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The membrane organization of the alpha-subunit of purified (Na++ K +)-ATPase ((Na+ + K +)-dependent 
adenosine triphosphate phosphorylase, EC 3.6.1.3) and of the microsomal enzyme of the kidney of the toad 
Bufo marinus was compared by using controlled trypsinolysis. With both enzyme preparations, digestions 
performed in the presence of Na + yielded a 73 kDa fragment and in the presence of K + a 56 kDa, a 40 kDa 
and small amounts of a 83 kDa fragment from the 96 kDa aipha-subunit. In contrast to mammalian 
preparations (Jergensen, P.L. (1975) Biochim. Biophys. Acta 401, 399-415), trypsinolysis of the purified 
amphibian enzyme led to a biphasic loss of (Na + + K+)-ATPase activity in the presence of both Na + and 
K +. These data could be correlated with an early rapid cleavage of 3 kDa from the aipha-subunit in both 
ionic conditions and a slower degradation of the remaining 93 kDa polypeptide. On the other hand, in the 
microsomal enzyme, a 3 kDa shift of the alpha-subunit could only be produced in the presence of Na +. Our 
data indicate that (1) purification of the amphibian enzyme with detergent does not influence the overall 
topology of the alpha-subunit but produces a distinct structural alteration of its N-terminus and (2) the 
amphibian kidney enzyme responds to cations with similar conformational transitions as the mammalian 
kidney enzyme. In addition, anti alpha-serum used on digested enzyme samples revealed on immunobiots 
that the 40 kDa fragment was better recognized than the 56 kDa fragment. It is concluded that the 
NH2-terminal of the alpha-subunit contains more antigenic sites than the COOH-terminal domain in 
agreement with the results of Farley et ai. (Farley, R.A., Ochoa, G.T and Kudrow, A. (1986) Am. J. Physiol. 
250, C896-C906). 

Introduction 

The plasma membrane enzyme. (Na++  K+) - 
ATPase, is the transport system which regulates 

AbbrevlaUons (Na + + K + )-ATPase, (Na + + K + )-dependent 
tnphosphate phosphorylase (EC 3.6.1 3), SDS-PAGE, sodmm 
dodecyl sulfate-polyacrylanude gel electrophoresls, Mg 2÷- 
ATPase, MgZ+-dependent adenosine tnphosphate phosphory- 
lase, PMSF, phenylmethylsulfonyl fluoride 
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the mtracellular and extracellular Na + and K + 
equdlbrium. In its purified form, the enzyme con- 
sists of two transmembraneous subunits, an 
alpha-subunit with a molecular mass of about 112 
kDa, which catalyzes the main functional activl- 
hes, and a glycosylated beta-subunit with a molec- 
ular mass of 35-60 kDa (for review, see Refs. 1 
and 2). Although it is established that the rmnimal 
functional enzyme umt consists of an alpha-beta 
dimer [3], the role played by the beta-subunit in 
the transport activities remains unknown. 

( N a +  +K+)-ATPase  can be purified in a 
membrane-bound, acnve form [4] and these char- 
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acterlstics render these preparations ideal for the 
study of the enzyme's structural and functional 
properties. Indeed, studies using controlled pro- 
teolysls in combination with chemical labeling of 
the punfied enzyme have led to a model of the 
membrane arrangement of the alpha-subunIt [5], 
which in general is consistent with the transmem- 
brane topology proposed on the basis of the amino 
acid sequence of the polypeptide [6,7]. In addition, 
reconstitution of the purified enzyme in lipid 
vesicles have brought valuable data on the trans- 
port properties of the ( N a ~ + K + ) - A T P a s e  (for 
review, see Refs. 8 and 9). One potential drawback 
of these experimental approaches is, however, that 
purification of ( N a + +  K+)-ATPase can only be 
achieved by using significant concentrations of 
sodium dodecyl sulfate (SDS) [4]. It is indeed 
conceivable that the detergent might alter the na- 
tive membrane organization of the enzyme and in 
consequence modify its physlolog3cally relevant 
operational state. Thus, for a better definition of 
the complex functions of this enzyme, it is im- 
portant  to study the membrane arrangement of 
the purafied enzyme and to compare it to the 
enzyme configuration in preparations free of de- 
tergents. 

In the present study we have compared a SDS- 
purified enzyme preparation with a detergent-free 
rmcrosomal fraction of toad kidney and have used 
controlled trypsmolysls as an experimental tool to 
gain information on the membrane organization 
of the polypeptldes as well as on their functional 
state Indeed, it has been shown that the char- 
actenstic proteolytic fragmentation of the alpha- 
subunlt in response to Na + or K ~ reflects the 
cation-induced conformatlonal transmons of the 
actave enzyme [10,11]. The specificity of controlled 
trypsinolysis of ( N a + +  K +)-ATPase has been as- 
sessed an two ways: (1) by comparing the time- 
course of ( N a + +  K+)-dependent  ATPase in- 
activation to the degradation of the catalytic al- 
pha-subunit of the enzyme; (11) by identifying the 
specific cation-dependent tryptlc fragments, using 
protein staining on SDS gels or immunoblotting 
revealed with monospeclfic polyclonal antibodies 
raised against the alpha-subunit of ( N a + +  K+) - 
ATPase [12] 

The data of this study indicate that structural 
features of the amphibian mlcrosomal enzyme 

compare well to purified mammalian preparations 
but that SDS treatment of crude amphibian ml- 
crosomes abolishes cation modulation of the N- 
terminus of the amptublan ( N a + +  K +)-ATPase. 

