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SUMMARY

The inhibitory effect of chlorpromazine free radical on (Nat + K+)-ATPase [Mg?+-
dependent, (Nat 4+ K+)-activated ATP phosphohydrolase] activity was studied by means
of ultraviolet irradiation to generate the free radical, with a deoxycholate- and Nal-treated
microsomal fraction obtained from rat brain as the enzyme source. Treatment with NaCl,
cysteine, or dithiothreitol restored the activity of the enzyme preparation inhibited by
chlorpromazine free radical. Washing of the inhibited enzyme preparation with Tris-HCI
buffer or addition of sodium metabisulfite or of ascorbic acid to the incubation mixture did
not restore the activity of the inhibited enzyme preparation. It appeared that the inhibition
by chlorpromazine free radical was of either the ‘‘pseudo-irreversible” or the irreversible
type. Inhibition of the enzyme activity by chlorpromazine free radical and p-hydroxy-
mercuribenzoate was reduced, while inhibition by ouabain was enhanced, at low KCI
concentrations. These data indicate that the mechanism by which chlorpromazine free
radical and p-hydroxymercuribenzoate inhibit the (Nat+ 4+ K+)-ATPase system is different
from"that of ouabain. K+-dependent p-nitrophenyl phosphatase activity was as sensitive to
the inhibitory effect of chlorpromazine free radical as (Nat + K+)-ATPase activity, while
Mg?+-dependent ATPase activity in the same preparation was significantly less sensitive.

INTRODUCTION

Chlorpromazine has been shown to in-
hibit the transport of a variety of substances
across cell membranes (1). Consequently,
several authors (2-6) have attempted to
demonstrate inhibition of a (Na*+4 K*)-
ATPase [Mg*-dependent, (Na*-4-K*)-ac-
tivated ATP phosphohydrolase] by chlor-
promazine, since accumulating evidence
indicates that this enzyme system is related
to active transport across cell membranes
(7).

Most studies, however, have indicated
that the (Na*4 K*)-ATPase is rather
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insensitive to chlorpromazine. The majority
of investigators have reported that 0.1 mm
chlorpromazine inhibited less than 40% of
the enzyme activity in vitro, although
Squires (4) observed about 90%, or almost
complete, inhibition when the enzyme and
the inhibitor were first incubated together
for 30 min at 37° in the absence of added
NaCl or KCI.

Recently, we have found that a semi-
quinone free radical of chlorpromazine is a
potent inhibitor of brain microsomal
(Na* 4- K*)-ATPase activity and that the
free radical form of chlorpromazine, rather
than chlorpromazine itself, is responsible for
the inhibition of the enzyme system n
vitro (8).

The highly reactive free radical form of
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chlorpromazine may also have a functional
role, since it can be produced in vivo during
the oxidative metabolism of chlorpromazine
(9), by interaction of chlorpromazine with
manganese (10) or melanin (11, 12), or
even by the exposure of the eye to light.
Eye complications are among the most
frequent side effects observed during long-
term chlorpromazine therapy (13).

The present report compares the kinetic
behavior of chlorpromazine free radical with
respect to microsomal (Na* -4 K*)-ATPase
obtained from rat brain with that of other
known inhibitors of the enzyme, ouabain
and p-hydroxymercuribenzoate. The effects
of chlorpromazine free radical on the activi-
ties of a (Na*+4 K*)-ATPase and K*-
dependent p-nitrophenyl phosphatase pres-
ent in the deoxycholate- and Nal-treated
microsomal fraction are also compared.

METHODS

Male Sprague-Dawley rats weighing 200—
300 g were used. The preparation of the
enzyme from the microsomal fraction and
the assay of ATPase activity were per-
formed as reported previously (8). In the
present studies, the deoxycholate-treated
microsomal fraction was further treated
with Nal, using the method of Nakao et al.
(14) with some modifications. Following the
last centrifugation in the protocol described
previously (8), the microsomal pellet was
suspended in a mixture containing 2.0 M
Nal, 25 mMm disodium EDTA, 3.0 mM
MgCl,, 3.0 mm disodium ATP, and 5.0 mm
histidine HCI adjusted to pH 7.3 with Tris
base. The suspension was stirred gently for
30 min at 0°, diluted with water to 0.8 M
Nal, and centrifuged for 30 min at 100,000
X g. The resulting pellet was washed
twice by suspending it in 10 mm Tris-HCI
buffer (pH 7.3) and centrifuging it at
100,000 X g for 30 min. The final residue
was suspended in a medium containing 0.25
M sucrose, 5.0 mM histidine HCI, and 1.0
mMm Tris-EDTA (pH 7.0). The preparation
was stored frozen until use. Protein was
assayed by the method of Lowry et al. (15),
using bovine serum albumin as a standard.

