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Structural organization of alpha-subunit from purified and microsomal toad
kidney (Na* + K*)-ATPase as assessed by controlled trypsinolysis
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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 8 kDa fragment from the 96 kDa alpha-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 alpha-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 immunoblots
that the 40 kDa fragment was better recognized than the 56 kDa fragment. It is concluded that the
NH ,-terminal of the alpha-subunit contains more antigenic sites than the COOH-terminal domain in
agreement with the results of Farley et al. (Farley, R.A., Ochoa, G.T and Kudrow, A. (1986) Am. J. Physiol.
250, C896-C906).

the intracellular and extracellular Na* and K*
equilibrium. 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 activi-
ties, and a glycosylated beta-subunit with a molec-
ular mass of 35-60 kDa (for review, see Refs. 1
and 2). Although 1t is established that the minimal
functional enzyme umt consists of an alpha-beta
dimer [3], the role played by the beta-subunit in
the transport activities remains unknown.

Introduction

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

Abbreviations (Na* + K™ )-ATPase, (Na* + K™ )-dependent
triphosphate phosphorylase (EC 3.6.1 3), SDS-PAGE, sodium
dodecyl sulfate-polyacrylamude gel electrophoresis, Mg?*-
ATPase, Mg2*-dependent adenosine triphosphate phosphory-
lase, PMSF, phenylmethylsulfonyl fluonde
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(Na+ + K*)-ATPase can be purified in a
membrane-bound, active form [4] and these char-
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acteristics render these preparations ideal for the
study of the enzyme’s structural and functional
properties. Indeed, studies using controlled pro-
teolysis in combination with chemical labeling of
the purified enzyme have led to a model of the
membrane arrangement of the alpha-subumit [5],
which m general 1s 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 lipd
vesicles have brought valuable data on the trans-
port properties of the (Na'+ K*)-ATPase (for
review, see Refs. 8 and 9). One potential drawback
of these experimental approaches is, however, that
purification of (Na* + K*)-ATPase can only be
achieved by using sigmficant concentrations of
sodium dodecyl sulfate (SDS) [4]. It is indeed
conceivable that the detergent might alter the na-
tive membrane orgamization of the enzyme and 1n
consequence modify its physiologically relevant
operational state. Thus, for a better definition of
the complex functions of this enzyme, 1t 18 1m-
portant to study the membrane arrangement of
the purified 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
microsomal fraction of toad kidney and have used
controlled trypsinolysis as an experimental tool to
gain information on the membrane organization
of the polypeptides as well as on their functional
state Indeed, it has been shown that the char-
acteristic proteolytic fragmentation of the alpha-
subumit 1n response to Na™ or K* reflects the
cation-induced conformational transitions of the
active enzyme [10,11]. The specificity of controlled
trypsinolysis of (Na* + K*)-ATPase has been as-
sessed 1n two ways: (1) by comparing the time-
course of (Na® + K*)-dependent ATPase in-
activation to the degradation of the catalytic al-
pha-subunit of the enzyme; (11) by 1dentifying the
specific cation-dependent tryptic fragments, using
protein staiming on SDS gels or immunoblotting
revealed with monospecific polyclonal antibodies
raised against the alpha-suburnit of (Na* + K*)-
ATPase [12]

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

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

Experimental Procedures

Microsomal fractions and purified (Na®* +
K*)-ATPase from the kidney of the toad Bufo
marinus (obtained from C.P. Chase, Miami, FL)
were prepared as described [12] by using a mod-
ified procedure originally developed by Jergensen
[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 wmol
P . (mg protem)™! - h~', respectively. Mg?*-
ATPase measured in the presence of 1074 M
ouabain made up about 80% and 3% of the total
ATPase activity in microsomal fractions and
punfied enzyme preparations, respectively.

