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Abstract 

Inactivation of Na+/K+-ATPase by partially reduced oxygen metabolites has been implicated in ischemia-reperfusion injury 
to heart and other organs. Because oxidation of many proteins makes them more susceptible to degradation by intracellular 
proteinases, we studied the effects of several such proteinases on native and H202-0xidized preparations of Na+/K+-ATPase 
from canine kidney (containing a I isoform of the catalytic subunit) and rat axolemma (containing a 2 and a 3 isoforms). 
Lysosomal cathepsin D degraded the native and the oxidized preparations at acid pH, but it was significantly more effective 
against the oxidized forms, m-Calpain had little or no effect on the native Na+/K+-ATPase preparations, but it digested the 
oxidized a-subunits of the axolemma and the kidney enzymes, tz-Calpain's effects were similar to those of m-calpain. 
Multicatalytic proteinase which is known to degrade a large number of oxidized proteins, did not affect the native or the oxidized 
forms of Na+/K+-ATPase. The findings suggest that (a) during oxidative stress there may be accelerated degradation of the 
oxidatively damaged Na+/K+-ATPase, either through internalization and transport to lysosomes, or by the action of calpains at 
the membrane; and (b) those isoforms of the enzyme that are more sensitive to oxidants are more susceptible to degradation by 
the above processes. 
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I. Introduction 

Oxidative damage to proteins has been implicated in 
a variety of pathological conditions that are or seem to 
be caused by partially reduced oxygen metaboli tes [1,2]. 
It has also been shown that upon oxidation, many 
proteins become more susceptible to proteolytic degra- 
dation, suggesting that the enhanced turnover of the 
damaged proteins may be a defense mechanism against 
oxidative stress [1-3]. Na+ / K+ -ATP as e ,  the enzyme 
that catalyzes the active transports of Na + and K ÷ 
across the plasma membrane  of mammal ian  cells, is 
known to be an early target for the oxidant-induced 
damage to isolated myocytes [4]. There  is also evidence 
to suggest that oxidative inhibition of N a + / K + - A T P a s e  
contributes significantly to ischemia-reperfusion injury 
in the intact heart  [5,6]. In our initial studies on the 
inhibition of purified N a + / K + - A T P a s e  by partially re- 
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duced oxygen metabolites, we noted the increased sen- 
sitivity of the oxidized N a + / K + - A T P a s e  to trypsin and 
chymotrypsin [7]. The present  studies were undertaken,  
therefore, to explore the potential role of the intracel- 
lular proteolytic systems in the turnover of the 
oxidant-damaged Na+ /K+-ATPase .  We have exam- 
ined the effects of multicatalytic proteinase, m-calpain, 
/~-calpain, and cathepsin D on N a + / K + - A T P a s e  iso- 
lated from kidney outer  medulla and brain stem ax- 
olemma. The choice of proteinases was based on the 
following considerations: the cytosolic multicatalytic 
proteinase degrades a large number  of oxidatively 
damaged proteins [1,2,8]. Calpains, the ubiquitous 
CaZ÷-dependent intracellular proteinases, are known 
to interact with membranes,  and have been suggested 
to degrade membrane-bound proteins [9]. The lysoso- 
real cathepsin D was used because a normal pathway 
for the turnover of N a + / K + - A T P a s e  involves internal- 
ization of this plasma membrane  enzyme, and eventual 
degradation in lysosomes [10,11]. Cathepsin D and 
calpains were shown earlier to degrade the oxidized 
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form of glutamate synthetase [12]. The two Na+/K +- 
ATPase preparations used were selected because they 
contain the three well-characterized isoforms of the 
enzyme's catalytic subunit (a], a2, and a3), and be- 
cause of our recent findings indicating different oxi- 
dant sensitivities of these isoforms [13]. 

2. Methods 

Na+/K+-ATPase from canine kidney medulla 
(specific activity, 1000 /xmol/mg per h) and rat brain 
stem axolemma (specific activity 120 tzmol/mg per h) 
were prepared by established methods [14,15], and 
assayed at 37°C through the determination of the ini- 
tial rate of release of Pi from [y-32p]ATP [14]. The 
reaction mixture contained 2 mM ATP, 3 mM MgC12, 
1 mM EGTA, 100 mM NaC1, 25 mM KC1, and 50 mM 
Tris-HC1 (pH 7.4). Activity was calculated as the differ- 
ence in values obtained in the presence and absence of 
1.5 mM ouabain. 