All incubations were performed in the
dark. Unless oth rwise stated, Mg?*-ATPase
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(Mg**-dependent ATP phosphohydrolase)
activity was subtracted from the total
ATPase activity assayed in the presence of
NaCl, KCl, and MgCl, to calculate the
(Na*+ K*)-ATPase activity. Since the
enzyme preparation added to each incuba-
tion tube (16 pg of enzyme protein in a
total incubation volume of 1.0 ml) did not
contain a measurable amount of inorganic
phosphate, a blank from which the enzyme
preparation was omitted was employed to
calculate the Mg?*-ATPase activity. Pre-
liminary experiments indicated that there
was no difference between these values and
those obtained by incubation of the enzyme
preparation with ATP and buffer in the
absence of added MgCl, or from those
obtained from ‘“zero time” incubations.
K*-activated p-nitrophenyl phosphatase
activity was assayed by using 50 mMm
disodium p-nitrophenyl phosphate as the
substrate instead of Tris-ATP and omitting
NaCl from the incubation mixture for the
ATPase assay. Since preliminary experi-
ments indicated that up to 10 mm NaCl has
little effect on K*-activated p-nitrophenyl
phosphatase activity in either the presence
or absence of 15 mM KCI, no effort was
made to remove sodium from the substrate.
The enzyme activity was estimated by
measuring the p-nitrophenol liberated from
p-nitrophenyl phosphate as described by
Inturrisi and Titus (16), using authentic p-
nitrophenol  (spectrophotometric  grade,
Sigma Chemical Company) as a standard.
When the chlorpromazine-enzyme mix-
ture was exposed to ultraviolet light in
order to generate the free radical of chlor-
promazine (8), the drug and the enzyme
preparation were in a solution containing
100 mM Tris-HCl1 buffer (pH 7.5). This
mixture was placed in a quartz cuvette with
a 1.0-cm light path (or, when the volume
was large, a shallow beaker was used and
exposed from above) and exposed to ultra-
violet light for 4 min at 23-25°. A minera-
light model R-51 lamp (primary emission
wavelength, 253.7 mp), with its filter re-
moved, was used as an ultraviolet light
source, and the samples were placed 45 cm
from the lamp. After ultraviolet exnosure,
the mixture was diluted 2-fold with solu-
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tions containing the necessary ions and
substrate,

Spectrophotometric analysis revealed that
under these conditions approximately 35%
of the added chlorpromazine was degraded
by ultraviolet irradiation. Histidine, a com-
ponent of the enzyme suspension medium,
was maintained at 2.0 mM during the ultra-
violet exposure, since histidine had a pro-
tective effect on the enzyme activity during
ultraviolet irradiation under these experi-
mental conditions.

Since the estimation of the chlorproma-
zine free radical concentration was not
possible (8), the drug concentrations refer
to the molar concentrations of chlorproma-
zine calculated from the amount of the drug
initially added to the mixture. It should be
noted, however, that the actual inhibitory
species is the chlorpromazine free radical.
In most instances, the concentration of
chlorpromazine present in the incubation
mixture during the ATPase assay was lower
than that indicated, since a significant
portion of chlorpromazine was degraded by
ultraviolet irradiation.

The semiquinone free radical of chlor-
promazine in the solid state was prepared
by a procedure which is essentially a modi-
fication of the methods of Felmeister et al.
(17) and Levy and Burbridge (18). Equi-
molar amounts of chlorpromazine HCI
(17.75 mg) and chlorpromazine sulfoxide
HCI] (18.75 mg) were dissolved in 1.0 ml of
70% perchloric acid and stirred for 5 min at
25°. The solution was chilled to about 0°
and added to 0.5 ml of acetone, followed by
approximately 20 ml of ether to yield two
distinct layers. The mixture was kept at 0°,
stirred for 15 min, and then filtered through
a Thomas fused glass filter (medium
porosity). The dark red residue, the free
radical of chlorpromazine, was washed
several times with ether and dried at room
temperature. The material was used without
further purification and, if kept in a dark,
dry environment, was stable for several
months.