Experimental Procedures 

Mlcrosomal fractions and purified ( N a + +  
K+)-ATPase from the kidney of the toad Bufo 
marmus  (obtained from C.P. Chase, Miami, FL) 
were prepared as described [12] by using a mod- 
ified procedure originally developed by Jorgensen 
[4]. Protein content was determined by the method 
of Lowry et al. [13] and enzyme activity according 
to previously described methods [14,15]. Micro- 
somal and purified enzyme preparations had 
specific activities of 20 to 30 and 600 to 900/~mol 
P, • (mg protein) -1 • h -1, respectively. Mg 2+- 
ATPase measured in the presence of 10 - 4  M 
ouabain made up about 80% and 3% of the total 
ATPase activity in mlcrosomal fractions and 
purified enzyme preparations, respectively. 

Controlled proteolysts o f  (Na + + K + )-A TPase 
Purified or mlcrosomal ( N a + + K + ) - A T P a s e  

was digested on ice in an incubation medium A 
containing 150 mM KC1 or 150 mM NaC1, 18 mM 
Tris-HCl (pH 7.4), 30 mM Dl.-hlstidlne and 5 mM 
EDTA, either in the presence of trypsin (Sigma 
type XI) or protelnase K (Merck). Incubations 
with trypsin proceeded at 0 ° C  or 25°C at pro- 
tease to protein ratios (w/w)  between 0,2 to 10 in 
the presence of Na  + or K + for various time peri- 
ods indicated in the figures. Proteinase K was 
used at a protease to protein ratio of 2.5 Control 
samples were incubated in parallel in the absence 
of proteases. Trypsin digestion was stopped by 
addition of a 5-fold excess of soybean trypsin 
inhibitor (Sigma) and protelnase K digestion by 2 
mM phenylmethylsulfonyl fluoride (Merck, Stock 
solution: 200 mM in 90% ethanol). By adding 
protelnase Inhibltors to the samples before ad- 
dition of proteases, it could be shown that di- 
gestion stop occurred immediately. Routinely, 
samples were left on ice for 10 min after addition 
of the inhibitor. The control and digested prepara- 
tions were then centrifuged in thick wall poly- 
carbonate tubes (Beckman) in a SW55 rotor In a 
Beckman LB-70 ultracentrifuge at 100000 × g for 



60 min at 4 ° C. The pellets were resuspended in 
incubation medium A and ahquots were taken for 
activity measurements. The remaining preparation 
was recentrifuged and the final pellet taken up in 
sample buffer (4.5% SDS, 8.3% sucrose, 0.012% 
bromophenol, 2% beta-mercaptoethanol), boiled 
for 5 min and 6-48/~g of protein were subjected 
to sodium dodecyl sulfate-polyacrylamade slab gel 
electrophoresis (SDS-PAGE). 

Gel electrophoresls and Western blot 
SDS-PAGE was performed as described [14]. 

Purified ( N a + + K + ) - A T P a s e  was detected by 
Coomassie blue (R250, Merck) and quantitated by 
laser densltometry (LKB 2202, Ultrascan). It was 
established that peak heights of alpha-subunit of 
(Na + + K ÷)-ATPase were linearly related to the 
amount of purified enzyme layered on the gel (up 
to 50 /~g of protein) when gels were scanned 
before drying. 

Alternatively, samples of microsomal fractions 
or of the purified enzyme run on 5-13% SDS 
polyacrylamlde gels were transferred to nitrocel- 
lulose filters [16,17] and stained with Coomassle 
blue [18] or Ponceau red [19]. After 1 h of incuba- 
tion m phosphate-buffered saline (PBS) contain- 
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mg 5% newborn calf serum, the blots were in- 
cubated overnight with anti alpha-subunit serum 
diluted 1:100 in phosphate-buffered saline con- 
taining 0.5% Tween-20. After several washes, the 
bound antibodies were overlayed with protein A- 
peroxidase conjugate (Sigma) and revealed with 
4-chloronaphthol and H202. The revealed bands 
were quantitated by laser densitometry. 

Anti alpha-subumt serum 
The anti alpha-subumt serum was prepared as 

previously described [12] by using as antxgen gel 
pieces contalmng the alpha-subunit resolved on 
SDS-PAGE from purified enzyme preparations. 
For overlay of Western blots of ( N a + +  K+)- 
ATPase, the antiserum was preincubated for 2 h 
at 37°C and 2 h at 4 ° C  with 10% toad serum, 
centrifuged at 110000 × g for 30 man at 4 ° C  and 
filtered on a 0.22 /zm Mdlipore fdter. The ant~- 
serum was stored at - 20 o C. 