Oxidized Na+/K+-ATPase preparations were ob- 
tained by incubating the above enzymes with H20 2 as 
described before [13]. H20 2 concentrations and incu- 
bation times were chosen based on available data [13] 
to obtain 60-90% irreversible inhibition. A prepara- 
tion of the kidney enzyme in which about half of the 
a-subunits are oxidatively cross-linked in the presence 
of Cu 2+ and o-phenanthroline was obtained as de- 
scribed before [16]. 

Native and oxidized preparations of Na+/K +- 
ATPase were exposed to the proteinases as follows: (1) 
Na+/K+-ATPase (0.5 mg/ml) was incubated at 37°C 
with the indicated concentrations of cathepsin D in 40 
mM citrate buffer (pH 3.2-6.2) for 1 h. The reaction 
was terminated by adjusting the pH of the mixture to 
7.0 with Tris, followed either by dilution and assay of 
Na+/K+-ATPase activity or by the addition of SDS- 
PAGE sample buffer. (2) m-Calpain or/.t-calpain (37.5 
~zg/ml) was mixed with Na+/K+-ATPase (0.5 mg/ml) 
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Fig. 1. Digestion of kidney Na÷/K+-ATPase  by cathepsin D at 
different pH values. The enzyme was exposed to cathepsin D (1 
un i t /ml)  and subjected to electrophoresis as described in Methods. 
Lane 1, no cathepsin, pH values for samples incubated with cathep- 
sin D were: lane 2, 3.2; lane 3, 4.2; lane 4, 4.8; lane 5, 5.2; lane 6, 5.6; 
lane 7, 6.2. Lane 8, markers (106 kDa, 80 kDa, 49.5 kDa). 
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Fig. 2. Digestion of kidney Na+/K+-ATPase  by varying concentra- 
tions of cathepsin D at pH 5.2. Experiments were done as described 
in Methods. Cathepsin D concentration (units /ml)  in each reaction 
mixture was: lane 1, 0; lane 2, 0.5; lane 3, 1; lane 4, 2; lane 5, 4. 

in a solution containing 10 mM KC1, 1 mM dithiothre- 
itol and 50 mM imidazole-HC1 (pH 7.4). The reaction 
was started by the addition of calcium acetate to a final 
concentration of 2 mM Ca 2÷ for m-calpain, and 0.2 
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Fig. 3. Effects of varying concentrations of cathepsin D on native and 
H202-oxidized kidney Na+/K+-ATPase .  Experiments were done as 
described in Methods. (A) Coomassie blue-stained a bands of native 
(1-4) and oxidized (5-8) Na+/K+-ATPase .  Cathepsin D (units /ml)  
per reaction mixture was: lanes 1 and 5, no cathepsin; lanes 2 and 6, 
0.25; lanes 3 and 7, 0.5; lanes 4 and 8; 1. (B) Comparison of the 
densities of the bands shown in A. 
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mM Ca 2+ for/~-calpain. After incubation for 45 min at 
25°C, a small aliquot of the mixture was removed for 
electrophoresis, another portion of calpain equal to the 
original amount was added, and the reaction was con- 
tinued for 45 min. Calpain additions were repeated as 
indicated. Reaction was stopped by the addition of 
EGTA (to a final concentration of 30 mM) and the 
SDS-PAGE sample buffer. When the assay of 
Na+/K+-ATPase was required, the reaction with cal- 
pain was stopped by the addition of EGTA (30 mM), 
and Na+/K+-ATPase was collected by centrifugation 
at 100000 ×g. (3) Multicatalytic proteinase (1 mg/ml) 
was incubated at 37°C in a solution containing 1 mM 
dithiothreitol, 50 mM Tris-HC1 (pH 8.0) for 5 rain. 
Polylysine was then added to a final concentration of 
0.1 mg/ml. After 1-2 min, the activated proteinase (25 
~g/ml)  was added to a suspension of Na+/K+-ATPase 
(1 mg/ml) in 1 mM dithiothreitol, 50 mM Tris-HC1 
(pH 8.0) and incubated at 37°C for 2 h. The reaction 
was stopped by the addition of SDS-PAGE sample 
buffer. 

SDS-solubilized samples containing 5-10 ~g of 
Na+/K+-ATPase protein were subjected to elec- 
trophoresis according to Laemmli [17]. Gels were 
stained with Coomassie blue. Alternatively, proteins 
from unstained gels were transferred to nitrocellulose 
membranes, probed with antibodies, and detected us- 
ing second antibody conjugated with alkaline phos- 
phatase [18]. Stained bands on gels and blots were 
quantified by a soft laser scanning densitometer. 

