocytes is accompanied by a decreas: in the Michaelis
constant K,, while the substrate inhibition constant K,y remains unchanged. The
time course iavolves two first-order processes, suggesting (a) the presence of two
enzymes, or (b) the formation of a second less active enzyme frora the native enzyme
both species inactivating independently. The second suggestion would explain the
K, and K, data, if the difference in the two enzymes resides in the spacing of the
anionic and ostcratic sites. A non-specific salt effect was found, salt stabilising the
enzytac solution. The pH range for optimum thermostability is 6.5—7.5, and energies

and entropies of inactivation were determined from temperature coefficients of the
rate constants.

Abbrcviaton ALHF, acetylcholinesterase,

* Present address. Unilever Rosearch Laboratory, Colworth House, Sharabrook, Bediord,
(Great Brrtain).
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THERMAL INACTIVATION OF ACETYLCHOZINESTERASE 647

INTRGIWCTION

A study ¢f the thermal inactivation of the enzyine acetylcholinesterase {Acetyl-
choline acerylhydrolase 3.1.17}, has been walortaken as part of a geneval investiga-
tion of the temperature dependeice of the eszyme-catalysed hydrolysis of its specific
substrate, acetylcholine. As in a previously reported study of AChE nhibition?,
mammalian crithrocytes have been emploved as a ~ource of this enzyme. The in-
fluence of temperature, pH, and the presence of various ions on the inactivation
process have been examincd and a study has also been made of the effect of partial

inactivation on the dissociation constants of the two complexes, which AChE forms
with its substrate.

EXPERIMENTAL

Materials
Enzyme preparations

Haemolysate: The erythrocytes of fresh citrated ox blood were collected by
certrifugation, and washed three tim=s with a 0.9%, {w/v) solution of NaCl. The
washed erythrocytes were then lysed with an equal volume of distilled water.

MENDEL AXD RUDNEY preparation: 500 ml of the haemoly.ate prepared as
above were adsorbed on 70 g of acid-washed kieselguhr?, allowed to stand for T h
at 0°, and the kicselguhr filtered off. The resulting cake was dispersed in 100 ml of
0.00I N NaOH solution, and allowed to stand at o° overnight. The solution was then
filtered free of kieselguhr,

Stromatal preparation: Packed human crythrocvtes were washed three times,
by centrifugation, with 0.9%,; {w/v) Na(Cl solution, lysed with 4 times their own
volume of distilled water, and the pH adjusted to 5.5-6 with 1 N acetic acid. The
resulting stromata were separated by centrifugation, washed three times with ice-
cold water saturated with CO,;, and allowed to settle overnight. The clear super-
natant was siphoned off, and the residue freeze-dried.

For use 700 mg of this material was dssolved in 50 ml of water.

Substrate solution

Reagent-grade acetvicholine bromide was recrystallised twice from absolute
ethanol, and stored under vacuum, in a desiccator. Fresh solutions were prepared
daily and stored in a refrigerator when uci 1n use,

Bicarbonate buffer

A 1% (w/v) solution of A.R. grade NaHCO, was used for all determinations,

except those concerned with the effects of pH, where a 49, (w/v) solution was used.

Methods
Thermal inactivaiion

For most of the work, z.0-inl aliquots of the enzyme preparation, contained in
25-m} conical flasks, stoprered with rubber buugs., were immersed in a th~rmostat
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648 M. H. COLEMAR, D, D. ELEY

{controlled to within -+ 0.05° of the required temperature} for the required length
of time. Immediately upon removal from the thermostat the flasks were chiiled in
ice-water and then stored in a refrigerator until activity determinations were made.

To investigate the effect of pH, 5.0-ml portions of the haemolysate were mixed
with §5.0-ml portions of a series of Veronal buffers?; 2.0-ml samples of each mixture
were incubated for 1 h at 55°. Activities were also determined on the unincubated
mixtures.

To investigate the effect of ions, 2.0-ml samples of a series of mixtures of the
Mendel and Rudney preparation with equal volumes of various salt solutions, were
incubated for 30 min at 55°.

