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Abstract—Heat inactivation was studied at 45, 50, 55, and 60° for all of the phenyl valerate hydrolases
(PVase), including neurotoxic esterase (NTE) and inhibitor-resistant esterase (IRE), in homogenates of
hen or rat brain or in preparations of hen brain microsomal membranes. Hen and rat brain homogenates
were prepared in buffer (50 mM Tris/0.20 mM EDTA, pH 8.00, at 25°). Hen brain microsomes were
suspended either in buffer or in aqueous dimethyl sulfoxide (DMSO, 40%, w/v), or solubilized either in
aqueous Triton X-100 (0.10%, w/v) or in 40% (w/v) DMSO. Enzyme activities were measured at 37° using
phenyl valerate as substrate. Each enzyme activity in all of the preparations exhibited biphasic heat
inactivation kinetics. Apparent rate constants were calculated for the fast (k) and slow (k,) reactions,
along with the relative amounts of activity in each component (A, A,) expressed as percentages of the
total activity. For a given preparation and temperature, respective values of k; or k, were similar for
PVase, NTE, and IRE, with a mean k¢k, ratio of 52 across all preparations. Ay and A, were a function of
temperature. Mean values of the apparent activation energies (E,) for all activities and preparations were
44 and 25 kcal/mol for the fast and slow inactivation reactions respectively. These results indicate that all
phenyl valerate hydrolases in hen and rat brain undergo a common heat-induced structural change leading

to loss of enzymic activity.

The objective of this work was to differentiate by
heat inactivation the enzymes that hydrolyze phenyl
valerate in hen and rat brain. These enzymes belong
to the general class of carboxylic ester hydrolases
(EC 3.1.1.1) [1, 2]. Within this group, NTE** is of
particular toxicological interest due to its putative
role in the development of neuropathy caused by
certain OPs [3-5].

In hens, inhibition of >70% of brain NTE by OPs
capable of undergoing aging (time-dependent scis-
sion of a side chain from the phosphoryl moiety) is
correlated with subsequent development of clinical
and histopathological evidence of neuropathy [4, 5.
Rat brain possesses NTE activity thatis similar to hen
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brain NTE with respect to pH profile, mipafox
inhibition, and molecular weight of the organophos-
phorylated subunit {6]. Inhibition of >65% of rat
brain NTE results in spinal cord lesions, but clinical
signs of neuropathy are not evident [7].

Previous work in our laboratory indicated that hen
brain NTE is more thermostable than rat brain NTE
and that the kinetics of inactivation are biphasic in
both cases [8]. The suggestion was made that this
could indicate two enzymes/forms of NTE in each
preparation. The presence of two enzymes/forms of
NTE has also been suggested from the kinetics of
inhibition by OPs [9, 10]. We have now undertaken
to study the effect of heat in more detail and have
included the whole group of phenyl valerate hydro-
lases, of which NTE is only one subgroup.

MATERIALS AND METHODS

Chemicals. The buffer used in all experiments was
50 mM Tris/0.20 mM EDTA, pH 8.00 (pH at 25°).
All aqueous solutions were prepared with deionized-
distilled water. Commercially obtained chemicals
were analytical reagent grade or the highest grade
available. Mipafox and phenyl valerate were synthe-
sized and purified as described by Johnson [11].

Animals. Male CD rats, 250-300 g (Charles River,
Portage, MI), or adult (>1 yr old) White Leghorn
laying hens (Omega Chicks, Haslett, MI) were
housed four per cage in separate air-conditioned
rooms (21-24°) with an automatic 12-hr light/dark
cycle. Rats received Purina Rat Chow and tap water
ad lib.; hens received Purina Layena laying mash and
tap water ad lib.
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Rat and hen brain homogenates. Animals were
killed by decapitation. Brain homogenates (10%,
wiv) were prepared in ice-cold buffer using a
glass/Teflon homogenizer (0.25mm clearance,
15 strokes at 2300 rpm).

Hen brain microsomal membranes in buffer or
DMSO. Brains were homogenized in water, and a
microsomal pellet (100,000 g, 60 min) was prepared
by differential centrifugation. The microsomal pellet
derived from 3.00 g of brain was suspended in 20.0 ml
buffer or aqueous 40% (w/v) DMSO.

