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Abstract—Red cell NaK- and Ca-ATPase activities are irreversibly inactivated when membranes are
exposed to tetracaine under appropriate conditions. NaK-ATPase was inactivated upon exposure of
membranes to tetracaine at 20° in the absence of ligands. Ca-ATPase was stable at this temperature,
but inactivation could be demonstrated at 47°. The rate of inactivation of both enzymes increased
with tetracaine concentration over a similar range. Inactivation also increased with pH, suggesting
a correlation between the non-ionized form of the local anesthetic and inactivation of both enzymes.
All ligands of NaK-ATPase with the exception of ATP afforded marked protection against inactivation
by tetracaine. The degree of protection was a hyperbolic function of ligand concentration in the expo-
sure medium, The concentration of each ligand required for half-maximal protection (K, s} was approxi-
mately 1 mM. These results demonstrate that the binding of some ligands to NaK-ATPase stabilizes
that enzyme in conformational states which are resistant to attack by tetracaine. Ca-ATPase was

more resistant to inactivation by tetracaines, and ligand effects were not evident.

The local anesthetic, tetracaine, reversibly inhibits
NaK-ATPase and Ca-ATPase in human red cell
membranes under standard assay conditions, i.e. in
the presence of MgATP and the required cations [1].
This report describes a second, related effect of tetra-
caine; that is, both enzymes can be irreversibly inacti-
vated when membranes are exposed to tetracaine
under appropriate conditions. There are a number of
similarities between the kinetics of inhibition and in-
activation, suggesting that the two events are related
with regard to mechanism.

Each ligand of NaK-ATPase, with the exception
of ATP, affords marked protection against inactiva-
tion of this enzyme by tetracaine. Ca-ATPase is more
resistant to inactivation and protective effects of
ligands are not evident.

A number of agents, or treatments, can irreversibly
inactivate these enzymes, and individual ligands or
combinations of ligands frequently alter the rate of
inactivation. In the case of NaK-ATPase, Robin-
son [2-5] has accumulated evidence which supports
the view that ligands modify inactivation by binding
to their respective sites on the enzyme to yield confor-
mational states with altered susceptibilities to inacti-
vation.

This study was undertaken in order to define the
conditions which modulate drug-enzyme interactions
to produce these two distinctly different functional
alterations, i.e. inhibition and inactivation. The study
of inactivation offers the advantage over inhibition
studies in that drug-enzyme interactions can be
detected without the restriction that all ligands

*This investigation was supported by USPHS NIH
grant AM 19162,

Abbreviations: NaK-ATPase—{(Na* + K* + Mg?*)
ATP phosphohydrolase [EC 3.6.1.3]; Ca-ATPase—
{Ca** + Mg?*»ATP phosphohydrolase [EC 3.6.1.3];
EGTA-—ethyleneglycol-bis  (B-aminoethyl ether}N,N'-
tetraacetic acid.
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necessary for activity need be present, and the in-
fiuence of individual ligands can be tested separately.

EXPERIMENTAL

Preparation of membranes. Membranes were pre-
pared from freshly outdated human blood as de-
scribed previously [6]. Protein was measured by the
method of Lowry et al. [7].

AT Pase assay. The following conditions were com-
mon for the assay of all activities: 63 mM Tris-HC1
(pH 7.2), 2mM Mg?* and 2mM Na, ATP. The reac-
tion vol. was 2ml and the temperature was 38°. For
assay of Mg-ATPase the medium also contained
60 mM Na*, 0.25 mM Tris-EGTA and 0.25 mM oua-
bain. For NaK-ATPase: 120mM Na*, 10mM K*
and 0.25mM Tris-EGTA. For Ca-ATPase: 60 mM
Na*, 0.25mM ouabain and 0.2mM Ca?*. In all ex-
periments, NaK- and Ca-ATPase activities were cal-
culated as the difference between the total ATPase
activity measured under the respective assay condi-
tions, and the Mg-ATPase measured concurrently.

ATPase activity was measured in terms of inor-
ganic phosphate (Pi) production according to a modi-
fication of the method of Fiske and SubbaRow [8].
Other details have been described previously [6].
When tetracaine was present, 300 mg of Dowex-50
cation exchange resin was added to each tube after
stopping the reaction with 1.2 M perchloric acid. This
step removed tetracaine, which interferes with Pi
measurement.