Controlled proteolysis of (Na™ + K * )-ATPase
Purified or microsomal (Na*+ K*)-ATPase
was digested on ice in an incubation medium A
containing 150 mM KCl or 150 mM NacCl, 18 mM
Tris-HCI (pH 7.4), 30 mM bDL-histidine and 5 mM
EDTA., either in the presence of trypsin (Sigma
type XI) or proteinase 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 1n
the presence of Na™ or K™ for various tume peri-
ods indicated in the figures. Proteinase K was
used at a protease to protein ratio of 2.5 Control
samples were incubated 1n parallel in the absence
of proteases. Trypsin digestion was stopped by
addition of a 5-fold excess of soybean trypsin
mhibitor (Sigma) and proteinase K digestion by 2
mM phenylmethylsulfonyl fluoride (Merck, Stock
solution: 200 mM 1 90% ethanol). By adding
proteinase tnhibitors 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 centnfuged in thick wall poly-
carbonate tubes (Beckman) in a SWS55 rotor in a
Beckman LB-70 ultracentrifuge at 100000 X 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 S min and 6-48 pg of protein were subjected
to sodium dodecyl sulfate-polyacrylamide slab gel
electrophoresis (SDS-PAGE).

Gel electrophoresis and Western blot

SDS-PAGE was performed as described [14].
Purified (Na*+ K*)-ATPase was detected by
Coomassie blue (R250, Merck) and quantitated by
laser densitometry (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 ug of protein) when gels were scanned
before drying.

Alternatively, samples of microsomal fractions
or of the purified enzyme run on 5-13% SDS
polyacrylamide gels were transferred to nitrocel-
lulose filters [16,17] and stained with Coomassie
blue [18] or Ponceau red [19]. After 1 h of incuba-
tion 1n phosphate-buffered saline (PBS) contain-

A

KD

gg - “uu-—-u
59-» boed b bt 558 ol

1]213]4]s

383

mmg 5% newborn calf serum, the blots were n-
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 H,0,. The revealed bands
were quantitated by laser densitometry.

Anti alpha-subumit serum

The anti alpha-subumit serum was prepared as
previously described [12] by using as antigen gel
pieces containing the alpha-subunit resolved on
SDS-PAGE from purified enzyme preparations.
For overlay of Western blots of (Na*+ 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 X g for 30 min at 4°C and
filtered on a 0.22 pm Millipore filter. The anti-
serum was stored at —20°C.

Results

(1) Trypuc digestion of alpha-subumit of (Na* +
K " )-ATPase purified from the kidney of Bufo
marinus

Since most of the previous studies which can

B
6]7(8]9]w0

9] 3 S d ——
<« 56 > NHM‘.‘“

N w— e 40 >

30>

cation Na |Na | K |Na |

<« 16 »

Na|Na| K |Na| K

trypsin/protein | - 0.2

- 0.2 10|75

Fig 1 Trypsinolysis of punfied toad kidney (Na* + K* )-ATPase Punfied (Na* +K* )-ATPase (48 ug protein) was incubated with

mdicated concentrations of trypsin in the presence of 150 mM NaCl or KCl for (A) 20 mun at 25°C or (B) 60 min at 0°C The

samples were prepared for SDS-PAGE and the gels stamned with Coomassie blue as descnibed i Experimental Procedures. 96

KD =96 kDa, for example Molecular masses of the proteolytic fragments were determuned by using six 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
charactenized the purified toad kidney (Na't +
K*)-ATPase in order to compare the amphibian
to the mammalian enzyme.

As shown in Fig. 1A (lane 1), punified (Na* +
K *)-ATPase of the toad kidney with a mean
specific activity of 700 pmol P, - (mg protemn) ' -
h~'1s mainly composed of the 96 kDa alpha-sub-
unit and the 60 kDa glycoproteinic beta-subunit.
The 1dentity of these two subunits of (Na®™ + K*)-
ATPase has prevously been determined [14]. Due
to the poor and diffused staining of the heawvily
glycosylated beta-subunit by Coomassie blue, 1t is,
however, impossible to give a rehable estimate of
the degree of purity of this enzyme preparation.
Besides the two (Na* + K*)-ATPase subunits, a
30 kDa polypeptide was consistently co-purified
and 1t 1s not yet established whether this protein 1s
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-
peptuides, the molecular masses of which namely
59 kDa and 41 kDa, approximately summed up to
the molecular mass of the alpha-subunit. We pro-
pose that these latter polypeptides represent
spontaneously produced proteolytic fragments of
the catalytic subunit (for further evidence. see
below).