Results 

(1) Trypttc dtgestlon of alpha-subumt of (Na ++ 
K+)-ATPase purtfwd from the ktdney of Bufo 
m a r l n u s  

Since most of the previous studies which can 
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Fig 1 Trypsmolysls of purtfled toad kidney (Na ÷ + K + )-ATPase Purified (Na + + K + )-ATPase (48 btg protein) was incubated wxth 
indicated concentrations of trypsin m the presence of 150 mM NaCI or KC1 for (A) 20 nun at 25 ° C  or (B) 60 man at 0 ° C  The 
samples were prepared for SDS-PAGE and the gels stained with Coomassle blue as described m Experimental  Procedures. 96 
KD = 96 kDa, for example Molecular masses of the proteolytlc fragments were deternuned by using s~x protein standards with 

known molecular weights (Sigma). 
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serve as a reference had been performed on the 
purified enzyme of mammalian sources we first 
characterized the purified toad kidney ( N a + +  
K +)-ATPase in order to compare the amphibian 
to the mammalian enzyme. 

As shown in Fig. 1A (lane 1), punfled (Na + + 
K+)-ATPase of the toad kidney with a mean 
specific activity of 700 ~mol P.. (mg protein) 1. 
h-~ is mainly composed of the 96 kDa alpha-sub- 
unit and the 60 kDa glycoprotelmc beta-subunlt. 
The identity of these two subunlts of (Na + + K+) - 
ATPase has prevously been determined [14]. Due 
to the poor and diffused staining of the heavily 
glycosylated beta-subunit by Coomassie blue, it is, 
however, impossible to give a rehable estimate of 
the degree of purity of this enzyme preparation. 
Besides the two ( N a + +  K+)-ATPase subunlts, a 
30 kDa polypeptlde was consistently co-purified 
and it is not yet estabhshed whether this protein is 
part of the active enzyme unit or a contaminant. 

In addition to low molecular weight contami- 
nants, the gel pattern of the purified enzyme fre- 
quently revealed small amounts of two poly- 
peptldes, the molecular masses of which namely 
59 kDa and 41 kDa, approximately summed up to 
the molecular mass of the alpha-subunlt. We pro- 
pose that these latter polypeptldes represent 
spontaneously produced proteolytlc fragments of 
the catalytic subunit (for further evidence, see 
below). 

The purified enzyme preparation was subjected 
to controlled trypslnolysis to reveal structural 
properties of the alpha-subunlt which could serve 
as a basis for companson with other purified and 
characterized (Na + + K +)-ATPase preparations 
on the one hand and with the non-detergent- 
treated enzyme from mlcrosomal kidney fractions 
or homogenates of cultured cells on the other 
hand. The procedure is known to yield character- 
lstic proteolytic frgments, the appearance of which 
depends on the difference conformations adopted 
by the membrane-bound active enzyme in the 
presence of either Na + or K + [10]. 

The alpha-subunlt of purified toad kidney 
(Na + + K+)-ATPase showed to be quite resistant 
to the action of trypsin. No significant amounts of 
Na + or K + specific proteolytic fragments of the 
alpha-subunit could be produced when the en- 
zyme was incubated for 20 man at 25°C with 

trypsin to protein ratios of 0.2 (Fig. 1, lanes 2 and 
3). Such treatment only resulted in a shift of the 
total population of 96 kDa subunlt into a 93 kDa 
polypeptide and the parallel disappearance of the 
spontaneous degradation fragment of 59 kDa, 
irrespective of the ionic condition. Significant 
digestion of the alpha-subunlt and thus revelation 
of the cation-induced conformatlonal states could, 
however, be obtained with trypsin to protein ratios 
of 1 to 5 (Fig. 1, lanes 4 and 5). These conditions 
led to the production of a 73 kDa fragment which 
was more prominent in the presence of Na + (Fig 
1, lane 4) than in the presence of K + (Fig. 1, lane 
5). On the other hand, the formation of a 56 kDa 
and a 40 kDa fragment was more important In the 
K + than in the Na + condition. In addition, some 
secondary cleavage products of low molecular mass 
appeared in both ionic conditions. Neither the 
beta-subunlt, nor the 30 kDa polypeptlde were 
digested under these conditions. 

Since one reason for the characterization of the 
purified toad kidney enzyme was to create a refer- 
ence for comparison with the enzyme from cell 
homogenates, we performed further experiments 
at 0 °C rather than at 25 °C Indeed, we observed, 
that experiments done on cell homogenates 
required working at 0 ° C  in order to avoid the 
activation of cell specific proteases [20]. 

Incubation of the purified enzyme for 60 man at 
0 ° C  at a trypsin to protein ratio of 0.2 in fact 
produced a very similar tryptlc pattern as at 25 °C 
(Fig. 1, compare lanes 2 and 3 with 7 and 8). In 
addition, despite a probable impairment of ion- 
specific conformatlonal changes at 0°C,  at was 
possible, after increase of the trypsin to protein 
ratio, to reveal the adoption of different config- 
urations in response to Na + and K + through the 
production of the cation-specific proteolytlc frag- 
ments. In particular, a more prominent production 
of the 56 kDa and 40 kDa fragment could be 
observed in the K + condition than in the Na + 
condition (Fig. 1, lanes 9 and 10). 

