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Abstract--The effects ofa number of mercurials on the partial reactions of Na+,K’-ATPase were studied. 
Results of these studies allow a classification of the mercurials into two groups: selective modifiers of the 
enzyme and unspecific inhibitors. Thimerosal, ethylmercury and methyImercury were shown to selectively 
inhibit Na+,K+-ATPase while not affecting K+-NPPase, Na+-ATPase, ADP-ATP exchange reaction 
and phosphoenzyme formation. In contrast, p-chloromercuribenzoic acid, p-chloromercuriphenyl- 
sulfonic acid, mersalyl and mercuric chloride inhibited Na+,K +-ATPase as well as several partial reactions 
of the enzyme in a parallel manner. The selective modification of Na+,K+-ATPase by compounds such as 
ethylmercury and methylmercury makes these agents useful probes of the reaction mechanism of the 
enzyme. Whether this mode of inhibition of the enzyme is related to the mechanism of toxicity of short- 
chain alkylmercury compounds remains to be determined. 

Compounds of mercury are known to form covalent 
bonds with sulphur and are capable of inactivating 
many enzyme systems, particularly those requiring 
reduced sulfhydryl groups for activity [I]. The fact that 
mercurials inhibit Na+,K’-ATPase (ATP phospho- 
hydrolase, EC 3.6.1.3) has been established through 
work concerning the effect of mercurial diuretics on 
the enzyme [2]. While these drugs have been shown to 
inhibit the enzyme in vitro, attempts to correlate the 
enzyme inhibition with diuretic action in vioo have not 
been uniformly successful [2]. 

Previous studies have focused on the mercurial 
inhibition of the Na+ plus K+-dependent activity 
and not on the various partial reactions ofthe enzyme. 
The enzyme catalyzes a variety of partial reactions 
including a Na+-dependent ATPase, a Na+-dependent 
ADP-ATP exchange, several reactions involving 
phosphorylated forms of the enzyme and hydrolyses 
of certain artificiaf substrates [3-S]. Our work 
concerning the reaction mechanism ofthis enzyme led 
to the discovery of an interesting compound with 
unique inhibitory effects on the enzyme. Selected 
concentrationsofethylmercurithiosalicylate(thimero- 
sal) were found to inhibit Na+,K’-dependent ATPase 
activity, without inhibiting the partial reactions of the 
enzyme that have been studied to date [6,7]. 

With the discovery ofthe above effects of thimerosal 
on the enzyme, the question arose as to whether other 
mercurial compounds have similar effects on the 
enzyme. The objective ofthis work was the comparison 
of the mechanism of the inhibitory effects of a variety 
of mercury compounds with that of thimerosal. 

MATERIALS AND METHODS 

Na+, K+-ATPase complex from guinea pig kidney 
was prepared by the method of Post and Sen [S]. The 
enzyme from dog kidney was made according to Lane 
et al. [P]. Hemoglobin-free membranes of human 
red cells were prepared by the method of Hoffman 
and Parker [lo], and used for the determination of 

red cell Na’,K’-ATPase activity. The specific activi- 
ties of all preparations were similar to those described 
in the original literature. 

The various mercurial-treated enzymes were ob- 
tained by incubating the membranes (approximately 
200 pg protein/m~) at 37” in a solution containing the 
designated mercurial and 50 mM Tris-NC1 (pH 7.4). 
After 10 min, the membranes were collected by centri- 
fugation at 35,000 g for 15 min and washed repeatedly 
with a solution containing 0.25 M sucrose, 30 mM 
histidine, and 1 mM EDTA (pH 6.8). The properties 
of the modified enzyme were always compared with 
those of the control enzyme that had been carried 
throughthesameprocedureintheabsenceofmercurial. 