The purified enzyme preparation was subjected
to controlled trypsinolysis to reveal structural
properties of the alpha-subumit 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 microsomal kidney fractions
or homogenates of cultured cells on the other
hand. The procedure is known to yield character-
1stic proteolytic frgments, the appearance of which
depends on the difference conformations adopted
by the membrane-bound active enzyme 1n the
presence of either Na™® or K* [10).

The alpha-subunit 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 mun 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 subunit into a 93 kDa
polypeptide and the parallel disappearance of the
spontaneous degradation fragment of 59 kDa,
irrespective of the 1onic condition. Significant
digestion of the alpha-subunit and thus revelation
of the cation-induced conformational 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 1n 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 1n both ionic conditions. Neither the
beta-subunut, nor the 30 kDa polypeptide were
digested under these conditions.

Since one reason for the characterization of the
purified toad kidney enzyme was to create a refer-
ence for companson 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 n order to avoid the
activation of cell spectfic proteases [20].

Incubation of the purified enzyme for 60 min at
0°C at a trypsin to protemn ratio of 0.2 n fact
produced a very similar tryptic pattern as at 25°C
(Fig. 1, compare lanes 2 and 3 with 7 and 8). In
addition, despite a probable impairment of 10n-
specific conformational changes at 0°C, 1t was
possible, after increase of the trypsin to protein
ratio, to reveal the adoption of different config-
urations m response to Na* and K* through the
production of the cation-specific proteolytic frag-
ments. In particular, a more prominent production
of the 56 kDa and 40 kDa fragment could be
observed 1in 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 protemn ratios of 10 and 75 in the
presence of Na™ and K™, respectively, revealed
that. (1) the 3 kDa shift of the alpha-subunit was
produced within a few munutes in both conditions,
(2) the enzyme 1n the Na* conformation was more
resistant to trypsinolysis, leaving about 30% of the



alpha-subunit 1n the 93 kDa form after 60 min of
trypsinolysis compared to about 15% in the K*
conformation, (3) the 73 kDa fragment (char-
acterized as Na™ specific in trypsinization experi-
ments performed at 25°C, see Fig. 1A, lane 4) was
produced more rapidly and to a greater extent in
the Na* condition than in the K™ condition, (4)
during a 60 mun trypsinolysis, secondary tryptic
fragments were formed which differed in the two
ionic conditions (Fig. 2A + B).

In addition to the production of the described
tryptic fragments of 93, 73, 56 and 40 kDa, the
molecular masses of which closely resemble the
ones described for mammalian enzymes, and some
secondary cleavage products of low molecular
mass, the toad kidney preparation yielded small
amounts of an 83 kDa fragment exclusively in the
K™* condition (Fig. 1, lane 10 and Fig. 2). Pro-
teinase K, which 1s less specific than trypsin,
produced at protease to proten ratios of 2.5,
significant quantities of this product (see below
and Fig. 5) and thus 1t represents most likely a
specific cleavage product of the alpha-subunit in
the K* configuration and not of a minor contami-
nant comugrating with the alpha-subunit.

(2) Correlation between trypsinolysis of the alpha-
subunit and the loss of (Na* + K *)-ATPase activ-

iy
Further indications on the homogeneity of the
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Fig 2 Time-course of tryptic digestion of alpha-subunit 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 proteolyuc fragments
quantitated on Coomassie blue stained gels as described in
Expenmental Procedures The graphs show the relative propor-
tions of individual tryptic fragments 1n the total alpha-subunit
related matenal at various times after trypsinolysis The dotted
lines represent the hypothetical ime-course of the shift of the
96 kDa alpha-subunit into the 93 kDa cleaved form (A)
Trypsimzation 1n the presence of 150 mM NaCl at a trypsin to
protein ratio of 10. (B) Trypsinization 1n the presence of 150
mM KCl at a trypsin to protein ratio of 75

alpha-subunit were obtained by following the rela-
tion existing between the decrease of the alpha-
subunit population and the loss of enzyme activity
during trypsinolysis. The expectation was that the
loss of enzyme activity would closely parallel the
disappearance of the alpha-subunit dunng tryp-
sinolysis. As can be seen in Fig. 3 A + B, the
semi-logarithmic curve, describing the decrease 1n
the enzyme activity during trypsinolysis 1n the
presence of Na* and K* was biphasic. Within a
few minutes of trypsinolysis, the enzyme activity
decreased to about 60% of the control value. From
then on, 1t diminished more slowly and as shown
for the K* condition 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 alpha-subunit
population to the 93 kDa form in both 1onic