The absorption spectra of chlorproma-
zine and chlorpromazine free radical were
recorded with a Shimadzu model MPS-50L
recording spectrophotometer. The concen-
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tration of chlorpromazine free radical was
calculated from the absorbance at 527 my,
assuming the molar extinction coefficient to
be 10 mM~! em™ (8).

The decay of chlorpromazine free radical
was studied in the following manner. To a
test tube containing solid state free radical
of chlorpromazine, a 50 mm Tris-HCI buffer
solution (pH 5.8) with or without 4.0 ug of
the enzyme protein per milliliter was
added to make the initial concentration of
chlorpromazine free radical 100 M. After
rapid, vigorous mixing, the mixture was
transferred to a cuvette and placed in the
sample chamber of a Shimadzu model MPS-
50L spectrophotometer. The wavelength was
set at 527 mpy, and the absorbance was
recorded continuously.

The results of the enzyme assay were
analyzed for significance by Student’s t-
test for group comparison.

RESULTS

Reversibility of inhibition of microsomal
(Na* + K*)-ATPase actwity by chlor-
promazine free radical. Initial studies were
performed to demonstrate the possible re-
versibility of the chlorpromazine free radi-
cal-induced inhibition of the enzyme activ-
ity. Buffer or NaCl washes were used to
attempt to restore activity to control levels.
The control ATPase activity of the Nal-
treated microsomal fraction assayed in the
presence of 100 mm NaCl, 15 mm KCl, 5.0
mM MgCl,, and 5.0 mM Tris-ATP was
44 + 2.6 pmoles of inorganic phosphate re-
leased per milligram of protein in 10 min
(mean of 11 enzyme preparations + stan-
dard error). The Mg?*-ATPase activity of
the same enzyme preparations was 3.7 +
0.4. Ultraviolet light exposure of the enzyme
preparations, in the absence of chlorproma-
zine, resulted in a slight reduction of enzyme
activity (approximately 6%; statistically
not significant). ‘Treatment of the inhibited
enzyme preparation with 1.0 M NaCl re-
stored (Na*4 K*)-ATPase activity re-
duced by ultraviolet irradiation of the
chlorpromazine-enzyme mixture, as shown
in Fig. 1. There is a sienificant difference
(p < 0.01) between the (Na*+4 K*)-ATP-
ase activity observed after NaCl treat-
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Fi6. 1. Effect of NaCl and buffer treatment on the
microsomal (Na* + K*)-ATPase aclivity inhibited
by chlorpromazine free radical

The enzyme preparation (16 ug of protein per
milliliter) was exposed to ultraviolet light in the
presence of 6 uM chlorpromazine in a total volume of
100 ml to obtain an inhibited enzyme preparation.
Left: “none” indicates that the ATPase activity of
the inhibited enzyme preparation was assayed
immediately after ultraviolet exposure. Center (NaCl
treatment): the inhibited enzyme preparation was
centrifuged at 40,000 g for 30 min, and the pellet
was resuspended in 1.0 M NaCl (pH 7.5) and in-
cubated at 37° for 30 min. The mixture was then
washed three times by centrifugation at 100,000 X ¢
for 30 min and resuspension with a solution con-
taining 0.32 M sucrose, 5.0 mM histidine, and 1.0 mm
Tris-EDTA (pH 7.0, adjusted with Tris base).
Right (buffer treatment): the procedure was same as
for NaCl treatment, except that 50 mum Tris-HCl
buffer (pH 7.5) was used instead of 1.0 M NaCl. The
ATPase activity of these preparations was compared
with that of a control preparation treated in the
same manner after ultraviolet irradiation in the
absence of chlorpromazine. Each value represents
the mean of seven experiments. Vertical lines
indicate the standard error of the mean.

ment of the inhibited enzyme and that
observed immediately after ultraviolet light
exposure of the drug-enzyme mixture
(labeled “none” on the abscissa). After
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treatment of the inhibited enzyme with 50
mM Tris-HCI buffer (pH 7.5), the activity
was similar to that observed immediately
after ultraviolet irradiation. Thus, no re-
versal was apparent after washing the in-
hibited enzyme with Tris-HCI buffer.