The time-courses of trypsinolysIs at 0 ° C  at 
trypsin to protein ratios of 10 and 7 5 in the 
presence of Na + and K +, respectively, revealed 
that. (1) the 3 kDa shift of the alpha-subunlt was 
produced within a few minutes in both conditions, 
(2) the enzyme in the Na + conformation was more 
resistant to trypsinolysis, leaving about 30% of the 



a lpha-subuni t  in the 93 kDa  form after 60 min  of 

trypsinolysis compared to about  15% in the K + 
conformat ion,  (3) the 73 kDa  fragment (char- 

ac tenzed as Na  + specific in t rypsinlzat ion experi- 
ments  performed at 25 o C, see Fig. 1A, lane 4) was 
produced more rapidly and  to a greater extent in 

the Na  + condi t ion  than in the K + condit ion,  (4) 

dur ing  a 60 min  trypsinolysis, secondary tryptlc 
fragments were formed which differed in the two 

ionic condi t ions  (Fig. 2A + B). 
In  addi t ion to the product ion  of the described 

tryptlc fragments of 93, 73, 56 and 40 kDa, the 
molecular  masses of which closely resemble the 

ones described for mammal i an  enzymes, and some 

secondary cleavage products  of low molecular  

mass, the toad kidney preparat ion yielded small 
amount s  of an 83 kDa fragment  exclusively in the 

K + condi t ion  (Fig. 1, lane 10 and  Fig. 2). Pro- 

teinase K, which is less specific than trypsin, 
produced at protease to protein  ratios of 2.5, 
significant quanti t ies  of this product  (see below 

and  Fig. 5) and thus It represents most likely a 
specific cleavage product  of the a lpha-subuni t  in 
the K + configurat ion and not  of a minor  contarm- 
n a n t  conugrat ing with the a lpha-subuni t .  

(2) Correlatton between trypsmolysis of the alpha- 
subumt and the loss of (Na + + K +)-ATPase acttv- 
~ty 

Fur ther  indicat ions on the homogenei ty  of the 
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Fig 2 Time-course of tryptlc digestion of alpha-subunlt of 
purified (Na ÷ + K ÷ )-ATPase from toad kidney (Na + + K + )- 
ATPase was exposed for indicated times to trypsin at 0°C. 
prepared for SDS-PAGE and the proteolytlc fragments 
quantitated on Coomassle blue stained gels as described in 
Experimental Procedures The graphs show the relative propor- 
tions of individual tryptic fragments m the total alpha-subumt 
related material at various times after trypslnolys~s The dotted 
hnes represent the hypothetical time-course of the shift of the 
96 kDa alpha-subumt into the 93 kDa cleaved form (A) 
Trypsimzation in the presence of 150 mM NaC1 at a trypsm to 
protein ratio of 10. (B) Trypsimzatlon in the presence of 150 

mM KC1 at a trypsin to protein ratio of 7 5 

a lpha-subuni t  were obta ined  by following the rela- 
t ion existing between the decrease of the alpha- 

subuni t  popula t ion  and the loss of enzyme activity 
dur ing  trypslnolysis. The expectation was that the 
loss of enzyme activity would closely parallel the 

disappearance of the a lpha-subuni t  d u n n g  tryp- 
sinolysls. As can be seen in Fig. 3 A + B, the 
seml-logarithmac curve, describing the decrease in 
the enzyme activity d u n n g  trypsinolysis in the 
presence of Na  + and  K + was biphasic. Wi th in  a 
few minutes  of trypsinolysis, the enzyme activity 

decreased to about  60% of the control  value. F rom 
then on, it d iminished more slowly and  as shown 
for the K + condi t ion  was abolished after about  3 
h of digestion (Fig. 3B). In  the initial  rapid phase, 
the loss of enzyme activity coincided with the 
complete cleavage of the 96 kDa  a lpha-subuni t  
popula t ion  to the 93 kDa  form in both iomc 
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Fig 3 Relation between the disappearance of alpha-subumt and loss of (Na + + K + )-ATPase actwlty during trypsmolysls in the 
presence of Na + and K + Digestion of alpha-subumt was followed m the presence of 150 mM NaC1 (A) or 150 mM KCI (B) as 
described m Fig 2 and m Experimental Procedures "Alpha-subumr (O). 96 kDa or 93 kDa cleaved form (for further explananon see 
text) Represented are the percentages of the 96 kDa and 93 kDa forms, respectively, of the alpha-subumt at various rime points of 
trypsmolysls compared to a control sample incubated for 60 nun m the absence of trypsin At each nme-pomt of trypsmolysls, 
(Na++ K ÷ )-ATPase activity (t) was determined m the same samples as described m Experimental Procedures and expressed as 
percentage of the acnvaty of a control sample incubated for 60 mln m the absence of trypsin At rime points of trypsmolysls where 
several expenments were performed, the mean value and the range of the mount of the "alpha-subumr ( . . . . . .  ) and of the 

remalmng enzyme actlvaty ( ) are indicated. At 6 man of digestion n = 4, at 60 mln of digestion, n = 8 

condi t ions  (Fig. 2 A + B) with only a rmnor de- 
crease in the absolute intensi ty  of the Coomassle 
blue stained polypeptlde (Fig. 3 A + B). (Since 
between 0 and  4 min  of trypsinolysis, both 96 kDa  
and  93 kDa polypepndes  were produced which 
could, however, not  be separately quantified,  we 

refer to the 96 and  93 kDa  region of the gel as the 

' a lpha - subun i t '  region in Fig. 3). 
Once the 3 kDa shift was complete, e.g. after 6 

min  of trypslnolysls, the amoun t  of the 93 kDa 
form of the a lpha-subumt  d~minlshed in parallel 
to the enzyme acnvt ty  of the preparat ion (Fig. 3). 