386

o g
g a E A
g )] o g o ®
1006 HooS  E£100¢ oo €
e 804_°° o - 80 g ©80{ o 80 €
Z'60- 1605 S60f © 60 £
z ®e ° : = o'f o =
@ ° ¢ o] ' ° T c
8 L4 e ©® : g g L4 : ° i é
a 20 . L2080 &2 L 20 @
£ R i
) L) 8 5
2 104 F1052 2 101 i 10
5 8 - 8 o 5 81 of 8,
2 T y : v — ] v T T T y 14 19
: 10 20 30 40 50 60 5 10 20 30 40 50 60120180

time of proteolysis (min) time of proteolysis (min)

Fig 3 Relation between the disappearance of alpha-subunit and loss of (Na* + K™ )-ATPase activity during trypsinolysis in the
presence of Na* and K* Digestion of alpha-subumt was followed in the presence of 150 mM NaCl (A) or 150 mM KCI (B) as
described 1n Fig 2 and 1n Experimental Procedures ‘Alpha-subumit’ (O). 96 kDa or 93 kDa cleaved form (for further explanation see
text) Represented are the percentages of the 96 kDa and 93 kDa forms, respectively, of the alpha-subunit at various time points of
trypsinolysis compared to a control sample incubated for 60 mun 1n the absence of trypsin At each time-point of trypsinolysis,
(Na* +K*)-ATPase activity (®) was deterruned 1n the same samples as described 1n Experimental Procedures and expressed as
percentage of the activity of a control sample incubated for 60 mun in the absence of trypsin At time points of trypsimnolysis where
several experiments were performed, the mean value and the range of the mount of the ‘alpha-subumt’ (------ )} and of the
remaining enzyme activity (————) are indicated. At 6 mun of digestion »n = 4, at 60 mun of digestion, n =8

conditions (Fig. 2 A + B) with only a minor de- to the amount of 96 kDa or 93 kDa maternal,
crease in the absolute intensity of the Coomassie respectively.

blue stained polypeptide (Fig. 3 A + B). (Since

between 0 and 4 min of trypsinolysis, both 96 kDa (3) Comparison of structural features of SDS-puri-
and 93 kDa polypeptides were produced which fred and microsomal (Na™ + K *)-ATPase by poly-

could, however, not be separately quantified, we clonal antibodies
refer to the 96 and 93 kDa region of the gel as the In order to test whether detergent-treatment
‘alpha-subunit’ region in Fig. 3). nught modify the native membrane topology of
Once the 3 kDa shift was complete, e.g. after 6 (Na® + K*)-ATPase and thus its inherent func-
min of trypsinolysis, the amount of the 93 kDa tional properties, we compared the tryptic frag-
form of the alpha-subumt diminished in parallel mentation of the alpha-subunit derived from the
to the enzyme activity of the preparation (Fig. 3). SDS-purified enzyme with the one obtained from
In addition, as shown in Fig. 3B, complete microsomal fractions devoid of detergent.
digestion of the 93 kDa polypeptide coincided Since tryptic products of the alpha-subumt ob-
with the complete loss of enzyme activity. tained from mucrosomal fractions could not be
A similar biphasic enzyme inactivation was reliably detected on Coomassie blue stained gels,
observed with mammalian preparations but only we used a polyclonal anti alpha-subunit serum for
in the Na™ conformation of the enzyme [10,11]. It their revelation after gel migration and blotting of
was concluded that the immtial cleavage process the digested preparations to nitrocellulose paper
which removes a 2 kDa fragment from the As can be seen in Fig. 4, immunoblotting with
N-terminal of the alpha-subunit [21,23] gives rise this antiserum of the SDS-purified enzyme indeed
to a polypeptide with impaired enzymatic activity revealed the major proteolytic fragments char-
[10]. acterized above on Coomassie blue stained gels.
Thus, our results indicate that the actual activ- Thus, the 96 kDa alpha-subunit and the sponta-

ity of the enzyme preparation is intimately related neously produced 59 kDa fragments were detected
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Fig 4 Companson of the tryptic fragmentation of alpha-subunit from purified and microsomal (Na* + K™* )-ATPase Punfied