Cathepsin D (bovine pancreas), 'vanadate-free' 

ATP, H202, and ouabain were obtained from Sigma 
(St. Louis, MO). [y-32p]ATP was bought from DuPont- 
New England Nuclear (Boston, MA). All reagents for 
gel electrophoresis were purchased from BioRad 
(Richmond, CA). Polyclonal antibody against oq sub- 
unit was kindly provided by Dr. R. Mercer (Washing- 
ton University, St. Louis, MO). Polyclonal antisera 
specific for a 2 and a 3 were purchased from Upstate 
Biotechnology (Lake Placid, NY). Bovine myocardial 
m-calpain, human erythrocyte /z-calpain, and human 
erythrocyte multicatalytic proteinase were prepared as 
previously described [19,20]. All had activities compa- 
rable to those of the original preparations. 

3. Results 

Degradation o f  Na + / K  +-ATPase by cathepsin D 

In experiments of Fig. 1 the native kidney 
Na+/K+-ATPase, which is known to contain the a~- 
isoform of the catalytic subunit, was exposed to cathep- 
sin D at different pH values in the range of 3.2-6.2. 
Optimal pH seemed to be 4.8 where most of a and /3 
subunits were digested. At pH 5.2 there was little or no 
effect on/3, and the major product of the cleavage of a 
was a peptide with molecular mass of 83 kDa. At pH 
6.2, there was no significant digestion of either subunit. 
Exposure of the native enzyme to different concentra- 
tions of cathepsin D at pH 5.2 showed that with 
increasing cathepsin D, a decreased and 83 kDa prod- 
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Fig. 4. Effects of varying concentrations of cathepsin D on the a-subunit and the oxidatively cross-linked a,a-dimer of the kidney 
Na+/K+-ATPase. (A) Stained gels of the control and the partially cross-linked kidney enzyme. (B) Densitometer scans of the Coomassie 
blue-stained a-monomer and a,a-dimer of the cross-linked enzyme exposed to the indicated amounts of cathepsin D under conditions described 
in Methods. 

Cothepsin D ,  units/ml 

2 
0 0.1 0.2 0.3 



128 N. Zolotarjoca et al. / Biochimica et Biophysica Acta 1192 (1994) 125-131 

uct increased proportionately (Fig. 2). In the same 
experiments described in Fig. 2 a portion of N a + / K  +- 
ATPase sample that was exposed to 4 uni ts /ml  of 
cathepsin D was also assayed for activity (Methods) 
prior to electrophoresis. The 61% decrease in activity 
corresponded to 65% decrease in the amount of stain- 
ed a. 

Experiments of Fig. 3 showed that when the kidney 
enzyme was irreversibly inhibited by H 2 0  2, its a-sub- 
unit became more sensitive to degradation by cathep- 
sin D. Because protein oxidation often leads to the 
formation of cross-linked oligomers [2], a cross-linked 
dimer of a-subunit was formed through oxidation of 
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Fig. 6. Effects of m-calpain on the a-subunits of the native and the 
oxidized kidney Na+/K+-ATPase. The two enzyme samples were 
exposed to m-calpain repeatedly (four times) as described in Meth- 
ods. At the end of each exposure period, samples were removed, 
subjected to electrophoresis, and immunostained with an anti-a 
antibody as described in Methods. (A) Western blots. Lanes 1-5, 
native enzyme. Lanes 6-10, oxidized enzyme. No calpain (1 and 6); 
one calpain addition (2 and 7); two calpain additions (3 and 8); three 
caipain additions (4 and 9); four calpain additions (5 and 10). Lane 
11, prestained markers (106 kDa, 80 kDa, 49.5 kDa, 32.5 kDa). (B) 
Densitometer scans of the Western blots shown in A (©, e), and 
Coomassie blue-stained a bands (not shown) from the same experi- 
ments ( A, • ) .  

gels (not shown) that cathepsin D converted the a , a -  

dimer to fragments much smaller than the a-monomer.  
H202-0xidation of the axolemma Na+/K+-ATPase  

also led to increased susceptibility of the a-subunit of 
this preparation to cathepsin D (Fig. 5). Since the 
a-subunit band of this preparation on gels such as 
those of Fig. 5 is known to consist of a mixture of two 
isoforms (a  2 and ~3), duplicate gels were immuno- 
stained with two antibodies that are specific for a 2 and 
a 3. Sensitivities of a 2 and a 3 to cathepsin D did not 
differ significantly from that of the mixture shown in 
Fig. 5 (data not shown). 