Inactivation experiments. Both enzymes were in-
activated by exposing membranes to tetracaine in a
medium containing 50mM Tris-HCl (pH 7.8) and
0.25mM EGTA. For inactivation of NaK-ATPase
the temperature was 20° and for Ca-ATPase it was
47°, At 47° there was a significant inactivation of Ca-
ATPase even without tetracaine. This was minimized
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by EGTA. which chelates traces of contaminant
Ca’*, which in turn increases the rate of thermal in-
activation of this enzyme [9].

In most experiments, membranes were added to the
medium containing 2.5mM tetracaine and 1ml ali-
quots were removed immediately and after 40 min of
exposure for measurement of ATPase activity remain-
ing under the standard assay conditions described
above. This gave a tetracaine concentration during
assay of 1.25mM, which inhibited ATPase slightly
(<15 per cent). Nevertheless, subtracting the activity
of the 40 min sample from the activity of the zero-
time sample gave an absolute measure of the amount
of inactivation during exposure.

To study the influence of ligands on inactivation,
these were included in the exposure medium at
various concentrations. To facilitate comparisons
between experiments, the protection against inactiva-
tion afforded by a ligand was normalized in the fol-
lowing way, and is expressed as relative protection:

Relative protection =
g Activity lost (ligand present)
Activity lost (ligand absent) |’

In this way the protection afforded by a ligand is
expressed on a scale of zero to one. A value of zero
represents no effect, and a value of one represents
full protection.

RESULTS

In preliminary experiments we established that
NaK-ATPase and Ca-ATPase activities were stable
for up to one hour when membranes were exposed
at 20° to the pre-incubation medium described in Ex-
perimental. Addition of tetracaine to this medium, at
20°, caused a progressive, dose-dependent inactivation
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of NaK-ATPase (Fig. | A). The activity which disap-
peared during exposure under these conditions could
not be restored by washing the membranes free of
tetracaine before assay. The enzyme was thus irrevers-
ibly inactivated during exposure to tetracaine. In
addition, the activity which remained was linear with
time during assay, showing that the enzyme had not
become unstable following exposure to tetracaine.

Ca-ATPase was unaffected by exposure at 20- to
2.5mM tetracaine, the highest concentration tested
with either enzyme. When the temperature was in-
creased to 47 during exposure, however, a progress-
ive, dose-dependent inactivation of Ca-ATPase was
also evident (Fig. 1 B). If these data are corrected
for the thermal inactivation in the absence of tetra-
caine, the activity lost at 40min due to 1.25mM,
2.0mM and 2.5 mM tetracaine was 13, 28 and 44 per
cent, respectively.

We examined inactivation of NaK-ATPase by
2.5mM tetracaine at pH 7.0, 7.4 and 7.8 in order
to alter the proportions of ionized and non-ionized
tetracaine during exposure. At these three pH’s the
percentages of tetracaine (pK, = 824) in the non-
ionized form are 6, 13 and 27 per cent, respectively.
The activity remaining after 40 min of exposure to
tetracaine was 91, 63 and 27 per cent, respectively
{n = 3 at each pH). On the basis of this limited series
of experiments there appears to be a correlation
between the amount of inactivation and the concen-
tration of non-ionized tetracaine. In other experi-
ments a similar pH-dependence for inactivation of
Ca-ATPase was found.

Tetracaine reversibly inhibits NaK-ATPase under
assay conditions, but does not inactivate the
enzyme [1]. It is clear, therefore, that one or more
ligands of the enzyme must prevent inactivation dur-
ing assay. We first tested activating monovalent
cations, and found that addition of either Na*, K~
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Fig. 1. Time course and concentration-dependence of ATPase inactivation during exposure of mem-

branes to tetracaine. Panel A: NaK-ATPase activity remaining after exposure to tetracaine at 20°,

Panel B: Ca-ATPase activity remaining after exposure to tetracaine at 47°, At timed intervals, aliquots

of the exposure media were removed for assay of residual ATPase activity as described in Experimental.