Solubilized microsomal membranes. The micro-
somal pellet derived from 3.00 g of brain was re-
homogenized in 20.0ml of aqueous 0.10% (w/v)
Triton X-100 or 40% (w/v) DMSO and centrifuged at
100,000 g for 60 min. The Triton supernatant fraction
was freeze-dried and kept at —20° until use, at which
time the preparation was dissolved in buffer; DMSO
supernatant fractions were prepared immediately
before use.

Heat inactivation. Aliquots (0.30ml) of the en-
zyme preparations were transferred to 13 X 100 mm
glass culture tubes that had been prewarmed to the
inactivation temperature (45, 50, 55, or 60°) and
allowed to incubate in a constant-temperature water
bath for a set interval in the range 0-120 min before
adding ice-cold buffer (4.70 ml for whole brain
homogenates; 2.7 ml for microsomal preparations).
The tubes were then placed on ice until being assayed
for residual phenyl valerate hydrolase activities. The
mean protein content (mg/ml) during heat inactiva-
tion was 5.2 for hen or rat brain homogenates; 0.17
for hen brain microsomes in buffer or DMSQ; 1.8 for
Triton-solubilized microsomes; and 0.31 for DMSO-
solubilized microsomes.

Assay of phenyl valerate hydrolase activities.
PVase, NTE, and IRE activities, as previously
defined [12, 13], were determined by a modification
{14] of the method of Johnson for NTE [11], adjust-
ing the preincubation conditions as appropriate to
select the activity of interest. PVase activity was
determined from the rate of phenyl valerate hydroly-
sis when the enzyme preparation was not preincu-
bated with either paraoxon or mipafox. IRE activity
was determined from the rate of phenyl valerate
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hydrolysis when the enzyme preparation was prein-
cubated (20 min) with paraoxon (100 uM) and mipa-
fox (50 uM). NTE activity was determined from the
difference between rates of phenyl valerate hydroly-
sis in two aliquots of a given enzyme preparation of
which one was preincubated (20 min) only with
paraoxon (100 uM) and the other with paraoxon
(100 uM) and mipafox (S0 uM). All enzyme activities
were measured at 37° with phenyl valerate as sub-
strate. The final substrate concentration during en-
zyme assay was 1.35mM. The phenol produced
during substrate hydrolysis (15 or 30 min) was
reacted with 4-aminoantipyrine and K;Fe{CN);, and
the colored product was measured spectrophoto-
metrically at 510 nm. All activities were corrected for
the non-enzymic hydrolysis of phenyl valerate. De-
tails about the preparation of reagents, including
substrate and inhibitors, have been described pre-
viously [11-14].

Protein assay. The Bio-Rad protein assay kit (Bio-
Rad Laboratories, Richmond, CA) based on the dye-
binding method of Bradford [15] was used. Bovine
serum albumin, fraction V (Sigma Chemical Co., St
Louis, MO), was used as a reference standard.

Kinetic constants. Plots of log A versus ¢, where
A = percent remaining activity and ¢ = time (min),
were resolved into two linear components by the
method of residuals [1, 16] (see Fig. 1). Apparent
rate constants for the fast (ks) and slow (k,) reactions
were calculated from the slopes, and relative
amounts of activity in the fast (A9 and slow (A,)
components were determined from the intercepts of
each line on the ordinate. No rate constants were
calculated when Ay or A; was < 10% of the total
activity.

Activation energies. Apparent activation energies
(E,) for heat inactivation were determined from the
slopes of the Arrhenius plots [17] for each of the
activities of interest.