The Na+,K+-ATPase activity of the enzyme was 
assayed at 37” in a medium containing 2mM ATP, 
3mM MgCl,, 1 mM EDTA, 100 mM NaCl, 25 mM 
KC1 and 50 mM Tris-HCl (pH 7.4), in a total voIume 
of 2.5 ml. To determine the Na+ + K’-inde~ndent 
portion of the activity, KC1 and NaCl were omitted 
fromthereactionmixture.Thereaction was terminated 
after the appropriate time by the addition of 1.5 ml 
of 8 y0 perchloric acid. A 3 ml aliquot was then assayed 
for orthophosphate according to the method of Fiske 
and Subbarow [II]. The ATP utilized in the assay 
was prepared by passage of the disodium salt of 
ATP (Sigma, St. Louis, MO) through a column ot 
Dowex 5OW-X8 (Sigma), and was readjusted to 
pH 7.4 with Tris base. 

Assay of Na+-ATPase activity was conducted at a 
low ATP concentration (1 PM) utilizing y-3zP-labeled 
nucleotide obtained from New England Nuclear 
(Boston, MA). AI1 media for these assays contained 
3 mM MgCl,, 1 mM EDTA, 1OOmM NaCl and 50 
mM Tris-HCl(pH 7.4).The Na+-independent portion 
of the activity was determined by omitting NaCl 
from the reaction mixture. The released Pi was con- 
verted to phosphomolybdate, extracted into iso- 
butanol and counted [12]. 

The standard assay mixture for ~-n~trophenyl- 
phosphatase (NPPase) contained the following: 
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50 mM Tris-HCl (pH 7.4), 3 mM MgCI,, 1 mM 
EDTA, 2 mM Tris-p-nitrophenylphosphate (NPP), 
25 mM KC1 and appropriate amounts of enzyme, in a 
total volume of 2.5 ml. The reaction was terminated 
after the appropriate time interval by the addition of 
1.5 ml of 3 N NaOH, iced for 5 min and then centri- 
fuged. Optical densities were then read at 410 nm on a 
Spectronic 20, Bausch and Lomb. The Tris-p-nitro- 
phenylphosphate was prepared by passing the sodium 
salt of p-nitrophenylphosphate (Sigma) through a 
column of Dowex SOW-X& and was readjusted to 
FH 7.4 with Tris base. 

The ADP-ATP exchange rate was determined as 
described previously [7] and the determination of 
32P-labeled phosphoenzyme was carried out as 
described in an earlier publication [ 131. 

The mercurials used in modification studies of the 
Na+, K+-ATPasewere:ethylmercurithiosalicylate(thi- 
merosal), mersalyl acid, p-chloromercuribenzoic acid 
(PCMB) and p-chloromercuriphenylsulfonic acid 
(PCMPS)(Sigma):ethylmercuricchlorideandmethyl- 
mercuric chloride, (ICN Pharmaceuticals, Plainview, 
NY): and mercuric chloride (Fischer Chemicals, 
Pittsburgh, PA). 

RESULTS 

effects of‘ t~?i~~~r#sul on Na+, K+-ATPuse and K+- 
NPPase of uarious membrane preparations. Figure 1 
compares the effects of varying concentrations of 
thimerosal on Na+,K+-ATPase and K+-NPPase 
activities in membrane preparations from dog kidney 
and erythrocyte ghosts. It is evident from the data that, 
withincreasingconcentrationsofthimerosal,Na+,K+- 
dependent ATPase activity is more sensitive to the 
inhibitory effects of thimerosal. For the dog kidney 
enzyme, Fig. 1 A, a 10-j M concentration ofthimerosal 
produced 93 per cent inhibition of Na+,K’-ATPase 
activity; in contrast, K’-NPPase activity was not 
affected signi~cantly. In order to obtain 50 per cent 
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inhibition of the Na+,K+-ATPase, approximately a 
10m4 M concentration of thimerosal was required. 