The addition of cysteine and dithiothrei-
tol (threo-2,3-dihydroxy-1,4-dithiobutane)
to the incubation mixture restored, at least
partially, the enzyme activity inhibited by
chlorpromazine free radical, as can be seen
in Fig. 2, where percentage inhibition of
the enzyme activity is plotted against the

I T T T v

Percent inhibition of (Na*+K*)-ATPaseactivity

L 1 1 ]

0 0.1 0.3 1 3

Concentration of reducing agents ( 1M )

Fi6.2. Effectof reducing agentsonthe (Na* + K¥)-
ATPase activity inhibited by chlorpromazine free
radical

The enzyme preparation (16 ug of protein per
milliliter) was exposed to ultraviolet light in the
presence of 10 uM chlorpromazine to form the free
radical. The inhibited enzyme preparation was then
added to an incubation mixture containing cysteine
(4), dithiothreitol (B), sodium metabisulfite (C),
or ascorbic acid (D). Ascorbic acid was adjusted to
pH 7.5 with Tris solution. After a 15-min incubation
at 37° Tris-ATP was added to start the ATPase
reaction. The (Nat 4 K*)-ATPase activity was
compared with that of the enzyme preparation
exposed to ultraviolet light in the absence of
chlorpromazine. Each point represents the mean of
five experiments. Vertical lines indicate one standard
error of the mean. None of these reagents had any
effect on uninhibited (Na* 4+ K+)-ATPase activity
at the concentrations employed.
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concentrations of these agents. Two other
reducing agents, sodium metabisulfite and
ascorbic acid, were ineffective. Thus, the
(Na* 4 K*)-ATPase activity inhibited by
chlorpromazine free radical can be “re-
activated” (19), although the reversibility
is not easily demonstrable. These studies
also indicate that chlorpromazine free radi-
cal does not denature the enzyme.

An attempt was made to determine
whether the drug-enzyme interaction was
“pseudo-irreversible” (or irreversible) by
plotting percentage inhibition as a function
of enzyme concentration, A pseudo-irrevers-
ible or irreversible inhibitor would give a
parabolic curve, representing lower inhibi-
tion at higher protein concentrations, while
reversible inhibitors would produce a
straight line parallel to the enzyme concen-
tration axis (20). Analysis was not entirely
successful, probably because of the lower
incidence of free radical-enzyme inter-
action at lower enzyme concentrations; i.e.,
more free radical was disproportionated be-
fore reacting with protein. Analysis was
also limited because of the difficulty of in-
creasing the protein concentration beyond
certain levels. In the presence of more than
100 ug of microsomal protein per milliliter,
the amount of chlorpromazine degraded by
standard ultraviolet irradiation decreased.
However, significantly greater inhibition
was observed at lower protein concentra-
tions, an observation which would be con-
sistent with irreversible or pseudo-irrevers-
ible inhibition.

Rate of reaction of chlorpromazine free
radical with the (Na* 4+ K*)-ATPase prep-
aration. In order to determine the rate of
reaction between the chlorpromazine free
radical and the enzyme preparation, the
decay of chlorpromazine free radical in the
presence and absence of the enzyme prepa-
ration was studied by continuously monitor-
ing absorbance at 527 mu. At pH 7.5, where
all enzymatic studies were carried out, the
decay of chlorpromazine free radical was
so rapid that accurate measurement of
decay kinetics was not possible. In Fig. 3
the reciprocal of chlorpromazine free radi-
cal concentration is plotted against time.
When chlorpromazine free radical was
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F16. 3. Disproportionation of chlorpromazine free
radical at pH 6.8

The reciprocal of the chlorpromazine free radical
concentration, calculated from the absorbance at
527 myu, was plotted against the time elapsed after
the addition of 50 mm Tris-HCI buffer, pH 5.8 (4),
or a solution containing 4.0 ug of Nal-treated
microsomal protein per milliliter of Tris-HCI
buffer (B) to the solid state chlorpromazine free
radical. The reaction was carried out at 30°.

allowed to disproportionate at 30° in 50 mm
Tris-HCI buffer at pH 5.8, where the rate
of disproportionation is slower, this plot
yielded a straight line (curve A). This
would indicate that the disproportionation
reaction follows second order kinetics (17),
as in the following equations.