Fig. 5. Effects of varying concentrations of cathepsin D on native and 
H202-oxidized axolemma Na+/K+-ATPase. Experiments were done 
as described in Methods. (A) Coomassie blue-stained gels of native 
(1-4) and oxidized (5-8) Na+/K+-ATPase preparations. Lane 9, 
markers (106 kDa, 80 kDa, 49.5 kDa). (B) Comparison of the 
densities of the at bands shown in A. 
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sulfhydryl groups in the presence of Cu2+-phenanthro - 
line, and the sensitivity of the dimer to cathepsin D B 
was compared with that of the a-monomer (Fig. 4). 
The dimer was considerably more sensitive than the ~ ~ C 
monomer. It was evident from the examination of the _, , -1,00 o n t r o [  ot 

 >9o+ \ • - 
T'Z I ~ H202-oxidized o¢ " 

A " - - " 

• I \ o  



N. Zolotarjova et al. / Biochimica et Biophysica Acta 1192 (1994) 125-131 129 

Effects of calpains A 
In experiments of Fig. 6 effects of m-calpain on 

native and H202-oxidized preparations of the kidney 
Na+/K÷-ATPase were compared. Because of the 
known autolytic inactivation of m-calpain, in these 
experiments multiple samples of m-calpain were added 
to the reaction mixtures periodically (Methods). As 
evident from the data of Fig. 6B, m-calpain had little 
or no effect on the native a-subunits, but after pro- 
longed incubation about 35 percent of the oxidized a 
was digested. A peptide of about 40 kDa was a product 
of the digestion of the oxidized a (Fig. 6A). Compari- 
son of the Coomassie blue-stained gels of the experi- 
ments of Fig. 6 (not shown) indicated that the /3-sub- 
unit of Na +/K÷-ATPase was not digested by m-calpain. 

The native and the H202-oxidized preparations used 
in experiments of Fig. 6 were assayed for Na+/K ÷- 
ATPase activity before and after four exposures to 
m-calpain. Prior to exposure to m-calpain the specific 
activity of the oxidized preparation was 30% of that of 
the native enzyme preparation because of H202-in- 
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Fig. 8. Effects of m-calpain on native and H202-oxidized a~-isoform 
of the axolemma Na+/K+-ATPase .  Experiments were done as in 
Fig. 7. The gels were immunostained with an antibody specific for 
a2-isoform (A), and scanned with a densitometer (B). 
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Fig. 7. Effects of m-calpain on native and H2Oa-oxidized axolemma 
Na÷/K+-ATPase .  The two enzyme samples were exposed to m- 
calpain repeatedly (four times) as described in Methods and in 
legend to Fig. 6. (A) Coomassie blue-stained a bands (a  2 + a3). 
Lane descriptions the same as indicated in legend to Fig. 6. (B) 
Densitometer scans of the a bands in A. 
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duced inactivation. Neither the activity of the native 
preparation nor that of the oxidized preparation was 
altered significantly after exposure to m-calpain. The 
simplest explanation for this finding is that the active 
native enzyme molecules are not degraded by m- 
calpain, and that the degradations noted in Fig. 6 are 
due to proteolysis of inactivated and oxidized enzyme 
molecules. 

Native and H202-oxidized samples of the axolemma 
Na ÷/K÷-ATPase were exposed to m-calpain in experi- 
ments similar to those described for the kidney en- 
zyme. After electrophoresis, comparison of the intensi- 
ties of the Coomassie blue-stained a-subunit bands 
showed considerable digestion of the oxidized a, but 
no digestion of the native a (Fig. 7). To compare the 
sensitivities of the a 2- and a3-isoforms of this prepara- 
tion, after experiments similar to those of Fig. 7, sam- 
ples were immunostained with isoform-specific anti- 
bodies. The results showed that the oxidized forms of 
both isoforms were considerably more susceptible to 
m-calpain than the native isoforms (Figs. 8 and 9). 

Experiments of Fig. 10 showed that oxidation of 
axolemma Na+/K÷-ATPase also increased the suscep- 
tibility of the a-subunit to/x-calpain. 
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A Lack of effect of multicatalytic proteinase 

In several experiments, native and oxidized prepara- 
tions of Na+/K+-ATPase from kidney and axolemma 
were exposed to multicatalytic proteinase under condi- 
tions where this enzyme is fully active against casein 
(Methods). No cleavage of any oxidized or native sub- 
unit of Na+/K+-ATPase was detected. 
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Fig. 9. Effects of m-calpain on native and H202-oxidized a3-isoform 
of the axolemma Na+/K+-ATPase. Experiments were done as in 
Fig. 7. The gels were immunostained with an antibody specific for 
a3-isoform (A), and scanned with a densitometer (B). 
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Fig. 10. Effects of ~-calpain on native and H202-oxidized axolemma 
Na+/K+-ATPase. The two enzyme samples were exposed to ~.- 
calpain repeatedly (twice) as described in Methods. Samples were 
removed for electrophoresis prior to caipain addition and after each 
calpain addition. Coomassie blue-stained a bands were scanned by a 
densitometer. Solid bars, native enzyme; open bars, oxidized enzyme. 