Comparing the results above to those obtained from 
human erythrocyte ghosts, (Fig. 1 B), the same general 
trend was seen; thimerosal selectively inhibited 
Na’,K+-ATPase. At a 10m3 M concentration of 
thimerosal, 100percentoftheredcellNa+.Kf-ATPase 
was inhibited and a 50 per cent inhibition level of the 
enzyme activity occurred at approximately 5 x IO- s 
M. Throughout the concentration range of thimerosal 
tested in Fig. 1, K+-NPPase was not substantially 
inhibited. However, we have demonstrated in other 
experiments that if suf~ciently high thimerosal con- 
centrations are used, inhibition of the K’-NPPase 
can also be attained. 

These observations with dog kidney and erythro- 
cyte membrane preparations substantiate further 
the results ofearlier studiesdealingwith theinteraction 
ofthimerosal and guinea pig kidney enzyme. When the 
guinea pig kidney enzyme had been incubated with 
thimerosal, at a concentration of approximately 
10e4 M, a modified enzyme with intact K’-NPPase 
but almost completely inhibited Na+,K ‘-ATPase 
activity was obtained. This modified enzyme could 
also catalyze the ADP-ATP exchange reaction and 
initiate phosphoenzyme formation from ATP [6, 71. 

Cff~l~ar~s~~~ qf‘the rjfkts of (~~~7f~~ ~~~~r~u~iruls on the 
etlzyme with those of t~i~n~~~s~~l. With the discovery of 
the effects of thimerosal on the enzyme, the question 
arose as to whether other mercurial compounds have 
similar effects. Therefore, the interactions with the 
enzyme of mercuric chloride, p-chloromercuribenzoic 
acid (PCMB), p-chloromercuriphenylsulfonic acid 
(PCMPS), mersalyl, ethylmercury and methylmercury 
were studied. Of the tested compounds, ethylmercury 
and methylmercury proved to have effects similar 
to those of thimerosal. Data for ethylmercury are 
presented below. Figure 2, the effects of varying 
concentrations of ethylmercury on Na’,K’-ATPase. 
K ‘-NPPase and Na”-ATPakc. shows that selective 

THIMEROSAL CONC .M 

Fig. 1. Effects of varying concentrations of thimerosal on Na’, K*-dependent ATPase and K’-NPPase 
activities of the dog kidney (A) and human erythrocyte ghost (B) membrane preparations. Conditions 

were as described under Materials and Methods. 
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Fig. 2. Effects of varying concentrations of ethylmercury chloride on Na+, K+-dependent ATPase, Na’- 
ATPase and K+-NPPase activities of the dog kidney membrane preparation. Conditions were as described 

under Materials and Methods. 

inhibition of Na+,K+-ATPase activity without the 
inhibition of the two partial reactions can be achieved 
with this compound. As is evident from the data, half- 
maximal inhibition of Na+,K+-ATPase is obtained 
at 3.5 x 10F5 M ethylmercury, indicating that ethyl- 
mercury is a more potent inhibitor ofthe enzyme than 
thimerosal. 

To determine the effects of ethylmercury on two 
other partial reactions, namely ADP-ATP exchange 
and labeling of the enzyme by [“P]-ATP, the same 
enzymethatwastreatedwith8 x lo-’ Methylmercury 
for the experiments of Fig. 2 was utilized. As the data 
of Table 1 show, the Nat-dependent ADP-ATP 
exchange activity of this preparation is the same as 
that of control enzyme. Since this exchange activity 
is thought to represent the reversal of the initial phos- 
phorylation of the enzyme by ATP, the data suggests 
that ethylmercury, at a concentration that completely 
inhibits Na+,K+-ATPase activity, does not affect 
the Na+-dependent phosphorylation of the enzyme 
by ATP. That this is indeed the case is proved directly 

Table I. Comparison of ADP-ATP exchange rates of control 
and ethylmercury-treated enzymes* 

ADP-ATP exchange rate 
(nmoles [ “C]ATP/mg/min) 

Mg2+ Mg2+ +Na+ Na+ 
Enzyme dependent 

Control 12.0 53.6 41.6 
Ethylmercury 12.3 53.2 40.9 

* The dog kidney enzyme preparation was treated with 
8 x 10e5 M ethylmercury chloride. The reaction mixture 
for control and treated enzymes contained 0.1 mM MgCI, 
with and without 150 mM N&I. Other conditions and pro- 
cedures were as described in Materials and Methods. 