K
R + R — chlorpromazine + phenazathionium ion

Decay velocity = (—%ﬂ = —K[R}?
Thus
1 1
— = — 4 Ki
®~EeT

where R is chlorpromazine free radical, [R]
is its concentration at time ¢, and [R], is
its initial concentration.
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The K value calculated from the slope
was 4.1 mM~ min~'. The presence of 4.0 pug
of Nal-treated microsomal protein per
milliliter of Tris-HCl increased only the
initial rate of decay of chlorpromazine free
radical (curve B). The first observation was
made 0.5 min after mixing. By this time,
the reaction between chlorpromazine free
radical and the enzyme preparation was
complete. The apparent K value calculated
for this period was 22.6 mM~ min—. After
0.5 min, the rate of decay (K = 5.9 mm
min—!) was not significantly different from
the value estimated in the absence of the
enzyme preparation. Four different estima-
tions of the apparent K value for the above
equations at pH 7.5 ranged from 60 to 230
mM-! min~!, with a mean value of 135 mM™
min~!, in the absence of enzyme protein.
Thus, the initial phase of curve B illus-
trates the very rapid interaction of chlor-
promazine free radical with the enzyme
protein.

Effect of chlorpromazine free radical on
microsomal (Na* + K*)-ATPase activity at
various potasstum concentrations. The effect
of chlorpromazine free radical on the kinetic
behavior of (Na* 4 K*)-ATPase is shown
in Fig. 4, where the reciprocal of the rate
of hydrolysis is plotted against the recipro-
cal of the KCl concentration. As the concen-
tration of chlorpromazine, and therefore the
concentration of chlorpromazine free radi-
cal, is increased, the apparent K, (Mich-
aelis constant) and maximum velocity of
the inhibited reaction decrease, resulting in
a set of curves suggestive of so-called “un-
competitive” inhibition (19) with respect to
KCl.

This is shown more clearly in Fig. 5,
where «(1-a)' [I] is plotted against the
concentration of KCl according to the
method of Hunter and Downs (21). a repre-
sents the fractional (or inhibited) activity,
and [I] is the concentration of chlorprom-
azine. Note that the concentrations of chlor-
promazine in the figure are those initially
added to the mixture and do not represent
the concentration of chlorpromazine free
radical or that of chlorpromazine during
the incubation period. The inhibition ob-
served, however, is caused by the free radi-
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F16. 4. Effect of chlorpromazine free radical on
microsomal (Na* + K*)-ATPase activity

Double-reciprocal (Lineweaver-Burk) plot of
(Na* + K*)-ATPase activity against KCl con-
centration. The chlorpromazine-enzyme mixture
was exposed to ultraviolet light prior to -ATPase
assay. The ATP concentration was 5.0 mM in the
presence of 5.0 mm MgCl; and 100 mm NaCl with
16 ug of enzyme protein in a final incubation volume
of 1.0 ml. Chlorpromazine concentrations in the final
incubation volume were calculated from the amount
of chlorpromazine initially added to the mixture
and were 0 (A4), 1.0 (B), or 2.0 (C) um. Although the
actual inhibitor was chlorpromazine free radical,
the data refer to the chlorpromazine concentration
(see METHODS). Each point represents the mean of
five experiments. Linear regression lines were fitted
by the method of least squares.

cal of chlorpromazine. The effects of oua-
bain and p-hydroxymercuribenzoate, both
known inhibitors of (Na*-4 K*)-ATPase
activity (7), are also compared.

