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An organophosphorus compound, Vx, selectively inhibits the rat cardiac
Na*,K*"-ATPase ¢, isoform

Biochemical basis of the cardiotoxicity of Vx
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Serinesspecific reugents. unticholinesterase organophosphorus compounds likeé Vx provoke, in the micromolar range, digitalis-like ventrieulur ar-

rythmias of non-cholinergic origin in rodent hearts. The sensitivities of the two rat cardine Na* K*-ATPase isoforms (x, and 2;) to Vx (0.1-100

~ jM) were measured in sarcalemma vesicles. At | M V., the inhibition of the towl activity averaged 18% but never exceeded 75% with 100 4M,

When the ay isoform activity was inhibited by 0.1 M cuabain, =, was 35% inhibited by | uM Vx, i.e. a 16:54% inhibition of the total activity,

The cardine 4, being related to the digitalissinduced toxicity, its selective inhibition by a micromolar dose of Vx fully accounts for the eardiatoxicity

of Vx. Inasmuch as Vx had no effect on the rat kidney a;, differentinlly inactivated the cardiae isozymes and specifieally reacted with serine residues,
the putative binding-site(s) of the orgunophosphorus compound on the Na* K*-ATPuse molecules has been considered,

a-Isoenzyme; Na* K*-ATPase; Organophosphorus: Heart

1. INTRODUCTION

Organophosphorus compounds are known to irrever-
sibly inhibit cholinesterases by rcacting with serine
residues [1]. They induce central and peripheral
disorders resulting from their anticholinergic action.
Cardiotoxicity was reported to involve a brief and in-
tense sympathetic discharge, followed by an extreme
parasympathetic tone {2]. A third phase, in which ven-
tricular premature complexes and ventricular tachycar-
dia occurred, was described in clinical reports [2,3].
Similar ventricular arrhythmias have been observed
following administration of the organosphosphorus
compound S-(2-diisopropylaminoethyl)-O-ethylmethyl-
phospho-nothiolate (Vx) in either conscious or
anaesthetized rats (12 #g/kg body weight s.c.) and dogs
(3-6 ug/kg body weight s.c.) [4,6].

A recent electrophysiological work [7] in guinea-pig
papillary muscles showed that Vx (5 xuM) modified the
course of the action potential. Depolarizing oscillations
in ‘resting membrane potential, so-called delayed
afterdepolarizations, were recorded and, in some cases,
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led to the development of triggered activity in this non-
automatic preparation. Moreover, these Vx-induced ef-
fects were found to increase when the electrical stimula-
tion frequency applied to the preparation was increas-
ed. Such actions are classically reported [8] to charac-
terize a digitalis-induced ventricular toxicity.

Inasmuch as a micromolar dose of Vx induced a
digitalis-like toxicity in animals, the initial goal of this
study was. to determine whether or not this compound
could inhibit the cardiac Na*,K*-ATPase activity, i.e.
the pharmacological receptor for digitalis [9]. In a se-
cond aproach, we have looked for an either general or
selective action of this compound on the cardiac and
renal Na* ,K*-ATPase isozymes. Then, in order to ap-
proach what could be the molecular basis of the Vx ef-
fects, the distributions of serine residues in the isoform-
specific zones of the two enzyme molecules have. been
commpared.

Molecuiar ¢cloning and sequence of the o subunit en-
coding DNAs revealed the existence of three major a
subunit isoforms in rat: ey, a2 and a3 [10]. In adult rat
heart, the first two isoforms are expressed [11,12],

At the membrane level of cardiac muscles of rat
[13,14], guinea-pig [15] and dog [16], two functional
Na*,K*-ATPase isoforms (so-called a, and «2) have
been described. The a2 isoform shows a high affinity
for cardiac glycosides (apparent Ky values from 1 to 20
nM) and is responsibie for their positive inotropic pro-
perties. The oy isoform is of low affinity for digitalis
(apparent Kg values from 0.3 to 7 xM). In rat and
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guinea-pig hearts, a inhibition by high doses of
digitalis leads to bath inotropic and toxic effects.

Our study show that Vx induced a selective inhibition
of the cardiac «y isoform at a micromolar range,
whereas the cardiac ey isoform was affected at higher
Vx doses.

2. MATERIAL AND METHODS

Cardiac sarcolemmal vesicles were isolated aceording 10 our
previously published pracedure (17} from normal Wistar adult rat
hearts perfused by & Ca®".free solution [13). Rar Kidney
Na ™ K*-ATPuasc was partially purified as deseribed by Sweadner (18],
Enzyme activities were measured at 37°C as a tunction of time and
amounts of proteins (from 0.1 1o 2 #g). The relationships were linear.
The enzymatic assays were carried out with vesicles permeabilized by
LDS or SDS (lithinm or sodium dodecy! sulfate) treatments (0.20 mg
detergent/mg of proteins for 30 min at 20°C). The Na*,K*-ATPase
activity was determined using the coupled assay methed as previously
described [19). In the microsomal fractions, the speeific activities of
the ' Na” ,K*-ATPase varied from 60 to 90 amol of inorganic
phosphate liberated per mg of protein per hour, The ouabain:
insensitive activity, measured in the presence of 2'mM ouabain, ac-
counted for less than 30% of the total ATPase activities.