by the experiments of Fig. 3. These data show the 
time dependence of phosphorylation by [“‘PI- 
ATP for control and ethylmercury-treated enzyme. 
For both enzymes, incubation with Na+ produces an 
increased level of phosphorylation which reaches a 
maximum at approximately 10 set, and then falls 
to a steady state level. This level is fairly constant 
throughout the 20-set period although some spon- 
taneous discharge is evident with the treated enzyme. 
In the presence of Na’ plus K+, both enzymes show 
a lower level of phosphoryIat~on which is maintained 
at a fairly constant level. The data of Fig. 3 also show 
the effect of K+ on the,dephosphorylation of the 
enzyme. The decrease in the level of 32P-incorporation 
that is obtained upon addition of EDTA represents 
the spontaneous discharge ofthe phosphoenzyme. The 
simultaneous addition of EDTA and Ki increases 
the rate of discharge. As is evident from the data, this 
stimulatory effect of Kt on the breakdown of the 
phosphoenzyme is observed in both the control 
and the ethylmercury-treated enzymes. The combined 
data of Figs. 2 and 3 and Table 1 clearly show that it 
is possible to react the enzyme with an appropriate 
dose of ethyImercury to obtain a preparation in which 
Na+,K+-ATPase is inhibited completely without the 
inhibition of all tested partial reactions of the enzyme. 

Experiments similar to those of Figs. 2 and 3 and 
Table 1 were done with methylmercury. The results 
were qualitatively the same. The only difference 
between ethylmercury and methylmercury was the 
slightly lower potency of the latter. half-maximal 
inhibition of Naf,K+-ATPase activity was obtained 
at 4.7 x 10m5 M methylmercury. 

The reactions of the remainder ofthe tested mercury 
compounds with the enzyme led to a different pattern 
of inhibition of the enzyme. This is exemplified by the 
data of Fig. 4. Here the effects of varying concentra- 
tions of mersalyl on Na+,K+-ATPase, Kf-NPPase 
and Naf-ATPase activities are shown. Comparison 
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Fig. 3. Effects of Naf and K+ on phosphoenzyme formation and breakdown in control (A) and ethyl- 
mercury-treated (B) enzymes. The studies were done on the guinea pig kidney enzyme in the presence of (1) 
Naf + K+. (2) Na+ alone. (3) Na+ with the addition of EDTA after 10 set and (4) Na+ with the addition 
of EDTA and K ’ after 10 sec. The final concentrations of the indicated reagents were: Na+. 100 mM; K +. 
20 mM: and EDTA, 15 mM. Final concentrations of other reagents were: Tris-HC1,30 mM (pH 7.4); MgCI,, 
3 mM: and [32P]-ATP, 50 PM. Other conditions and procedures were the same as described in Materials 

and Methods. 

of these data with those of Fig. 2 show clearly the activities to mersalyl are not as great as those to 
difference between the effects of ethylmercury and ethylmercury (Fig. 2). Thus, with mersalyl it is not 
mersalyl on the enzyme. Although at any concentra- possible to obtain complete inhibition of Na+,K+- 
tion of mersalyl some differences in the extent of ATPase activity without affecting the partial reactions. 
inhibitions of the three tested activities are observed The dose-response curves for other tested mercury 
(Fig. 4), the difference in the sensitivities of the three compounds were similar to those presented in Fig. 4 
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Fig. 4. Effects of varying concentrations of mersalyl on Na+, K+-dependent ATPase, Na’-ATPase and 
K+-NPPase activities of the dog kidney membrane preparation. Conditions were as described in Materials 

and Methods. 
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Table 2. Comparison of I,, values (molar) of various 
mercurials for three enzymatic activities of the dog kidney 