The curve obtained with p-hydroxymer-
curibenzoate as an inhibitor was typical of
uncompetitive inhibition,! similar to that
obtained with chlorpromazine free radical,
while the curve obtained with ouabain as
the inhibitor was indicative of competitive
inhibition at low KCl concentration and
noncompetitive inhibition at higher KCIl
concentrations,

*This type of inhibition is sometimes referred
to as “coupling” inhibition [see Webb (20)].
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Fig. 5. Comparison of the effects of chlorpromazine
free radical (CPZ), ouabain, and p-hydrozymercuri-
benzoate (POMB) on microsomal (Na* + K*)-
ATPase activity

Hunter-Downs plot. The chlorpromazine-enzyme
mixture was exposed to ultraviolet light prior to the
ATPase assay. Ouabain and p-hydroxymercuri-
benzoate were added to an unexposed enzyme
preparation. The ATPase assay was carried out
after a 5-min incubation at 37° with various KCl
concentrations. Fractional activity (a) of the
enzyme preparation inhibited by chlorpromazine
free radical was calculated against the activity
of the enzyme preparation exposed to ultra-
violet light in the absence of chlorpromazine. The
ATP concentration was 5.0 mm in the presence
of 5.0 mmM MgCl: and 100 mm NaCl. The concen-
trations of inhibitors were: chlorpromazine, 2.0 um;
ouabain, 0.3 and 1.0 uM; and p-hydroxymercuri-
benzoate, 1.0 uM, with 16 ug of enzyme protein in a
final incubation volume of 1.0 ml. Although the
inhibition is due to chlorpromazine free radical, the
data refer to chlorpromazine concentrations in the
final incubation volume calculated from the amount
of the drug initially added to the mixture (see
METHODS). Each point represents the mean of five
experiments.

Effects of chlorpromazine free radical on
microsomal (Na*+ K*)-ATPase, K*-p-
nitrophenyl phosphatase, and Mg**-ATPase
activities. The sensitivities of microsomal

611

(Na* 4 K*)-ATPase, K*-activated p-nitro-
phenyl phosphatase, and Mg*-ATPase ac-
tivities to the inhibitory effect of chlor-
promazine free radical are shown in dose-re-
sponse curves plotted in Fig. 6, where the
percentage inhibition of the enzyme activ-
ities is plotted against the concentration of

100 T v

Percent Inhibition

0

25 5 10 20

0 0.5 1
Chlorpromazine Concentration (uM)

Fic. 6. Effects of chlorpromazine free radical on
microsomal ATPase and K*-activated p-nitrophenyl
phosphatase activities

The chlorpromazine-enzyme mixture was exposed
to ultraviolet light prior to assay of enzyme activity.
After 5 min of incubation at 37°, substrates were
added to start the reaction. The activity was
compared with that of each control enzyme prepara-
tion exposed to ultraviolet light in the absence of
added chlorpromazine. The concentrations during
the incubation were: MgCl,, 5.0 muM; Tris-ATP or
p-nitrophenyl phosphate, 5.0 mm; with or without
100 mm NaCl and/or 15 mm KCl. The concen-
trations of chlorpromazine in the final incubation
volume of 1.0 ml were calculated from the amount
which was added initially to the mixture and do not
indicate the actual chlorpromazine concentrations
during the incubation. A, (Na* + K+)-ATPase; B,
K+*-p-nitrophenyl phosphatase; C, Mg**-ATPase
activities. Each point represents the mean of five
experiments. Vertical lines indicate the standard
error of the mean.
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chlorpromazine. In these studies, it was as-
sumed that the fraction of chlorpromazine
converted to the free radical during ultravio-
let irradiation was the same irrespective of
the initial chlorpromazine concentration.
The relative sensitivity of these three en-
zyme systems would not be affected by these
differences, since aliquots of the same chlor-
promazine-enzyme mixture were assayed for
different enzyme activities after exposure to
ultraviolet light.

Chlorpromazine free radical inhibited the
microsomal (Nat*+4 K*)-ATPase and K*-
activated p-nitrophenyl phosphatase activi-
ties to the same extent. The Mg**-ATPase
activity of the same preparation, however,
was less sensitive to the chlorpromazine
free radical than were the (Na*+4 K*)-
ATPase and K+-activated p-nitrophenyl
phosphatase activities. Furthermore, only
about 50% of the Mg**-ATPase activity
could be inhibited by relatively high con-
centrations of chlorpromazine free radical.
The large variation in the Mg?*-ATPase ac-
tivity resulted from the relatively low en-
zyme activity. Conditions of these studies
were optimal for the highly active (Na* 4
K*)-ATPase activity, and thus a larger er-
ror in the estimation of the less active Mg?*-
ATPase activity was observed. While ap-
proximately 50% of the Mg*-ATPase
activity was inhibited by high concentra-
tions of chlorpromazine free radical, this
enzyme activity was unaffected by up to 0.1
mM ouabain.