In both panels, activity is expressed relative to the activity at zero time. Each curve represents the
average of 2-7 experiments run in duplicate.
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Fig. 2. Relative protection afforded by monovalent cations against inactivation of NaK-ATPase during

exposure to 2.5 mM tetracaine for 40 min. Relative protection was calculated as described in Experimen-

tal. Panel A: monovalent cations were added to the exposure medium at the indicated concentrations.

Panel B: Na* or K* were added to the exposure medium along with 2 mM Tris—ATP. Curves represent
the average of 2-8 experiments run in duplicate.

or Rb* to the exposure medium, in low concen-
trations, effectively protected against inactivation
(Fig. 2 A). An estimate of the concentration of each
ligand giving half maximal protection (Ko s) was
made by linear regression analysis of Woolf plots of
the same data. The K, s values obtained for Na™,
K* and Rb* were 1.5mM, 1.2 mM and 1.4mM, re-
spectively. In all cases, complete protection from inac-
tivation was afforded by each cation at saturating
concentrations (maximum relative protection = 1.0).
Only slight protection was afforded by Li* over the
same concentration range (Fig. 2 A).

Mg?* and MgATP also protected NaK-ATPase
from inactivation (Fig. 3). The K, 5 for Mg?* was
1.0 mM and for MgATP it was 1.4 mM. In both cases,
complete protection was afforded by saturating con-
centrations of these ligands. The concentration of
MgATP present during exposure to tetracaine was
slightly lower than indicated because of dissociation
of MgATP to yield free Mg?>* and ATP. However,
free Mg?* at any concentration of MgATP can
account for only a small fraction of the protection
afforded by MgATP. Taking a dissociation constant
for MgATP of 32 um [10], the free Mg>* concen-
tration in the presence of 2mM MgATP would be
0.24 mM.

In contrast to other ligands, ATP protected
poorly. The relative protection by 1.0mM ATP was
only 0.1 +£0.02 (mean + S.E, n=10). Thus ATP
appeared to bind to the enzyme, but the resulting
complex was nearly as susceptible as the free enzyme
to inactivation. The interaction between ATP and the
enzyme was more evident when protection by either
Na™* of K* was studied in the presence of 2mM ATP
(Fig. 2 B). The K45 for protection by Na* was un-
affected by ATP, but that for K* was increased from
1.2 mM to 3.6 mM. Thus the binding of ATP to the
enzyme apparently reduced the affinity for K*.

Since inactivation of Ca-ATPase by tetracaine

could be demonstrated only at temperatures well
above 38°, there was no reason to conclude that one
or more ligands of the enzyme would necessarily pre-
vent inactivation. We nevertheless tested this possibi-
lity, and examined various ligands separately, but
found no evidence of protection in any case. Among
the ligands studied were Na* and K™, either of which
can activate the enzyme up to 1.6-fold [6, 11]. Ca®*
increases the rate of thermal inactivation in the
absence of tetracaine [9]. When tetracaine and Ca?*
were both present, their effects appeared additive.
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Fig. 3. Relative protection afforded by Mg** alone and

equimolar Mg?* and Trix-ATP against inactivation of
NaK-ATPase during exposure to 2.5mM tetracaine for
40 min. Inset shows a Woolf plot of the same data. Curves
represent the average of 2—4 experiments run in duplicate.
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Fig. 4. Ca-ATPase activity at 47° in the absence (O) and

presence (A) of 2.5mM tetracaine. Aliquots of the com-

plete standard assay medium were removed at timed inter-
vals for P, determinations.

Figure 4 shows an experiment in which P; release
was measured as a function of time at 47° with and
without tetracaine. In the control curve P, release was
linear with time for up to one hour, indicating that
the enzyme was stable at this temperature in the pres-
ence of all ligands required for activity. In the pres-
ence of tetracaine, however, P; release declined pro-
gressively with time and essentially ceased after about
one hour. Thus inactivation by tetracaine was evident
even when the enzyme was actively hydrolyzing ATP.

DISCUSSION

The inactivation of NaK- and Ca-ATPase by tetra-
caine is similar in several respects to the inhibiton
of these enzymes described previously [1]. For
example: (1) the pH-dependence of inactivation and
inhibition was similar. (2) Ca-ATPase was less sensi-
tive than NaK-ATPase to inactivation and inhibition.
(3) Inactivation and inhibition of both enzymes
occurred over a similar range of tetracaine concen-
trations. (4) Inactivation of NaK-ATPase was pre-
vented by low concentrations of either Na* or K,
and inhibition could be partially overcome by in-
creasing the concentration of either cation at a fixed
concentration of the other. (5) Ca?* did not protect
Ca-ATPase from either inactivation or inhibition by
tetracaine. On the basis of these similarities it appears
that inactivation and inhibition represent extreme
consequences of a common mechanism.