The effect of dilution, both with water, and with a completely inactivated
enzyme preparation, was studied by incubating 2.0-ml samples of the appropriately
diluted material, for 10 min at 53°.

For the investigation of the effects of partial inactivation on the dissocation
constants of the enzyme-substrate complexes, a different technique was used. A
vessel, consisting of 250 cm of 0.5-cm (internal diameter) glass tubing wound in &
helix of nine turns, was used t¢ incubate the stromatal preparation. A capillary
jet was attached tc the bottom ~f the helix, and so bent that the tip would just
project over the edge of the thermostat, when the rest of the vessel was immersed.
A niece of rubber tubing, closed by a Mohr’s clip, was attached to the top of the
helix. By this means, a sample of the vessel’s contents was blown into a chilled tube,
at the required time intervals. Incubation was carried out at 50°.

Activity measurements

Activities were measured by the Warkurg manometric method. The bicar-
bonate buffer, the substrate solution and the enzyme preparation were saturated
before use, with a mixture of Ny—CO, (g5 : 5), the first two by bubbling the gas
mixture throughb thiem, the third by agitating gently in a stream of the gas, for 10 min.
The final bicarbonate concentration in each flask was 0.75% (w/*}, in al) except tine
samples concerned with the effeci of pH, where twice this concentration was used.
The final substrate concentration was 0.03 M in all cases except those concerned
with thie effects of partial inactivation ¢n the dissociation cunstants, where a range <f
eight substrate concentrations (0.05-0.0005 M) wus employed.

Manometers and flasks were flushed with the N,—CO, mixture for 15 min,
before transferring to the Warburg thermostat. Flasks were tipped aiter a period of
10 min equilibration, and manometer reudings were made at 1-min intervals.
Activities were determined at 20°.

The pressure readings, corrected for thermobarometer changes, were plotred
against time, aud the initial slopes determined (these plots are virtually linear for
a consiuerable period when th: substrate concentration exceeds o.01 M). After
multiplying the initial slopes by the appropr.ate flask factors, the activities were
initially expressed as ine by, units of AucusTINSsONS. However, for convenience in
svbsequent calculation, the activities of partially inactivated samples have been
expressed as fractions of the initial activity (taken as unity), for all except the
stromatal samples,
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RESULTS

The effects of pH, and the presence of inorganic ions, are illustrated in Figs. 1 and 2.
The effects of dilution, with water and the denatured preparation, are given in Table [
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Fig. 1. Residuai AChE activity as a function of pH. Haciolvsate incubaterd with equal volume
of buffer at 535% for Gu min

Figs. 3 and 4 illustrate the course of the inactivation of the haemolysate, and the
Mendel and Rudrey preparation, respectively. The curves show that the inactivation
is adequately represented by an expression of the form

A - N L Noemdy!

where A4 is the observed activity at time ¢, and V,, N, 4, and A, are constants evaluated
by the method indicated by JorNsox, E¥YRING axb PuLissar®; their siguificance is
discussed below.

TABLE I

EMFECT OF DILUTION, WITH WATER OR NENATURED MATERIAL,
QN THE INACTIVATION oF ACHE

Mittnrs (md) Actwit Maisture rmi}

Rasuiual corvettos Restdual Corsected

Hasmolysits Water artivity ta ron®, Haemolysate  Denatured aclively to 10a°,

. moferial

2.0 0.0 .839 a.839 2.0 0.0 0.%39 0,830
1.8 0.2 Q.740 o822 1.5 0.2 0.730 0 B22
1.6 .4 a.66o o825 1.6 o.3 0.666 .- 0,333
1.4 0.6 0.570 o815 g4 0.6 0.585 0.833
1.2 o.B ©.495 0.825 1.2 0.3 0.509 0. 847
1.0 1.0 0412 0.825 .o 1.0 G423 a flan
Mean — 0.822 Mean — o.837

Table 1T summarises the course of the inactivation of the siromatal preparation.
The activities are expressed in the original by, units, and from these, values for the
maximum velocity V max. and the dissociation constants, K, and K, may be calculated
from the velocity expression
anx
TR
{5) Hyy
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1 1 )
o Y B2 03
lonic strength
Fig. 2. Residual AChE activity as a function of ionic strength. Mcndel and Rudney preparation
incubated with egual volume of salt solution at 55- for 3o min.