(Na* +K™*)-ATPase (5 ug proten) (lanes 1-3) or microsomal kidney fractions (15 pg protein) (lanes 4-10) were treated with trypsin

at indicated concentrations in the presence of 150 mM NaCl or KCI for 60 mun at 0°C Samples were then run on SDS-PAGE,

transferred to nitrocellulose filters and revealed with anti-alpha-subumt serum as described in Experimental Procedures DOC
deoxycholate, used at a detergent to protemn ratio 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™ specfic 83, 56 and 40 kDa fragments (Fig. 4,
lane 3) 1n 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 im-
munoreactivity of the lower molecular mass frag-
ments produced in the varous 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 microsomal fractions were treated with
trypsin under 1dentical 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, 1n 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 shght 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 mucrosomal 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 1n the two 1onic conditions (Fig. 4.
lanes 9 and 10), 1t can be concluded that the
segment of the alpha-subumit containing this
tryptic site 1s indeed readily affected by detergent
treatment.

In mammalian preparations of purified (Na* +
K*)-ATPase, a sitmilar 2 kDa cleavage site has
been described [23] and by sequence analysis has
been assigned to the N-termunal of the alpha-sub-
unit {21]. In view of these data, the result obtained
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under mild digestion conditions (trypsin to pro-
tein ratio 0.2) of the microsomal enzyme also
suggest that the 59 kDa spontaneous fragment
visible with non-trypsinized samples derives from
the N-terminal of the alpha-subunit e.g. of the
same segment which contains the 3 kDa cleavage
site. Indeed when the 96 kDa alpha-subunit was
cleaved into the 93 kDa polypeptide, namely 1n
the Na* condition in the absence or presence of
detergent (Fig. 4, lanes 7 and 9) or in the K™
condition 1n the presence of detergent (Fig. 4, lane
10) the 59 kDa fragment was cleaved in parallel.
On the other hand, no digestion of this fragment
occurred 1n the K* condition without detergent in
which the alpha-subumit resisted to the 3 kDa
cleavage (Fig. 4, lane 8).

(4) Immunoreactivity of the N-termunal versus the
C-termunal of the alpha-subunit

Controlled trypsinolysis permutted us to test the
antigenicity of various segments of the alpha-sub-
unit. For this purpose, we compared the intensity
of the immunoblotted fragments of the alpha-sub-
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Fig. 5 Relative immunoreactivity of proteolytic fragments of
the alpha-subumt Purified (Na* +K™* )-ATPase was treated
with trypsin at a trypsin to protein ratio of 7 5 in the presence
of KCl (lane 1), at a trypsin to protein ratio of 10 in the
presence of NaCl (lane 2) or with proteinase K at a protease to
protein ratio of 25 Incubation proceeded at 0°C for 60 min
1n the case of trypsin or for 20 mun 1n the case of proteinase K
8 ug of digested samples were divided 1nto two equal aliquots
and subjected in parallel to SDS-PAGE and Western blotting.
Half of the samples were stained with Coomassie blue (A), and
the other half with 4-chloronaphthol/H,0, after overlay of
the mtrocellulose with ant alpha-subumnt serum (B) Shown are
the relative staiming intensities of the major proteolytic frag-
ments produced in the different digestion conditions as as-
sessed by laser densitometry 40 K = 40 kDa fragment

unit from purified preparations with parallely run
nitrocellulose strips containing 1dentical samples
but stained with Coomassie blue. As shown 1n Fig
5, the largest tryptic fragments namely the 83 kDa
fragment produced with trypsin or proteinase K~
(Fig. 5, lane 3) and the 73 kDa fragment produced
with trypsin 1n the presence of NaCl (Fig. 5, lane
2) are as expected best recognized compared to
the actual amount of proteins present (compare
Fig. 5, lanes 2 A+ B, 3 A+ B). On the other
hand, while trypsinolysis 1n the presence of KCl
produces about the same amounts of the comple-
mentary 40 and 56 kDa fragments as revealed by
Coomassie blue staining (Fig. 5. lane 1 A), the 56
kDa fragment is less recognized by the antiserum
than the 40 kDa fragment (Fig. 5, lane 1B)