In. order to restrict the amplitude of the temperature and time-
dependent denaturations of Vx during the assays, all the enzymatic
measurements have been carried out at 30°C and did not exceed 20-22
min. After a S-min preincubation of the reaction medium at 30°C, the
enzymatic reaction was initiated by successive and rapid additions of
Vx and LDS- (or SDS-) treated membranes and - continuously
monitored for up to 22 min. The inhibition level induced by a single
dose of Vx remained stable during 22 min, In the assays, the max-
imum  final concentrations  of  digitalis  receptors  (i.e.
Na* K*-ATPases) varied from 0.01 (o 1 nM, with respective final
concentrations of drug varying from 0.1 to 100,.M. Inhibition percen-
tages of the total activity were calculated by comparing the activities
in the presence or absence of drug after correcting for the ouabain-
insensitive ATPase activity.

3. RESULTS AND DISCUSSION

The organophosphorus Vx, was solubilized into
methylethylketone. This solvent interacted with the en-
zyme system at concentrations higher than 0.3% (v/v).
In all the assays the vehicle concentrations never ex-
ceeded 0.1% (v/v), and the maximum Vx concentration
was 100 xM.

The organophosphorus compound did noi affect the
ouabain-insensitive AT Pase activity or the coupling en-
zymes (pyruvate kinase and lactodehydrogenase) (un-
published). When tested on the total Nat,K*-ATPase
activity, Vx was found to achieve a stable inhibition
within 90 s. Indeed, this effect did not vary from 90 s to
22 min (the longest kinetic period used). Thus, once
bound, Vx would not be released.

As shown in Table I, no inhibition of the cardiac
Na*,K*-ATPase activity was found with 0.1 zM Vx,
The percentage of inhibition increased from 18 = 6% up
to 75% between 1 and 100 xM Vx in the assay. This in-
hibitory effect is consistent with previous reports show-
ing an action of this type of compound on brain [20]
and rat cardiac {21] Na*,K*-ATPase activities.
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Table |

Compargiive effeis of Vi on the Na®, K™-ATPaswe activites
asvoclated with the a ofarm or with & plus g iseforms

Vix caneenirations

Pereent inhibition af

(ery + erg} )
0.1 aM L.D. L.D.
1 M 18 % &(n=12) We din= 3
6.6 4M Wabns 4) A0 £ X (n= A
10 M 153 % 8(nw 10} 42 2 $(ns
100 oM 70 % S(n= 3) $8 & Gn=lly

L.D, = limit of detection,

In rat cardiac sarcolemma vesicles, the proportional
contributions of the zr; plus aa isoform activities in the
total Na',K*-ATPase activity were 45+:8% and
55 4 8%, respectively [13,19}.

In order to determine whether Vx had either a selec-
tive or a specific effect on one of the two cardiac
Na™ K*-ATPase isoenzymes, a; and/or era, the respon-
siveness to Vx has been studied in the presence of 0.1
#M ouabain. At this ouabain concentration, 90% of the
activity due to the a3z isoform was inhibited (ICsy =10
nM) whereas no detectable effect could be found on the
activity associated with the o isoform (ICsy =7 uM),
Consequently, in the presence of 0.1 #M ouabain, the
activity due to the isoform «, represented more than
86% of the total activity measured.

In the presence of this submaximal ouabain concen-
tration, the association process of Vx to its site(s), the
stability of the complex and its apparent irreversibility
were indistinguishable from those found when assaying
the Na*,K*-ATPase activity in the absence of ouabain.

As shown in Table I (right panel), 0.1 xM Vx did not
induce any inhibition whereas a stable inhibition
(35 £ 4%) was found with 1 xM Vx. There was a sharp
increase in the inhibition, from 0% to 35% between 0.1
and 1 4M Vx whereas at a 100-fold higher concentration
(100 M), Vx induced a 20% increase in the inhibition
of the activity associated with «;. There was no ap-
parent relationship between the development rate of the
inhibitory process, the Vx concentration and the
isoform considered.

The inhibition of «; did not exceed 61% (Table ). It
is very unlikely that the non-inhibited activity repre-
sented o) activity trapped into impermeable vesicles and
inaccessible to Vx. Indeed, this isoform, to be assayed,
should also be freely permeable to all the ligands of the
enzyme. Furthermore, all Na*,K*-ATPase assays have
been carried out with permeabilized (detergent-treated)
vesicles. An alternative explanation would be that the
Vx-resistant - activity was of non-muscle origin, This
possibility also has to be ruled out: only a few percent
of our sarcolemmal vesicles isolated from normal rat
heart were of non-muscle origin [17].