The concentration of chlorpromazine re-
quired for 50% inhibition (I5) of the mi-
crosomal (Na* 4 K*)-ATPase and K*-acti-
vated p-nitrophenyl phosphatase activities
was approximately 2 uM under the present
experimental conditions. Again, this repre-
gents the initial concentration of drug added
to the reaction mixture prior to ultraviolet
irradiation. The I, of the active form, the
free radical, would be considerably lower
than this value, but the precise figure can-
not be estimated.

DISCUSSION

This study was initiated to explore the
nature of the interaction between chlor-
promazine free radical and the (Na* 4 K*)-
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ATPase system. It was demonstrated that
the reaction between the chlorpromazine
free radical and the enzyme protein pro-
ceeded very rapidly at pH 5.8. Because of
the extremely rapid decay of the free radi-
cal, a study of decay kinetics was not pos-
sible at pH 7.5, where the enzymatic studies
were carried out. However, since this en-
zyme preparation can be stimulated, al-
though to a somewhat lesser degree, by the
simultaneous presence of Na* and K* at
pH 5.8 as well as at pH 7.5, one would
expect the protein molecule to have essen-
tially the same configuration at both pH
values. Thus, it may be reasonable to as-
sume that at pH 7.5, the reaction between
chlorpromazine free radical and the enzyme
protein proceeds rapidly, at a velocity not
very much different from that observed at
pH 5.8.

Treatment of the enzyme with 1.0 M
NaCl restored the enzyme activity inhibited
by chlorpromazine free radical, indicating
that the inhibitor bound to the enzyme may
be removed by exposure to a solution of
high ionic strength or to Na*. Studies by
others (7) have shown that this enzyme
system has a specific affinity for Na*.
Squires also reported (4) that the presence
of NaCl or KCI prevented the progressive
enhancement of inhibition when the enzyme
was previously incubated in the presence of
chlorpromazine. However, this phenomenon
may have been due to the increased decay
of chlorpromazine free radical at high ionic
strength (17).

Cysteine and dithiothreitol also re-
stored the enzyme activity inhibited by
chlorpromazine free radical when added to
the incubation mixture containing the in-
hibited enzyme preparation. Denaturation
of the enzyme system by incubation with the
chlorpromazine free radical in the absence
of ATP is thus excluded, since the inhibited
enzyme was reactivated by NaCl or sulf-
hydryl reagents. Oxidation of the enzyme
protein, sensitized in the presence of chlor-
promazine by ultraviolet light, is also ex-
cluded, since NaCl, but not reducing agents,
such as sodium metabisulfite and ascorbic
acid, reactivated the enzyme. This was also
observed in our previous study (8), in
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which chlorpromazine free radical gener-
ated by enzymatic or chemical procedures
was found to be a potent inhibitor of the
enzyme system.

Since inhibition of the (Na* 4 K*)-ATP-
ase system by chlorpromazine free radical
would appear to be of the pseudo-irrevers-
ible or irreversible type as defined by Webb
(20), kinetic analysis has many limitations.
It is also complicated by the fact that at
least two different enzyme systems, (Na* 4
K+)-ATPase and Mg?*-ATPase, are affected
by the same inhibitor, and the analysis de-
pends on the measurement of differences
between the two inhibited velocities. This is
particularly true when the (Na*+4 K*)-
ATPase velocity is reduced at low KCl
concentrations. However, the present en-
zyme preparation, with high ATPase activ-
ity and less than 8.5% contamination with
Mg*-ATPase activity under the standard
assay conditions, gives good resolution of
the (Na* 4 K*)-ATPase activity.