Since 1t has been shown by others that the 40
kDa fragment includes the N-terminal domain
[21], it might be concluded that this region con-
tains more antigenic sites than the C-termunal
domain of the alpha-subunit.

Discussion

In the present study, we have characterized the
purified (Na*™ + K*)-ATPase from an amphibian
source 1n order to establish a basis for comparison
of some structural and functional features of the
enzyme with corresponding mammalian prepara-
tions on the one hand and with detergent-free
enzyme preparations on the other hand.

(1) Purified amphibian (Na* + K *}-ATPase dis-
plays similar structural features as the mammalian
enzyme

Analysis of the structure-function relationship
of (Na®+ K*)-ATPase has mainly been per-
formed on purified mammalian enzyme prepara-
tions. In the present paper we extended such
studies to the enzyme from an amphibian source
and we could show that mammalian and
amphibian (Na* + K*)-ATPase compare rather
well e.g. with respect to their ability to perform
cation-induced conformational changes as defined
for mammalian preparations by Jergensen [10].

Indeed, tryptic cleavage products obtained from
the alpha-subunit of the amphibian enzyme namely
the 73 kDa fragment 1n the E;Na form and the 56
and 40 kDa fragments in the E,K form (Fig. 6)
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Fig 6 Linear model of alpha-subunit from toad kidney (Na™*
+K™*)-ATPase with positioned tryptic sites exposed in the
E,Na or the E,K form of the enzyme Tryptic fragments are
indicated by their molecular mass, (93 = 93 kDa for instance)
1, 2, 3, 4, = tryptic bonds. Bond 1 1s predominantly cleaved by
trypsin in the presence of KCl in the microsomal and purnified
enzyme Bond 2 1s a munor tryptic site exposed 1n the presence
of KCl Bond 3 is cleaved in the presence of NaCl in the
mucrosomal and the purified enzyme Bond 4 s rapidly cleaved
at low trypsin concentrations in the presence of NaCl and KCl
m the detergent-treated enzyme but only in the presence of
NaCl 1n the microsomal enzyme

correspond in all likelihood to the similar molecu-
lar mass fragments observed with different mam-
mahan preparations [10,21,22]. Our results thus
suggest that the accessibility of trypsin to specific
amino acids in the polypeptide and 1n conse-
quence the structural organization of the alpha-
subunit of (Na*+ K*)-ATPase is highly con-
served throughout evolution.

Besides the described similarities, the toad kid-
ney (Na*+ K*)-ATPase might bear, however,
some intrinsic structural differences compared to
the mammalian kidney preparations. Indeed, the
amphibian enzyme exposes an additional tryptic
site which has not been described in mammalian
preparations and which gives rise although n small
amounts to an 83 kDa tryptic product (Fig. 6).
The fragment is likely to be a specific cleavage
product of the alpha-subunit since (1) its produc-
tion 1s dependent on the presence of K*, a fact
which excludes e.g. an identity to a simular tryptic
fragment of 90 kDa produced by Ca’*-ATPase
samples [24], (2) 1n proteinase K-treated samples.
the 83 kDa fragment makes up an 1mportant
proportion of the tryptic pattern, a fact which can
only be reconciled with cleavage of the alpha-sub-
unit, (3) our data on enzyme 1nactivation during
trypsinolysis clearly show that enzyme activity is
inherent to all protein material in the alpha-sub-
unit gel region, (4) the 83 kDa fragment can be
revealed as a major tryptic product of the mature
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enzyme 1n cell homogenates and 1s also prefer-
entially produced in K* conditions [20].