Residual actvity

Time (H}

Fig. 3. Time course for the inactivation of haemolysate. Experimental points: theoretical curves
calculated from equation in text.

Tirre (H)

Fig. 4. Time course for the inactivation of Mendel and Rudney preparation. Experimental points:
theoretical curves calculated from equation.
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TARIF (]

ACTIVITIES OF PARTIALLY INACTIVATED HUMAN SThoMaral. ACHE SAMPLES, MEASURED
AGAINST A BERIFS OF SUBSTRATE CONCENTRATIONS (b, UNI1TS)

Time of tncubalion (mrm)

Loncy, - ————- - ~-- - — _

(M) [ m e i FE &0 75 an
0.05%5 161 g2 74-5 [ 30 52 47 2
0.025 1G) [ e-] [1-] B3 733 6H4.5 58.5 50.5
©.015% FE L3t 11y yo B3y 77-5 D b2
0.01 262 154 125 103 Ed 84.5 75 66.3
c.ocres 233 ¢ 1hHhz 133 s 103 Hg.5 Bo 72
0.001 213.5 157 130.5 r13.5 1oz 87.5 78.5 69.5
61.0007% 198 1.46.5 125.5 | CEAIEN 8 $3.5 70 G5
23,0005 1656.5 i35 112.5 93 5 B 3 20 [ 39.5

where v is the observed velocity, and (S, the substrate concentration*. Values for
Vmax, Ks and K,y may be obtained by an extension of Eapik’s methods, previously
described!. Table ITT gives the values for these three constants.

It may be noted here that when the st.omatal data are c¢xpressed as fractions
of the zctivity at zero time, the vaiues for Vipae. iand of those sampies measured
against substrate concentrstions between 0.05 aund o.01 M are virtually idlentical,

TABEL [II

VALUES OF P max, Ao AND Ky DURING THE COURSF GF THE INACTIVATION
OF MUMAN STROMATA:. ACHE

rume of

N, ~ re* Ky x 10

) - 15
IS (it 15 ) oy rat)
“ 33z 5.2
[ 107 2.7
20 163 2.3
30 137 30§ -
45 123 2.1 3.7
6o 108 2.
75 96 2.2
QU 85 22z

for the same period of incubation. For sampies measured against lower substrate
concentrations however, the fraction: of residual activity apparent'y increases with
decreasing substrate concentration. This indicates that the activities determined
with 0.03 M substrate solutions, used throughout the rest of the present investigation,
provide a satisfactory measure of enzyme activity.

DISCUSSION

The greater susceptibility of AChL 1o thermal inactivation at extreme pH
values, is typical of riost enzy.aes. It inay be noted that the pH range of greatest

Biockim. Biopkvs. Acta, 67 (£963) 646-657
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thermostability (pH 6.5-7.5) is narrower for ACKE, than that (pH 5-8} for butyryl-
cholinesterase?. Since AUGUSTINSSON® has reported an isoelectric point in the acid
region (pH 4.65-4.7) for AChE, the observed region of greatest thermostability for
this enzyme is in agreement with the suggestion of JouNsonN, EYRING AND POL1SSAR?
that enzymes with an acid isoelectric point exhibit greatest stability at more alkaline
pH values.

The effect of inorganic ions suggests that the activation process of the denatura-
tion involves a decrease in charge on the enzyme. No specific ion cffects are apparent,
and no effect such as that described by LAUFFER!® for the denaturation of tobacco
mosaic virus, where small amounts of salt were found to increase the rate of denatu-
ration, and larger amounts to decrease it.

1t wonld be desirable to study the inactivation of AChE over a wide range of
initial concentrations, bHut the limits set by the initial activity on the one nand, and
the accuracy of the assay on the other, have precluded an extensive study of this
point with the present source of AChE., However, over the small range studied, the
variations in the activities observed are within the limits of experimental error, and
dilution does niot appear to affect the inactivation.