In addit ion,  as shown in Fig. 3B, complete 
digestion of the 93 kDa polypeptlde coincided 
with the complete loss of enzyme activity. 

A sirmlar blphasic enzyme inact ivat ion was 
observed with mammal i an  preparat ions  but  only 
In the Na  + conformat ion  of the enzyme [10,11]. It 
was concluded that the initial  cleavage process 
which removes a 2 kDa  fragment from the 
N- te rmina l  of the a lpha-subuni t  [21,23] gives rise 
to a polypeptide with impmred enzymatic  activity 

[10]. 
Thus, our results indicate that the actual activ- 

ity of the enzyme preparat ion is int imately related 

to the amoun t  of 96 kDa  or 93 kDa material,  
respectively. 

(3) Compartson of structural features of SDS-purl- 
fred and mtcrosomal (Na + + K +)-ATPase by poly- 
clonal anttbodles 

In order to test whether detergent- t reatment  
rmght modify the native membrane  topology of 
( N a + +  K+)-ATPase  and thus its inherent  func- 
t ional  properties, we compared the tryptlc frag- 
menta t ion  of the a lpha-subuni t  derived from the 
SDS-punf ied  enzyme with the one obta ined from 

microsomal  f racnons devoid of detergent. 
Since tryptic products  of the a lpha-subuni t  ob- 

ta ined from mlcrosomal fractions could not  be 

reliably detected on Coomassle blue stained gels, 
we used a polyclonal  anti  a lpha-subunl t  serum for 
their revelation after gel migrat ion and blot t ing of 
the digested preparat ions  to nitrocellulose paper 

As can be seen in Fig. 4, immunob lo t t l ng  with 
this ant iserum of the SDS-purified enzyme indeed 
revealed the major  proteolytic fragments char- 
acterized above on CoomassIe blue stained gels. 
Thus,  the 96 kDa a lpha-subuni t  and the sponta-  
neously produced 59 kDa  fragments were detected 
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Fig 4 Comparison of the tryptlc fragmentation of alpha-subumt from purified and mlcrosomal ( N a + +  K ÷ )-ATPase Purified 
(Na + + K + )-ATPase (5/~g protein) (lanes 1-3) or macrosomal kidney fractions (15/~g protein) (lanes 4-10) were treated with trypsin 
at indicated concentrations m the presence of 150 mM NaCI or KC1 for 60 man at 0 ° C  Samples were then run on SDS-PAGE, 

transferred to mtrocellulose filters and revealed with anti-alpha-subumt serum as described m Experimental Procedures DOC 
deoxycholate, used at a detergent to protein ratm of 0 2 

in non-digested samples (Fig. 4, lane 1) as well as 
the Na+-specific 73 kDa (Fig. 4, lane 2) and the 
K + specific 83, 56 and 40 kDa fragments (Fig. 4, 
lane 3) in samples treated with trypsin at a trypsin 
to protein ratio of 10. In addition, in the K + 
conditioned samples, one of the secondary proteo- 
lytic fragments of 31 kDa was recognized by the 
antiserum. Nothing can be said on the lm- 
munoreactivity of the lower molecular mass frag- 
ments produced in the various digestion condi- 
tions (Fig. 2 A + B), since they were very poorly 
transferred from the 10-13% polyacrylamide gel 
region to the nitrocellulose support. 

When mlcrosomal fractions were treated with 
trypsin under identical conditions, the proteolytic 
fragmentation of the alpha-subunit was very simi- 
lar to the one produced from the purified enzyme 
(Fig. 4, lanes 4-6).  Indeed, in both the Na ÷ and 
K + conditions, the 96 kDa alpha-subunit was 
shifted by 3 kDa and the same Na +- and K ÷- 
specific fragments were revealed as with the puri- 
fied enzyme. Only when trypsin to protein ratios 

were lowered to 0.2, a slight difference in trypsin 
sensitivity of the two preparations became visible. 
Thus, while with the purified enzyme, the 3 kDa 
shift of the alpha-subunit occurred in both the 
Na  + and K + configurations under these digestion 
conditions (see above and Fig. 1, lanes 6 versus 7 
and 8), with the detergent-free macrosomal en- 
zyme, this cleavage took place only in the Na  ÷ 
condition (Fig. 4, lanes 7 and 8) Since inclusion 
during proteolysis of small amounts of detergent 
(e.g. deoxycholate at a detergent to protein ratio 
of 0.2) rendered the preparations sensitive to the 3 
kDa cleavage in the two ionic conditions (Fig. 4, 
lanes 9 and 10), it can be concluded that the 
segment of the alpha-subunlt containing this 
tryptic site is indeed readily affected by detergent 
treatment. 