4. Discussion 

The findings presented here show clearly that 
cathepsin D, m-calpain, and /~-calpain degrade the 
oxidized catalytic subunits of Na+/K+-ATPase more 
effectively than the unoxidized forms, and that multi- 
catalytic proteinase does not digest either the native or 
the oxidized Na+/K+-ATPase. The latter observation 
is in contrast to the previously observed ability of 
multicatalytic proteinase to degrade a large number of 
oxidized proteins in an ATP-independent manner 
[1,2,8]. The multicatalytic proteinase, however, is also a 
component of the ATP, ubiquitin-dependent prote- 
olytic system [20]. The possibility remains, therefore, 
that Na+/K+-ATPase may be a substrate for this sys- 
tem under conditions different from those used in our 
experiments. 

Although the studies of Cook et al. [10] suggested 
that degradation of Na+/K+-ATPase in lysosomes oc- 
curred during the normal turnover of the enzyme, this 
suggestion was tempered by the inability of the same 
investigators to show the existence of endosomes con- 
taining Na+/K+-ATPase [10]. Subsequent demonstra- 
tion of a role of Na+/K+-ATPase in the regulation of 
internal pH of endosomes [21,22], however, confirms 
that internalization of Na+/K+-ATPase by endocyto- 
sis, and fusion of the resulting endosomes with lyso- 
somes, are indeed involved in the degradation of this 
plasma membrane enzyme. Therefore, our data show- 
ing the degradation of all isoforms of the catalytic 
subunit of Na+/K+-ATPase by the lysosomal cathep- 
sin D, and the greatly increased susceptibility of the 
oxidized isoforms to cathepsin D, support the notion 
that the enhanced turnover of the oxidatively damaged 
Na+/K+-ATPase is indeed a secondary defense mech- 
anism under pathological conditions where this impor- 
tant plasma membrane enzyme is inactivated by reac- 
tive oxygen metabolites. 

Interaction of native Na+/K+-ATPase with calpain 
was first reported briefly by Cova and Sweadner [23]. 
In agreement with their findings, our experiments show 
little or no effects of calpains on the native prepara- 
tions of Na+/K+-ATPase. We show, however, that 
oxidation of Na+/K÷-ATPase increases the suscepti- 
bilities of the various a-subunits to calpains. While 
there is no evidence to indicate the involvement of 
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ca lpa ins  in the  tu rnove r  of  oxid ized  N a + / K ÷ - A T P a s e  
of  in tac t  cells, this  poss ibi l i ty  should  be  cons ide r e d  
ser iously  because  oxidat ive  s tress  to the  h e a r t  causes  
not  only inac t iva t ion  of  N a ÷ / K + - A T P a s e ,  bu t  also an 
inc rease  in in t r ace l lu l a r  Ca 2÷ [6]. I t  is p laus ib le ,  there -  
fore,  tha t  the  resul t ing  ac t iva t ion  of  ca lpa ins  u n d e r  
these  condi t ions  may  p rov ide  a n o t h e r  pa thway  for 
d e g r a d a t i o n  and  remova l  of  d a m a g e d  N a ÷ / K ÷ - A T P a s e  
f rom the cell  m e m b r a n e .  

O u r  prev ious  s tudies  [13] d e m o n s t r a t e d  tha t  o:2- and  
o:3-isoforms of  N a + / K + - A T P a s e  f rom d i f fe ren t  t issues 
have h igher  ox idan t  sensi t ivi t ies  than  severa l  var ian ts  
of  o:~-isoform, and  sugges ted  s t rongly  tha t  these  differ-  
ences  were  r e l a t ed  to  s t ruc tura l  f ea tu re s  tha t  dis t in-  
guish o:1 f rom o: 2- and  a3- isoforms.  T h e  p r e s e n t  exper-  
iments  show that  the  oxid ized  forms of  the  var ious  
isoforms are  more  suscep t ib le  than  the  nat ive forms to 
ca theps in  D and calpains .  I t  seems,  the re fo re ,  tha t  
d e g r a d a t i o n  by in t race l lu la r  p r o t e i n a s e s  may  be  more  
p e r t i n e n t  to the  e n h a n c e d  tu rnove r  of  those  isoforms 
of  N a + / K + - A T P a s e  tha t  a re  more  p r o n e  to d a m a g e  
u n d e r  oxidat ive  stress.  
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