Again, it would be desirable to employ a pure enzyme preparation for a more
extensive study of this process, but the results of CHASEY, using a crude luciferase
preparation are very similar to those of KuNiTz!? using a highly purified preparation
of a sny-bean trypsin inhibitor. It seems reasonable tn conclude therefore, that the
present results, which resemble both of these, give a meaningful picture of the in-
activation of AChE.

The fact that the inactivation of AChE does not fullow simple first-order kinetics
is illustrated by the time courses (Figs. 3 and 4) and this is confirmed by the fact
that a plot of log. activity against time is not linear {¢f. ref, 24).

Although the data are few, the results for the dilution experiment suggest that
the order with respect to concentration is unity. The order with respect to time is
ubviously not unity, and the falling off of the first-order constants may be explained
in various ways:

(a) The inactivation is reversible, and an equilibrium is reached.

This explanation is ruled out by the fact thar it is possible to inactivate AChE
preparations completely, by prolunged heating.

{b} The product of inactivation serves to stabilise the remaining active material.

This possibility appeais to be eliminated by the results obtained when incuba-
tion was carried out in the presence of denatured matenal.

{c} Two AChE 2nzymes exist, having different thermostabilities (and differing
in other respects, see below).

There are quite a number of lines of evidence for the existence of two enzymes
with AChE activity. ANDERSON AND PETHICA'® have made this suggestion to ex-
plain their ohservation that haemolysis does not occur in ageing erythrocytes, until
50%, of the AChE activity is lost. They quote HOWARD aAxD GRIEG!? who have re-
ported that no changes in permeability of erythrocytes occur, until half of the AChE
activity has disappcared. BERGMANN AND SEGAL' from a study of the ratio of the
concentration of hexamethonium to decamethonium necessary to produce a certain
level of AChE inhibition in various tissues, have suggested the presence of two AChE
enzymes. COHEN ¢f al.* have advanced a similar hypothesis to explain their results

Biochim. Bivphys. Acta, 67 (1963) 646-657



TEERMAL INACTIVATION OF ACETYLCHOLINESTERASE 65

of inhibition experiments with physostigmine. Davisox'? has reported evidence for
the existence of two AChE enzymes, differing in the stability of their organo-phospho-
rus derivatives, HARGREAVES'® has recently found that after purification an AChE
preparation from electric tissue showed two components in the wltracentrifuge. If
this hypothesis is accepted, the thermal inactivation of AChE mayv be represented as:
R, A,
A, > « A,
(It may well be that the inactive form I, produced from the active enzyme A,,
differs from that produced frem the other active torm, A,, but in the present instance
these cannot be distinguished, so the simplest formulation appears to be maost
appropriate). The expression for the residual activity, .1, at time {, s given by
A = Ae & 4 e kar

where A, and A, are the initial concentrations of the two active forms, and &, and
k, are the respective velocity constants for their inactivation.

Values for 4,, A, 4, and &, are given in Table IV. Figs. 3 and 4 show that this

TABLE 1V
vaLUES oF A, A, k) AND Ky CALCULATED TO FIT THIE EXPERIMENTAL DATA

k, k,
Mechanism Ay v F o 4y

Harmelysale
Temp. . [ -
Ay iy Xy (A7)
48° 0.15 0.85 2.5 0.025
507 0.33 0.07 3 .05
517 040 .60 35 a07
53° 0.53 0.47 4.5 0.13
535° 0.72 0.28 53 0.25
57° 0.90 0.10 0.5 v.45
Manpesn ane Ruosey preparation
Temp, —- -—-- - —- —_—————-
A, Ay A, (R K, A
45° 0.06 0.94 2 0.01
48” 0.13 o.47 2.3 0.025
507 .24 o, 760 3 .05
51° .42 o.58 3 o.08
53° ©0.76 0.24 3.25 o.11
55° 0.84 0.16 38 0.30

expression provides a satisfactory representation of the experimental data. From a
plot of lug. & aguinsi thie reciprocal of the absolute temperature {(see Fig. 5) values
for the apparent energies of activation may be obtained from the slopes. (For this
purpose, and for subsequent calculations, only values obtained from the inactivation
of the haemolysate have been used, because those for the MENDEL ANXD RUDNEY
preparation, whilst generally similar, show a wider scatter.) From the apparent
activation energy, values for the heats, free energies and entropics of activation may
be calculated in the usual way®, and these are listed in Table V. The values for
AH"* and AS* for the inactivation of the less stable form 4, seem rather low for such