RESULTS

The specific activities of the phenyl valerate hydro-
lases in the preparations studied are shown in Table
1. Hen brain homogenates contained more PVase

Table 1. Distribution of phenyl valerate hydrolase activities in hen and
rat brain preparations

PVase NTE IRE
Preparation (nmol-min~!-(mg protein)~!)
Hen brain
Homogenate (13) 335+ 9 60.3+13 21907
Microsomes suspended
in buffer (3) 421+12 168 *4 2% *1
Microsomes suspended
in DMSO (4) 41716 162 %8 27 2
Triton-solubilized
microsomes (4) 224+ 2 38 £5 6.7+07
DMSO-solubilized
microsomes (4) 219+ 8 50 =4 13 %1
Rat brain
Homogenate (10) 199+ 5 239+0.8 259%+0.6

Data are mean values + SE; the numbers in parentheses are the

number of experiments.



Heat inactivation of brain hydrolases

and NTE than rat brain homogenates, whereas the
specific activities of IRE were about the same. NTE
and IRE were equally active in rat brain homogen-
ate, whereas in hen brain homogenate NTE was
about 2.8 times more active than IRE. Compared
with homogenate, hen brain microsomes suspended
in buffer or DMSO were enriched in PVase and
NTE, but not in IRE.

The kinetics of heat inactivation of all phenyl
valerate hydrolases were qualitatively the same: at all
temperatures the reaction was biphasic. An example
of the time course of heat inactivation is shown in Fig.
1a for the inactivation of PVase in hen brain homo-
genates. The reaction can be described by the sum of
two first-order exponential terms as shown in Fig. 1b.
The kinetic constants derived from Fig. 1b were used
to calculate the solid curve in Fig. 1a. The calculated
curves and the experimental points agreed well for all
studied phenyl valerate hydrolases, and this served as
a verification of the validity of the evaluation of the
kinetic constants.

The kinetic constants evaluated for the phenyl
valerate hydrolases in hen and rat brain homogenates
are listed in Tables 2 and 3. For a given preparation
and temperatue, the activities of PVase, NTE and
IRE decreased at nearly the same rate, and the
relative amounts of activities in the fast and slow
components (A; and A,) were similar for all three
groups of enzymes. The ky/k; ratio was in all cases
large, with a mean value of 52 across the two
preparations. An overall comparison of the rate
constants from rat brain with those from hen brain
indicates that phenyl valerate hydrolases tend to
inactivate faster in rat brain homogenates than in hen
brain homogenates.

Phenyl valerate hydrolases are membrane-bound
proteins [2, 12] that may be solubilized in detergents
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Table 2. Kinetic constants for heat inactivation of PVase,
NTE, and IRE in hen brain homogenate

Fast reaction Slow reaction

Enzyme ¢ (°C) ke (min™') A, (%) k, (min~") A; (%)

PVase (3) 60 0.64 88  0.0050 12
PVase(3) 55  0.18 65  0.0047 35
PVase (3) 50  0.068 20 0.0040 80
NTE (3) 60 0.68 90 — 10
NTE (5) 55 0.10 52 0.0059 48
NTE (4) 50 — 0 0003 100
IRE (3) 60 1.10 90 —_ 10
IRE (3) 55 0.5 65  0.0054 35
IRE (4 50 0.1 37 0.0043 63

Hen brain homogenates in buffer were incubated for
fixed times in the range 0-120 min at the temperatures
indicated. Data from the number of experiments shown in
parentheses were piotted as log (percent remaining activity)
versus time for each phenyl valerate hydrolase and in-
activation temperature (cf. Fig. 1a). Apparent rate con-
stants for the fast (k;) and slow (k,) inactivation reactions
were determined graphically from the slopes of the resolved
linear components of the biphasic curves; the relative
amounts of activity inactivating at the fast (4,) and slow (4,)
rates were determined from the intercepts of the linear
components on the ordinate (cf. Fig. 1b}.

|2, 18, 19] or organic solvents [14] with partial
retention of enzymic activity. To determine whether
the biphasic kinetics observed in crude homogenates
may have been due to a membrane effect, heat
inactivation was studied in preparations of hen brain
microsomes solubilized in Triton X-100 or DMSO.
An example of the heat inactivation of NTE in
DMSO-solubilized hen brain microsomes is shown in

e (b)

i

slow reaction

«— fast reaction
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&
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Fig. 1. Heat inactivation of PVase in hen brain homogenate. (a) Plot of percent remaining activity versus
time of incubation at 50 (O), 55 (M), and 60° (A). Each point is the mean value obtained from three
experiments. The solid lines were calculated from the equation:

A=Ap- e+ A -7

where A = percent remaining activity, k, = apparent rate constant of inactivation for the fast reaction, k,
= apparent rate constant of inactivation for the slow reaction, A; = relative amount of activity (%)
inactivating at the fast rate, 4, = relative amount of activity inactivating at the slow rate, and ¢ = time
{min). (b) Plot of log A versus time for heat inactivation at 55°, showing the graphical method described in
Refs. 1 and 16 for obtaining the apparent rate constants and relative activities from the slopes and
intercepts of the lines. The solid squares (M) are the experimental points. The solid triangles (&) are
calculated values obtained by subtracting the slow component of the inactivation curve from the initial
(fast) component of the curve.
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Table 3. Kinetic constants for heat inactivation of PVase,
NTE, and IRE in rat brain homogenates

E. REINER et al.

Table 4. Kinetic constants for heat inactivation of PVase
and NTE in hen brain microsomal preparations

Fast reaction Slow reaction Fast reaction Slow reaction
Preparation/
Enzyme t(°C) k;(min™") Ay (%) k,(min™") A, (%) Enzyme t(°C) k;(min~") Af(%) k;(min™") A;(%)
PVase 3) 55 0.42 75 0.013 25 Microsomes
PVase (2) 50 0.26 37 0.0061 63 in buffer/
PVase (2) 45 0.11 26 0.0020 74 PVase 50 0.24 34 0.0058 66
NTE (4) 55 0.98 100 —_— 0 PVase 45 0.36 18 0.0033 82
NTE (3) 50 0.5 73 0.0062 27 NTE 50 030 20 0.0030 80
NTE (2) 45 e 0 0.0040 100 NTE 45 - 10 * 90
IRE (4) 55 0.85 85 0.0041 15
IRE (3) 50 0.29 62 0.0069 38 Microsomes
IRE (2) 45 0.12 27 0.0062 73 in DMSO/
- - PVase 50 0.40 77 0.0071 23
Rat brain homogenates in buffer were incubated for pygee 45 0.25 49 0.0049 51
fixed times in the range 0-120 min at the temperatures NTE 50 0.34 80 0.0069 20
indicated. Data from the number of experiments shown
. g NTE 45 0.12 44 0.0019 56
in parentheses were plotted as log (percent remaining
activity) versus time for each phenyl valerate hydrolase Microsomes
and inactivation temperature. Apparent rate constants for e
SRR . solubilized
the fast (k;) and slow (k,) inactivation reactions and the in Triton/
relative amounts of activity inactivating at the fast (Ay) and PV 50 0.32 50 0.0108 50
slow (A,) rates were determined as described in Table 2. PV::: pr 0.12 9 0.0058 26
NTE 50 0.38 80 0.0210 20
} . . . . NTE 45 0.22 53 0.0086 47
Fig. 2. Again, the reaction was biphasic. The same
was true for PVase. A biphasic reaction was also Microsomes
observed with all of the other microsomal prepara- solubilized
tions studied for both PVase and NTE activities, as in DMSO/
can be seen from the kinetic constants determined for PVase 50 1.10 78 0.0110 22
these reactions listed in Table 4. The kg/k, ratio was PVase 45 0.34 58 0.0080 42
large, with a mean value of 51 for PVase and NTE NTE 50 0.44 86 0.0160 14
NTE 45 0.25 44 0.0069 56

activities in all microsomal preparations. Data are
lacking for heat inactivation of IRE, because these
activities were too low in all microsomal preparations
to allow meaningful determinations to be made. A
quantitative comparison between the rate constants
of inactivation in microsomal preparations (Table 4)
with those in total brain homogenates (Table 2)
would not be justified, because the protein content
during heat inactivation was different in the two
preparations (see Materials and Methods), and the
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Fig. 2. Heat inactivation of NTE in hen brain microsomes

solubilized in aqueous 40% (w/v) DMSO. Plot of percent

remaining activity versus time of incubation at 45 (W) and

50° (O). Each point is the mean value from two experi-

ments. The solid curves were calculated as described under
Fig. 1.