enzyme 

Na+,K+- Na”- K+- 
Mercurial ATPase ATPase NPPase 

Mercuricchloride 0.83 x 10m4 0.70 x lO-‘4 1.0 x toe4 
Mersalyl 1.0 x 10-4 5.5 x 10-b 3.0 x 10-A 
PCMB 1.8 x 10-d 1.9 X 10-h 2.4 X 10-d 
PCMPS 2.8 X 10-b 3‘5 X 10-4 6.7 X 10-4 
Thimerosal 1.0 X io-4 2.5 x 10-S 5.0 X 10-s 
Ethylmercury 3.5 X 10-s 2.0 X 10. a 2.5 X 10-4 
Methylmercury 4.7 X 10-s 3.3 X to-4 4.1 X 10-J 

for mersalyl. The I,, of each compound (concentra- 
tion resulting in half-maxima1 inhibition) for each of 
the three tested activities is presented in Table 2. 
For comparison, values for thimerosal, ethylmercury 
and methylmercury are also included. 

DISCUSSION 

The present study demonstrates that both ethyl- 
mercury and methylmercury produce a unique inhi- 
bitory pattern on Na+,K+-ATPase. At specified 
concentrations, these compounds selectively inhibit 
the Na*,K+-dependent ATPase activity while leaving 
the K+-NPPase activity and Na -ATPax activtty 
intact. In addition, all other partial reactions of the 
enzyme remain uninhibited including the ADP-ATP 
exchange reaction and phosphoenzyme formation 
from ATP. 

These effects of ethylmercury and methylmercury 
are identical to those observed previously with thi- 
merosal in the guinea pig kidney [6, 71. The effects of 
thimerosal are also seen in the highly purified enzyme 
preparation from dog kidney and in the relatively 
impure enzyme preparation from human erythrocyte 
ghosts. 

Other mercurials tested did not show the selective 
inhibition seen with thimerosal, ethylmercury and 
methylmercury. With these compounds, at any 
tested concentration, inhibitions of the Na+,K+- 
ATPase and the partial reactions were obtained. This 
dichotomy in the response of the enzyme to the 
mercurials justifies a classification of the mercurials 
tested into two main types: (1) selective modifiers, 
whose interaction with the enzyme leads to the inhibi- 
tion of Na+,K+-dependent ATPase without any 
apparent inhibitory effects on the various partial 
reactions of the enzyme (in this group are thimerosal, 
ethylmercury and methylmercury); and (2) unspecific 
inhibitors, those mercurials that at any inhibitory 
concentration affect the Na’,K+-dependent ATPase 
activity and the tested partial reactions. This group 
includes p-chloromercuribenzoic acid, p-chloromer- 
curiphenylsulfonic acid, mersalyl and mercuric chlor- 
ide. 

The selective modifier, thimerosal, has been shown 
to have potential in studying the mechanistic rela- 

tionships of the ATPase complex. The characteristics 
of this unique modification have been integrated into 
the generalized reaction sequence of the enzyme and 
interpreted as further evidence for the existence of 
two nucleotide binding sites on the enzyme [6,7]. 
The studies presented here show that ethylmercury 
and methylmercury, like thimerosal, may be used as 
probes of the reaction mechanism of Na*,K+-ATPase. 

The finding that various mercurials interact with 
Na+,K’-ATPase in uitro by different mechanisms 
raises some interesting questions concerning the 
mechanism of the in viao effects of the mercurials. 
For example, since it is known that symptoms and 
consequences of methylmercury poisoning are in 
some respects different from those of poisoning by 
inorganic mercury compounds [14], one may wonder 
whether thevariationsin the toxic manifestation could 
be due to the different mechanisms of enzyme inhibi- 
tion by these compounds at the molecular level. 
Although inhibition of brain Na+,K+-ATPase in 
experimental methylmercury poisoning has been 
demonstrated [I 51, it is not known whether the mode 
of inhibition of the enzyme under those conditions 
resembles that described in this paper. Further studies 
on the nature of Na+,K’-ATPase inhibition in experi- 
mental poisoning by mercury compounds may be of 
value in the understanding of the mechanism of 
toxicity of these environmental hazards. 
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