The difficulty in the estimation of the
chlorpromazine free radical at low steady
state concentrations (8) makes it impossible
to estimate kinetic constants. Even the I,
calculated for chlorpromazine has limited
significance, since its reliability depends
upon such factors as duration and intensity
of ultraviolet irradiation, enzyme concen-
tration, and preliminary incubation time.
Nevertheless, the enzyme preparation em-
- ployed in the present study, a microsomal
fraction treated with deoxycholate and Nal,
appeared to be almost twice as sensitive to
the inhibitory action of chlorpromazine free
radical as the enzyme employed in the
earlier study (8). Both studies were per-
formed under identical experimental condi-
tions, and therefore the I, values may be
compared. The enzyme used in the present
study has a higher specific (Na+4 K*)-
ATPase activity and a lower Mg?*-ATPase
activity than the preparation used pre-
viously. Partial purification of the enzyme
system by deoxycholate treatment of the
microsomal fraction has been reported by
Robinson et al. (6) to increase its sensitiv-
ity to chlorpromazine, although the in-
volvement of the free radical form was not
considered.
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A conventional Lineweaver-Burk plot for
interaction among (Na*+4 K*)-ATPase,
chlorpromazine free radical, and KCl was
indicative of uncompetitive inhibition (19,
20). However, the distinction between un-
competitive and noncompetitive inhibition
is rather difficult, since it depends on ex-
trapolation of the regression lines, and the
slope of the lines is determined by the
points representing low velocity, with pos-
sible large errors. Furthermore, the “curves”
seem to bend upward at low KCI concen-
trations, although linear regression lines
were fitted to the plot.

The distinction between these two types
of inhibition is easier with a Hunter-Downs
plot (21), since the differentiation depends
on the shape of the curve and does not re-
quire extrapolation of the data. A detailed
kinetic interpretation may not be possible
from the present data, since such an analy-
sis can be made only with complete under-
standing of the nature of interaction among
the inhibitor, the enzyme system, ATP,
Mg?*, Na*, and K*. However, analysis of the
kinetic behavior of chlorpromazine free
radical as an inhibitor of (Na*+4 K*)-
ATPase activity suggests that this molecule
has actions similar to those of the organo-
mercury compound p-hydroxymercuriben-
zoate, but unlike those of the cardiac
glycoside ouabain. Inhibition of the
(Na* 4 K*)-ATPase activity by ouabain
was enhanced when the KCI concentration
in the incubation medium was low. In
contrast, the inhibition of enzyme activity
by chlorpromazine free radical or p-
hydroxymercuribenzoate was reduced when
the KCI concentration was low. Such
results may be indicative of competitive
and noncompetitive inhibition for ouabain
and of uncompetitive inhibition for chlor-
promazine free radical and p-hydroxymer-
curibenzoate (20).

A different interpretation is also possible.
The ATPase reaction seems to involve at
least two steps (7, 16).

'\"0
E + ATP E — P 4+ ADP m
K‘
E-P—E+P, : @)

One explanation of the reaction is that the
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first step is Na*-dependent while the second
step is K*-dependent (7). Ouabain seems
to exert its inhibitory effect on the over-all
ATPase reaction by inhibiting primarily the
second step (16). Thus, at low K* concen-
trations, when the second step is rate-
limiting, the inhibition of enzyme activity
by ouabain is enhanced. If the effect of the
chlorpromazine free radical is to inhibit
the first step in the reaction, one would
expect less inhibition at low K* concentra-
tions. This result was observed. The fact
that chlorpromazine free radical inhibits
both over-all ATPase activity and K*-
activated p-nitrophenyl phosphatase activ-
ity to the same extent in the presence of
15 mm KCl may vitiate this hypothesis,
particularly if the latter activity is a model
for the second step of the ATPase reaction
(16). Equally acceptable explanations are
that both steps are sensitive to chlorproma-
zine free radical or that the over-all
ATPase reaction proceeds in one step.

The observation that inhibition of the
(Na* 4 K*)-ATPase activity by chlor-
promazine free radical is reduced at low
KCl concentrations is in contrast to our
previously published study (8) and that of
Judah and Ahmed (3). However, the differ-
ence in enzyme preparation and/or the
difference between the action of chlor-
promazine free radical and chlorpromazine
itself may be responsible for this discrep-
ancy. The present enzyme preparation is
more rigorously purified with a high con-
centration of Nal. Na* has been shown to
affect the configuration of the enzyme
protein (4, 22, 23).
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