Bivchim. Bicphys. Acla, 67 (1963) 646-657



634 M. H. COLEMAN, D. D. ELEY

TABLE V

vALUES FOR AH®, AG* AND 5" FOR THE INACTIVATION OF ACHE,
ASS IMING THE EXISTENCE OF Two ACHE ENZYMES

ke

k
Mechonism A, — I o A,
A, Ry
Temp. A45° feal- 48° feal-
AH® fealy  AG* fuad) degree-'-  AH" fcal) AG” feal) degree -
™o, ') molc™')
489 23 160 23 530 —1 67 360 26 480 127
50° 23 160 23 540 —1 67 360 26 190 127
z1° 23 160 23 530 —1 67 360 26 abo 127
53° 23 150 23 510 -1 67 350 25 790 127
55: 23 150 23 510 -1 67 350 T8 540 127

57 23 150 23 540 -1 67 350 28 20 128

a react.on?!. The values of AH* and 4S° for the inactivation of the more stable form
A, are of the expected magnitude, as are the values of AG® for both forms. There
remains nne other explanation of the experimental data:

{d}) One AChE enzyme exists, but thermal inactivation proceeds by inore than
one route.

This csplanation has been advanced in a number of cases of protein denatura-
tion, or enzvme inactivation. Several mechanisms can acccant for the form of the
experimental results!! thus:

kl kl
Il s-AdAem X
ky

Here the active orm A gives rise to an inactive material 7 by an irreversible process,
and a second product X by a reversible process. X may or may not possess activity,

1

|

!

i

+
o Hoem

~ * M&R prepn
N
o
o
3

. . Iy
Ka
-2 i L
IS 30 315

-%‘ 103
Fig. 5. Arrhenius plots for &, and &,. Haemolysate and Mendel and Rudney preparation,
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THEKIAL INACTIVATION UF ACETYLCHOLINESTERASE 655

but the expression for the residual activity A, at time ¢, is given by the equation:
A= Nt - Nendy

where Ny, N, i, and 4; are constants. The sigrificance of 4, and 4, differs according
to whether X is an active or an inactive form. CHasgl! has pointed out thot if X is
inactive, there should be some recovery of activity in partially iractivated samples,
on cooling. No such recovery was observed in the case of AChE, s0 it would appear
that X is an active fotm. This wus the conclusion reached by WRIGAT AND SHOMAKERS?
in the casc of the denaturation of diptheria antitoxin by urea. The mechanism may
therefore be more appropriately represented as:

Ry e
< Ay= A,
ks
and ir thic casze the velacits: constants are given by
pyr = AN,
|3 ¥ -
N/N,
P A._A_l’,
&y

ke — A 4+ A, ny bt

Since the expression for the residual activity has the same form as that for the me-
chanism involving two AChE enzymes, the values for &, N,, A, and 4; are the same
as those for A,, A,, &, and &;, respectively, given in Table IV. From the equations
given above, the values of the three velocity constants, &y, &' and &y’ may be cal-
culated, and values for the apparent activation energics obtained from a plot of
log. £ against the reciprocal of the absolute temperature (see Fig. 0). Hence values
for the heats, free energies and entropies of activation may be calculated, and these
are listed in Table V1.

It may be noted that the value of AS" for the conversion of the original active
form A, to the other A, is large and negative. A comparable value has been calculated
by Jounsox, EYRING anND PoLissar® for the renataration of luciferase, from the
data of CHASE!. Perhaps more unexpected is that the reversion of A, to 4, should
involve a largs pasitive value of 4S”, and vet vield an acive enzyme. This suggests