In mammalian preparations of purified (Na + + 
K+)-ATPase,  a slrmlar 2 kDa cleavage site has 
been described [23] and by sequence analysis has 
been assigned to the N-terminal of the alpha-sub- 
unit [21]. In view of these data, the result obtained 
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under  maid digest ion condi t ions  ( t rypsin  to pro-  
tein rat io  0.2) of the mic rosomal  enzyme also 
suggest that  the 59 k D a  spon taneous  f ragment  
visible with non- t ryps in ized  samples  derives f rom 
the N- t e rmina l  of  the a lpha-subuni t  e.g. of  the 
same segment  wtuch conta ins  the 3 k D a  cleavage 
site. Indeed when the 96 k D a  a lpha - subumt  was 
cleaved into the 93 k D a  po lypept ide ,  namely  in 
the N a  + condi t ion  in the absence or  presence of  
de tergent  (Fig.  4, lanes 7 and 9) or in the K ÷ 
condi t ion  in the presence of  de tergent  (Fig.  4, lane 
10) the 59 k D a  f ragment  was cleaved in paral lel .  
On  the other  hand,  no digest ion of this f ragment  
occurred  in the K ÷ condi t ion  wi thout  de tergent  in 
which the a lpha - subumt  resisted to the 3 k D a  

cleavage (Fig. 4, lane 8). 

(4) lmmunoreactlvtty of the N-terminal versus the 
C-termmal of the alpha-subunlt 

Cont ro l led  t rypsinolysis  permatted us to test the 
an t igemci ty  of  var ious  segments  of  the a lpha-sub-  
unit.  Fo r  this purpose ,  we c o m p a r e d  the in tensi ty  
of the i m m u n o b l o t t e d  f ragments  of  the a lpha-sub-  

1 2 3 
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> ~  02. 

40K 40K 73K 73K 

56K 5614 56K 56K 
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Fig. 5 Relative lmmunoreact]vlty of proteolytlc fragments of 
the alpha-subumt Purified (Na + +K + )-ATPase was treated 
with trypsin at a trypsin to protein ratio of 7 5 m the presence 
of KCI (lane 1), at a trypsin to protein ratio of 10 m the 
presence of NaCl (lane 2) or with protemase K at a protease to 
protein ratio of 2 5 Incubation proceeded at 0 o C for 60 mln 
in the case of t ryps in  or  for 20 nun in the case of proteinase K 
8/*g of digested samples were divided into two equal ahquots 
and subjected in parallel to SDS-PAGE and Western blotting. 
Half of the samples were stained with Coomassle blue (A), and 
the other half with 4-chloronaphthol/H202 after overlay of 
the nitrocellulose with anti alpha-subumt serum (B) Shown are 
the relative staining intensities of the major proteolytic frag- 
ments produced in the different digestion conditions as as- 

sessed by laser densatometry 40 K = 40 kDa fragment 

umt  from pur i f ied  p repara t ions  with para l le ly  run 
mtroce l lu lose  str ips conta in ing  ident ical  samples  
bu t  s ta ined with Coomass ie  blue. As shown in Fig 
5, the largest  t rypt ic  f ragments  namely  the 83 k D a  
f ragment  p roduced  with t rypsin  or  pro te inase  K + 
(Fig.  5, lane 3) and  the 73 k D a  f ragment  p roduced  
with t rypsin m the presence of  NaC1 (Fig. 5, lane 
2) are as expected  best  recognized c o m p a r e d  to 
the actual  amoun t  of  pro te ins  present  (compare  
Fig. 5, lanes 2 A + B, 3 A + B). On the other  
hand,  while t rypsmolys is  in the presence of KCI 
p roduces  abou t  the same amounts  of the comple-  
me n t a ry  40 and 56 k D a  f ragments  as revealed by 
Coomass ie  blue s taining (Fig. 5, lane 1 A), the 56 
k D a  f ragment  is less recognized by  the an t i se rum 
than the 40 k D a  f ragment  (Fig. 5, lane 1B) 

Since it has been shown by others  that  the 40 
k D a  f ragment  includes the N- t e rmina l  doma in  
[21], it might  be conc luded  that  this region con-  
tains more  ant igenic  sites than the C- ter rmnal  
doma in  of the a lpha-subuni t .  

Discussion 

In the present  study,  we have character ized the 
pur i f ied  ( N a + +  K + ) - A T P a s e  f rom an amph ib i an  
source in o rder  to es tabl ish  a basis  for compar i son  
of  some s t ructura l  and  funct ional  features of the 
enzyme with co r respond ing  m a m m a l i a n  p repa ra -  
t ions on the one hand  and with  detergent- f ree  
enzyme p repa ra t ions  on the o ther  hand.  

(1) Purified amphibian (Na + + K +)-ATPase dis- 
plays slmtlar structural features as the mammahan 
enzyme 

Analys i s  of  the s t ruc ture- funct ion  re la t ionship  
of  ( N a + +  K + ) - A T P a s e  has main ly  been per-  
fo rmed on pur i f ied  m a m m a h a n  enzyme prepara -  
tions. In the present  pape r  we ex tended  such 
s tudies  to the enzyme from an amph ib i an  source 
and  we could  show that  m a m m a l i a n  and  
amph ib i an  ( N a + +  K + ) - A T P a s e  compare  ra ther  
well e.g. wi th  respect  to their  abi l i ty  to pe r fo rm 
ca t ion- induced  confo rma t iona l  changes as def ined 
for m a m m a l i a n  p r e p a r a n o n s  by  Jorgensen [10]. 