A number of agents irreversibly inactivate NaK-
ATPase, and the rate of inactivation is altered by
ligands of the enzyme. For example: Na™ protects
against inactivation by dicyclohexylcarbodiimide
[12]; ATP protects against inactivation by N-ethyl-
maleimide [13] or by photooxidation in the presence
of methylene blue [2]; and both Mg?* and K™ are
required for inactivation by Be?* [14] or F~ [15].
Thus specific enzyme-ligand complexes have discrete
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susceptibilities to inactivation by particular agents in
comparison to the free enzyme. Furthermore, the sites
which ligands occupy to alter inactivation appear to
be the sites which they occupy to elicit NaK-ATPase
activity.

Robinson [2-5] has applied this
measure dissociation constants for Na*, K*, Mg
and MgATP (or ATP). The values which we obtained
for cation concentrations giving half-maximal protec-
tion against inactivation by tetracaine are close to
the dissociation constants which Robinson reported.
It thus appears that protection against inactivation
by tetracaine. as by other agents, results from the for-
mation of specific complexes involving active sites of
NaK-ATPase. This conclusion is strengthened by the
relative failure of Li* to protect against inactivation
by tetracaine. Li* has a low affinity for the K™ -site
on the enzyme, as demonstrated both kinetically and
in studies dealing with inactivation [4].

The protection afforded by MgATP and the rela-
tive ineffectiveness of ATP requires comment. The K,
for phosphorylation of NaK-ATPase by MgATP in
the presence of Na* is about 0.5 uM [16], and ATP
is also bound at this site with a similar dissociation
constant [17]. In our experiments, the K, 5 for pro-
tection by MgATP was about 1.4mM. and this is
at least an order of magnitude too high to reflect
binding at the substrate site. There is convincing evi-
dence, however, for a second low affinity site for
MgATP or ATP. The dissociation constant of this
site is 0.5 mM for both ligands. as determined both
kinetically and from the protection afforded by either
ligand against inactivation by photooxidation in the
presence of methylene blue [2. 5]. It seems likely that
MgATP protected against inactivation by tetracaine
by forming a complex with this low affinity site.
Apparently ATP also bound at this site because ATP
was able to influence the ability of K* to protect
the enzyme. This result is consistent with the finding
of Post et al. [18] that ATP binding at this site in-
creases activity by displacing K from a stable inac-
tive complex with the dephosphoenzyme. The inabi-
lity of ATP to protect can best be explained if we
assume that ATP and MgATP yield different enzyme
conformations with different susceptabilities to inacti-
vation.

Among the agents which inactivate NaK-ATPase,
tetracaine is unusual in that most ligands, indivi-
dually, afford protection. With other inactivating
agents, ligand effects are highly selective, suggesting
that different ligands yield distinctly different confor-
mational states which apparently differ in the extent
to which sensitive groups are exposed to attack. Judg-
ing from our results with tetracaine, on the other
hand, it is necessary to conclude that various ligand-
induced conformations also have a common feature,
not evident in the free enzyme, which confers resist-
ance to inactivation. Inactivation of Ca-ATPase by
tetracaine could be demonstrated only at tempera-
tures at the limit of thermal stability of the enzyme.
Although ligand-dependent conformational changes
can be demonstrated with this enzyme [9], they do
not prevent attack by tetracaine.

In a limited series of experiments we found that
the local anesthetic dibucaine was more potent than
tetracaine as an inhibitor of NaK-ATPase. Dibucaine

principle to

2+
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also inactivated the enzyme and ligand protection
could be demonstrated, although the effects of ligands
were not tested individually. Etidocaine did not sig-
nificantly inhibit NaK-ATPase at concentrations as
high as 5mM, nor did it cause inactivation. There

is,

therefore, a positive correlation between inhibition

and inactivation, and the results described in this
paper are not unique to tetracaine.
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