The percentage of inhibition of & found with 1 uM
Vx fully accounts for the 18 = 6% inhibition of the total
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activity (Table I and Fig. 1). Indeed, 33% inhibition of
) X 48% eontribution represents a 16% inhibition of
the total Na® K" -ATPase activity. ez would not be in-
hibited at 1 4M Vx. At higher Vx levels, eea was more
and more inhibited (Fig. 1). At 100 4#M Vx, the maxi-
mum inhibition found, 75% of the total activity would
represent the sum: 25% (55% x 45%;) due to a plus
S0% (75-25%) due to a2, The latter isoform was almost
completely inhibited: 90% (50%/553%0).

The present study clearly shows that the digitalis-like
cardiotoxicity, of non-cholinergic origin, induced by a
micromolecular dose of Vx was due to a selective inhibi-
tion of the cardiac vy isoform of the Na*,K*-ATPase,
Inhibition by cardiac glycosides of this isoform e, of
low affinity for ouabain also led to toxic effects in rat
as well as in guinea-pig. Note that, at a Vx dose 5-fold
lower than the toxic one (7], we already observed a
significant (35%) inhibition of the & isoform,

The relatively high sensitivity of the cardiac ay iso-
form to Vx was not observed with the rat kidney o
isoform; Vx (up 10°30 M) did not inhibit this activity
(data not shown), :

A comparison of the amino acid sequences of the two
¢ subunits of the Na™ K*-ATPase as presented by [10]
provides a basis to determine, at the protein level, which
part(s) of the molecule might be involved in these dif-
ferent reactivities to Vx. The prediction is that regions
of the molecule that vary in serine composition from o
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Fig. 1. Respective inhibitions by Vx:.of the two active rat cardiac

Na*,K*"-ATPase isoenzymes o, (m) and . (B) The percentages of

inhibition of &; were calculated from the values given in Table | (right

panel) and assuming that the v isoform activity represented 45% of

the total enzymatic activity, The percentages of a; inhibition were the

differences between the inhibitlons of total activity and the a; inhibi-
tions.
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isoform 10 ax are reglons important in terms of sen-
sitivity to Vx.

Qut of the identical zones of e subunit isoform strue-
tures {10,22,23], the regions with the greatest sequence
variations showing isoform-specific features, as defined
by [23], occurred in clusters, in the NHz-terminal half,
in the extracellular loop HIH2 implicated in ouabain
binding [24} and near the fluorescein isothiocyanate
(FITC)-reactive site [23]. Seven positions of serine only
occurred in the o isoform and at least one of them
should account for the higher apparent sensitivity to
V¥x. It is not yet possible to say whether all 7 serine
residues contribute to the selectivity, although a pre-
dominant role of this that adjoins the nucleotide-
binding site seems likely.

A particular reactivity of a single serine could fully
account for the Vx/ary isoform interactions. Indeed, the
magnitude of the & inhibition did not significantly in-
crease when [Vx] varied from 1 to 100 «M (Fig. 1) sug-
gesting a limited number of serines involved in the
chemical reaction with VX, Furthermore, the kidney a
isoform, very similar to the cardiac one, was not in-
hibited by Vx. 1

So far, the simplest interpretation would be that the
binding of Vx to a; occurred at a single site near, but
not intrinsic to, the conserved sites essential for activity.
According to this hypothesis, the serine-494 near the
ATP-binding site (FITC-reactive site) would be a good
candidate since there are significant sequence variations
in oy and e, isoforms in the variable region to the left
of the FITC-reactive lysine, mainly regarding the serine
residues.. However, it is noteworthy that these ¢om-
parisons and suggestions suppose that rat brain and car-
diac o) isoforms displayed the same amino acid se-
quences. This has not, as yet, been demonstrated.

The incomplete inhibition of the oy activity might be
explained assuming that o) was heterogeneous and con=
sisted of two forms, one responsible for the inotropic
effect of high doses of ouabain [25] and insensitive to
Vx and one responsible for the toxic effects of digitalis
and sensitive to'Vx. However, we have not been able yet
to physically separate these putative two forms in
hearts.

The responsiveness of the cardiac «; isoform clearly
differed from that of a; (Fig. 1). The a2 inhibition
sharply increased with Vx concentrations suggesting a
successive recruitment of several aa-specific serine
residues. The high concentrations of Vx necessary to in-
hibit this isoform (up to 100 M) reflect the low sen-
sitivity of the reacting site(s) consistent with the general
inhibitory effects of different: organophosphorous
compounds (diisopropylfluoridate, paraoxon and para-
thion) on various ATPases including the: cardiac
Ca**-ATPases [21].
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