Indeed,  t rypt ic  cleavage produc ts  ob ta ined  f rom 
the a lpha-subun i t  of  the amph ib i an  enzyme namely  
the 73 k D a  f ragment  in the E ] N a  form and the 56 
and 40 k D a  f ragments  in the E2K form (Fig. 6) 
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Fig 6 Linear model of alpha-subumt from toad kidney (Na + 
+K +)-ATPase with positioned trypt~c s~tes exposed m the 
EINa or the E2K form of the enzyme Trypt~c fragments are 
indicated by their molecular mass, (93 = 93 kDa for instance) 
1, 2, 3, 4, = tryptlc bonds. Bond 1 ~s predonunantly cleaved by 
trypsin m the presence of KC1 m the nucrosomal and purified 
enzyme Bond 2 ~s a manor tryptlc s~te exposed m the presence 
of KC1 Bond 3 Is cleaved m the presence of NaC1 m the 
macrosomal and the purified enzyme Bond 4 is rapidly cleaved 
at low trypsin concentrations tn the presence of NaCI and KCI 
m the detergent-treated enzyme but only m the presence of 

NaC1 m the rmcrosomal enzyme 

co r re spond  in all l ike l ihood to the s imilar  molecu-  
lar  mass  f ragments  observed with different  mam-  
m a h a n  p repa ra t ions  [10,21,22]. Our  results thus 
suggest that  the accessibi l i ty  of  t rypsin  to specific 
a m i n o  acids in the po lypep t lde  and in conse- 
quence  the s t ructura l  o rganiza t ion  of  the a lpha-  
subuni t  of ( N a + + K + ) - A T P a s e  is highly con- 
served throughout  evolut ion.  

Besides the descr ibed  similari t ies,  the toad  kad- 
ney ( N a + +  K + ) - A T P a s e  might  bear,  however,  
some intr insic  s t ructura l  differences c o m p a r e d  to 
the m a m m a l i a n  kadney prepara t ions .  Indeed,  the 
a m p h i b i a n  enzyme exposes an add i t iona l  t rypt ic  
site which has not  been descr ibed  in m a m m a l i a n  
p repa ra t ions  and  which gives rise a l though in small  
amoun t s  to an 83 k D a  t rypt ic  p roduc t  (Fig.  6). 
The  f ragment  is l ikely to be a specific cleavage 
p roduc t  of the a lpha-subun i t  since (1) its p roduc-  
t ion is dependen t  on the presence of K +, a fact 
which excludes e.g. an ident i ty  to a sirmlar t rypt ic  
f ragment  of  90 k D a  p roduced  by  CaZ+-ATPase  
samples  [24], (2) in p ro temase  K- t r ea t ed  samples,  
the 83 k D a  f ragment  makes  up an impor t an t  
p r opo r t i on  of  the t rypt ic  pat tern ,  a fact which can 
only  be reconci led with cleavage of  the a lpha-sub-  
unit,  (3) our  da ta  on enzyme inac t iva t ion  dur ing  
t rypsinolys is  c lear ly  show that  enzyme act ivi ty is 
inherent  to all p ro te in  mater ia l  in the a lpha-sub-  
uni t  gel region,  (4) the 83 k D a  f ragment  can be 
revealed as a major  t rypt ic  p roduc t  of  the ma tu re  

enzyme in cell homogena tes  and is also prefer-  
ent ia l ly  p roduced  in K + condi t ions  [20]. 

On ly  when the armno acid sequence of the 
amph ib i an  a lpha - subun i t  is de te rmined  and  can 
be c o m p a r e d  to the one recent ly  es tabl ished f rom 
the c D N A  sequence f rom sheep k idney  [7] and  
f rom Torpedo cahfornlca [6] will it  be poss ible  to 
dec ide  whether  the exposure  of an add i t iona l  
t rypt ic  b o n d  observed in the amph ib i an  enzyme is 
due to a sequence difference or  ra ther  to a dif- 
ference in the s t ructura l  o rganiza t ion  of  the 
a lpha - subumt  in di f ferent  species. 

(2) The structure-functton relationship of purtfled 
(Na + + K +)-A TPase compared to detergent-free 
enzyme preparations 