Hen brain microsomal preparations were incubated for
fixed times in the range 0~60 min at the indicated tem-
peratures. Data from two experiments were plotted as log
(percent remaining activity) versus time of inactivation for
PVase and NTE in each preparation. Apparent rate con-
stants for the fast (k) and slow (k) inactivation reactions
and the relative amounts of activity inactivating in the fast
(Ay) and slow (A,) reactions were determined as described
in Table 2.

*Activity was stable between 5 and 60 min.

actual rates are likely to depend on the protein
content.

Apparent activation energies (E,) for the fast and
slow heat inactivation reactions of each phenyl valer-
ate hydrolase studied in the various preparations
were calculated from the data in Tables 2-4. The
mean E, values throughout all preparations were 44
and 25 kcal/mol for the fast and slow inactivation
reactions respectively.

DISCUSSION

The kinetics of heat inactivation revealed a striking
qualitative similarity between all phenyl valerate
hydrolases in preparations of hen and rat brain. The
activities of the total PVase and of the two subgroups,
NTE and IRE, inactivated in a biphasic manner. For
agiven preparation and temperature, the activities of
PVase, NTE and IRE inactivated almost at the same
rates, and the relative amounts of activities in the fast
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and slow components were similar. The large magni-
tude of the apparent activation energies is character-
istic of heat denaturation of proteins [20] and was
observed for both the fast and slow reactions. These
results are consistent with the existence of structural
features in common among the phenyl valerate
hydrolases enabling these enzymes to undergo simi-
lar heat-induced structural change leading to loss in
enzymic activity through the formation of at least one
enzymically active intermediate [21, 22]. The earlier
observation that rat brain NTE is more thermally
labile than hen brain NTE [8] was substantiated and
extended to the other phenyl valerate hydrolases in
the present study, and is in agreement with another
recent report [23].

Phenyl valerate hydrolases are membrane-bound
enzymes (2, 12]. DMSO is a powerful disruptor of
membrane structure [24] that has been shown re-
cently to solubilize active NTE [14]. Triton X-100 has
also been shown to solubilize active NTE [18, 19], but
this detergent would be expected to yield a micellar
structure capable of mimicking the lipid environment
of the original membrane [25]. Suspending micro-
somes in buffer does not solubilize NTE [14, 18, 19]
and should leave the membrane intact. The fact that
the kinetics of heat inactivation were qualitatively
similar in these different preparations leads to the
conclusion that the biphasic reaction is not due to a
membrane effect.

The biphasic kinetics of heat inactivation have
been observed earlier for the inactivation of NTE
from rat and hen brain homogenates [8, 9]. One
interpretation of these results is that there are two
forms of NTE initially present in each preparation
that differ in thermal stability [26]; two forms of NTE
have also been inferred from analyses of inhibition
kinetics [9, 10]. Considering the results described in
this paper, the dual-form interpretation would seem
to be no longer justified, for the following reasons.
First, the total PVase activity (which clearly contains
several enzymes) showed the same kinetics of inacti-
vation as the subgroups NTE and IRE, and at a given
temperature the relative activities Arand A; (repre-
senting the amounts of activity which inactivate at the
fast and slow rates respectively) were similar for
PVase, NTE and IRE. It is very unlikely that in each
group two enzymes would be present in about the
same proportions and would exhibit the same ther-
mal kinetic properties. Furthermore, the relative
activities Ay and A, were highly temperature depen-
dent. If these activities represented two enzymes
initially present with intrinsically different rates of
inactivation, their ratio would not be expected to
vary with temperature [21]. Consequently, the sug-
gestion that the biphasic kinetics of inactivation
reflect the initial presence of two enzymes does not
seem to hold, and the alternative model of heat
inactivation proceeding through at least one enzymic
intermediate is favored [21, 22]. This interpretation is
in accord with a recent kinetic study of mipafox
inhibition of NTE in which it was concluded that the
data were better explained on the basis of Michaelis
complex formation between enzyme and inhibitor
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than by invoking the presence of two isoenzymes of
NTE [27].
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