TABLE V1
VALUES oF AH®, AG* AND 45" FOR THE FTHREE KEACTIONS OF THE WRIGHT
AND SHOMAKER MEUCHANISM

xSk
Mockarticm § o 4, = 4,
Ay

*1' k" &,r 3
Temp. a5° (eai- A8 el 5" real
AH® fealj  AG® feal)  degrec-'c AH® real]  AG* fcal)  degree P+ AHT ical) AL fcai) degres"
mols-1) male '} malet)
48° 61 760 24 690 6 — 798¢ 23 ¢8o — 49 45 160 25 290 62
50° G 750 24 240 116 — 7980 23 840 — g9 45 160 25 ¢80 O3
51° 61 760 24 110 1thH — 7080 23 910 --08 45 6o 25 480 L}
53° 61 750 23 QOO0 116 --7980 ~ 24 obo —08 45 150 25 420 61
55° 61 750 23 720 116 — 7000 24 420 — 99 45 150 25 340 61

57° 61 750 23 730 116 — 7990 24 G6o -GG 45 150 25 0o 61

Biochim. hophvs. Acia, & (1963) 646-657



650 M. H. COLEMAN, D. D. ELEY

that an alternative mechanism, mentioned by W=RIGHT AND SHOMAKER3®? may be
more appropriate.

k' 7
—_— /
ke A, R

A,

Here, ky' == 0, and i, is transformed directly into an inactive form. (Again this may
differ from that produced directly from 4,, but the two forms cunnot be distinguished
here.} WRIGHT AND SHOMAKER have pointed out that when &," = 0 and A, 2> A,
the values of &, and k," are unchanged, and %, = 4,. When log. 2, {i.e. log. k) is

?1-_: x103

Fig. 6. Arrhenius plots for 8,2, &, and &y’ (Haemolysate).

plotted against the reciprocal of the absolute temperature (see Fig. 5), values for
Es'. AH', AG™ and A5® may be calculated as before (see Table VII). It will be seen
that the two inactivation steps both involves large positive values of AH* and 45",

From these considerations it would appear that the choice of the explanation

of the data lics between the existence of two AChE enzymes, and the mechanism
last described:

A 1\’?1 Al\"‘:'
I or &/ I

E ;Y

A, &y ARy

Either of these would be consistent with the observation that K,, the dissociation
constant of the normal enzyme-substrate complex, changes during the initial stages
of the inactivation. In the first case, the more thermostable form A4, would possess
a lower value of K,, whilst in the second, the active form A, produced from the
native enzyme A, wonld possess a lower value of K,.

It is of interest to consider the implications of this latter possibility. If the view
criginally advanced by ApaMs AND WHITTAKER® is correct, K, is the dissociation
constant for a complex in which a single substrate molecule is bound both at the
esteratic site (where hydrolysis occurs) and at an anionic site (where the N+ atom
of the substrate is held by a negative charge on the enzyme surface). K,, is the dis-
sociation constant of a substrate-inhibited complex, where two molecules are bound,
one at the esteratic and one at the anionic site. Since K, decreases on partial in-
activation, binding is incceased. If the esteratic and anionic sites are situated at

Biockim. Biophys. Acta, 67 (1963) 646-657
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TABLE VII
vaLues oF L% J1G* AxD 18° YOR THE THREE REACTONS

& kS
Meckhanism ! o« 4, v 4y, = f
x a b
Temp. IS” feual- IS eat- ' A5 teud-
AHT feal) AG" (caiy degrec ' AR fealy 36T real, degree * IH® teat) G reat) Arareet-
male 1) mye', rcle-t)
48° 61 760 24 Ggo 110 7980 23 080 Gy G7 3060 26 480 127
507 A1 760 24 240 o — 740 23 340 wQ 07 360 26 1O 127
517 61 760 24 110 110 7atio 2550 9B 07 360 206 oho 127
53" ©Or 750 23 goo i TOM 24 0010 O 67 350 25 790 127
58”7 61 250 23 720 116 790 24 420 99 67 350 25 j40 27
57° 61 750 23 720 ity 7990 24 6GoO 99 07 350 25 290 128

othier than the optimal distance apart for maximal binding in the native enzyme,
but assume optimal spacing in the A, form, K,; would decrease in the way observed,
Since the two molecules of the substrate-inhibited complex arc bound separately, a
small variation in the spacing of the two sites nced not affect K,,, and this is what is
actually observed.
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