The s t ruc ture- funct ion  re la t ionship  of  ( N a + +  
K + ) - A T P a s e  has main ly  been s tudied wtth pur i -  
fied and  thus de te rgen t - t rea ted  enzyme p repa ra -  
tions. A purpose  of the present  s tudy was to 
de te rmine  whether  da ta  ob ta ined  with such pre-  
pa ra t ions  are  c ompa ra b l e  to those ob ta ined  with 
the mxcrosomal enzyme e.g. whether  de tergent-  
t r ea tment  influences or  not  the m e m b r a n e  topol-  
ogy and thus the funct ional  proper t ies  of  (Na  + + 
K + ) - A T P a s e .  The  m e m b r a n e  a r rangement  of  the 
detergent- f ree  rmcrosomal  k idney  enzyme was thus 
c o m p a r e d  to the pur i f ied  enzyme from the same 
tissue by  using cont ro l led  t rypsinolys is  m the pres-  
ence of N a  + or  K + in combina t ion  with lm- 
m u n o b l o t t m g  of the pro teo ly t ic  fragments.  Our  
da t a  indeed indica te  that  the two enzyme p repa ra -  
t ions compare  well with respect  to the exposure  or 
occlusion of  specific t rypt lc  bonds  in the two ionic 
condi t ions  and we might  thus conclude  that  the 
ma in  topologica l  charac tens t tcs  of the enzyme are 
conserved dur ing  pur i f icat ion.  The only  segment  
of  the a lpha - subun i t  which po ten t ia l ly  rmght be 
sensit ive to de tergent  t r ea tment  is the NHz- te r rm-  
nal. Indeed  a cleavage of  a 3 k D a  f ragment  occurs  
m bo th  the N a  +- and the K+- fo rm of  the a lpha-  
subuni t  f rom the pur i f ied  enzyme or  f rom the 
mic rosomal  enzyme t rea ted  with low de tergent  
concen t ra t ions  while under  the same exper imenta l  
condi t ions  ttus c leavage only occurs  in the N a  + 
form of  the a lpha - subun l t  f rom microsomal  frac- 
t ions free of  de tergents  (Fig.  6). The  funct ional  
consequences  of  this modi f i ca t ion  can actual ly  not  
be es t imated.  Possibly,  it  could  mean  that  the 
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pur i f ied  enzyme p repa ra t i on  of  amph ib i an  source, 
despi te  its high specific enzyme activity,  has lost 
some regula tory  character is t ics ,  inherent  to the 
N- te rminus  of  the mic rosomal  enzyme. It  has been 
repor ted  that  in the m a m m a l i a n  enzyme, the 3 
k D a  cleavage occurs  an the N a  +- and the K+- fo rm 
but  ts more  sensit ive in the N a + - f o r m  [11]. Since 
tins ts true even with pur i f ied  prepara t tons ,  it 
might  indicate  that  the m a m m a l i a n  enzyme is 
even less sensit ive to s t ructura l  modlf icatxons by  
detergents  than the amph ib i an  enzyme. 

(3) Anttgemc determinants of the alpha-subunlt from 
amphtbmn (Na + + K +)-A TPase 

Trypt lc  c leavage of the a lpha-subun l t  combined  
with Western  b lo t t ing  and immunoove r l ay  of  the 
samples  p rov ided  us with va luable  r e fo rmat ion  on 
the ant igenic  de te rminan t s  of  various doma ins  of 
the a lpha-subuni t .  Our  da ta  suggest that  the N- 
terminal  domain  (e.g. the 40 k D a  fragment)  con- 
tains more  ant igenic  sites than the C- te rmina l  
d o m a i n  (e.g. the 56 k D a  fragment) .  These da ta  are 
in good  agreement  with a recent  repor t  by  Fa r l ey  
et al. [25] who de te rmined  three main  ant igenic  
doma ins  on the a lpha-subun i t  of dog kidney,  all 
loca ted  wi thin  the amino  terminal  half  of  the 
po lypept ide .  Since their  an t lbodtes  had  been pro-  
duced  against  dena tu red  pur i f ied a lpha-subuni t ,  it  
seems that  the NH2- te rmina l  has a higher  inherent  
ant igenic i ty  c o m p a r e d  to the C- ter rmnal  with re- 
spect  to con t inuous  as well as d i scont inuous  epi- 
topes.  

The present  s tudy provides  in add i t ion  fur ther  
evidence for the specif ic i ty  of  our  anti  a lpha-se rum 
Indeed,  the good cor respondence  of the t rypt tc  
pa t t e rn  of the a lpha-subuni t  f rom the purif ied 
toad  k idney enzyme with the one from other  highly 
pur i f ied p repa ra t tons  together  with the good cor-  
re la t ion existing between the & s a p p e a r a n c e  of the 
mater ta l  in the a lpha-subun i t  gel region and the 
loss of  ( N a + +  K + ) - A T P a s e  act ivi ty  upon  t ryp-  
slnolys~s suggest that  the antigen,  namely  the poly-  
pep t ide  of 96 k D a  which had  been used to p repare  
the an t i - a lpha-se rum [12], d isplays  a high degree 
of  homogenei ty .  

In conclusion,  the present  s tudy enabled  us to 
demons t r a t e  the s imi lar i ty  of  the overall  s t ructural  
o rganiza t ton  of  the a lpha-subuni t  in different  
(Na  + + K +) -ATPase  prepara t ions .  In addi t ion ,  we 

could  def ine in this s tudy major  ant igenic  domains  
on the a lpha - subumt .  This re fo rmat ion  was a pre-  
requtsi te  for the assessment  of s t ructura l  and func- 
t ional  ma tu ra t ion  processes of  the ( N a + +  K+) -  
A T P a s e  in the intact  cell [20] and  has been of 
cri t ical  impor t ance  for the successful molecular  
c loning of  the amph ib i an  a lpha-subunl t ,  where 
our  ant lsera  were used for screening of a c D N A  
express ion l ibrary  [26]. 
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