Only when the amino acid sequence of the
amphibian alpha-subunit 1s determined and can
be compared to the one recently established from
the cDNA sequence from sheep kidney [7] and
from Torpedo californica [6] will it be possible to
decide whether the exposure of an additional
tryptic bond observed 1n the amphibian enzyme is
due to a sequence difference or rather to a dif-
ference in the structural organization of the
alpha-subunit in different species.

(2) The structure-function relationship of purified
(Na* + K *)-ATPase compared to detergent-free
enzyme preparations

The structure-function relationship of (Na* +
K*)-ATPase has mainly been studied with puri-
fied and thus detergent-treated enzyme prepara-
tions. A purpose of the present study was to
determune whether data obtained with such pre-
parations are comparable to those obtained with
the microsomal enzyme e.g. whether detergent-
treatment influences or not the membrane topol-
ogy and thus the functional properties of (Na™ +
K*)-ATPase. The membrane arrangement of the
detergent-free microsomal kidney enzyme was thus
compared to the purified enzyme from the same
tissue by using controlled trypsinolysis in the pres-
ence of Na* or K* in combination with 1m-
munoblotting of the proteolytic fragments. Our
data indeed indicate that the two enzyme prepara-
tions compare well with respect to the exposure or
occlusion of specific tryptic bonds in the two ionic
conditions and we mught thus conclude that the
main topological charactenistics of the enzyme are
conserved during purification. The only segment
of the alpha-subunit which potentially mught be
sensitive to detergent treatment 1s the NH,-termi-
nal. Indeed a cleavage of a 3 kDa fragment occurs
in both the Na*- and the K*-form of the alpha-
subunit from the purified enzyme or from the
microsomal enzyme treated with low detergent
concentrations while under the same experimental
conditions this cleavage only occurs in the Na*
form of the alpha-subumt from microsomal frac-
tions free of detergents (Fig. 6). The functional
consequences of this modification can actually not
be estimated. Possibly, it could mean that the
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purified enzyme preparation of amphibian source,
despite its high specific enzyme activity, has lost
some regulatory characteristics, inherent to the
N-terminus of the microsomal enzyme. It has been
reported that in the mammalian enzyme, the 3
kDa cleavage occurs 1n the Na*- and the K "-form
but 1s more sensitive in the Na*-form [11]. Since
this 1s true even with punfied preparations, it
might 1ndicate that the mammalian enzyme 1s
even less sensitive to structural modifications by
detergents than the amphibian enzyme.

(3) Antigenic determunants of the alpha-subunit from
amphibian (Na™* + K *)-ATPase

Tryptic cleavage of the alpha-subunit combined
with Western blotting and immunooverlay of the
samples provided us with valuable information on
the antigenic determinants of various domains of
the alpha-subunit. Our data suggest that the N-
terminal domain (e.g. the 40 kDa fragment) con-
tains more antigenic sites than the C-terminal
domain (e.g. the 56 kDa fragment). These data are
1n good agreement with a recent report by Farley
et al. [25] who determined three main antigenic
domains on the alpha-subunit of dog kidney, all
located within the amino termunal half of the
polypeptide. Since their antibodies had been pro-
duced against denatured purified alpha-subunit, 1t
seems that the NH,-terminal has a higher inherent
antigenicity compared to the C-ternunal with re-
spect to continuous as well as discontinuous epi-
topes.

The present study provides 1n addition further
evidence for the specificity of our ant1 alpha-serum
Indeed, the good correspondence of the tryptic
pattern of the alpha-subumt from the punfied
toad kidney enzyme with the one from other highly
purified preparations together with the good cor-
relation existing between the disappearance of the
material 1n the alpha-subunit gel region and the
loss of (Na®+ K*)-ATPase activity upon tryp-
sinolysis suggest that the antigen, namely the poly-
peptide of 96 kDa which had been used to prepare
the anti-alpha-serum [12], displays a high degree
of homogeneity.

In conclusion, the present study enabled us to
demonstrate the similarity of the overall structural
organization of the alpha-subumt 1n different
(Na* + K*)-ATPase preparations. In addition, we

could define in this study major antigenic domains
on the alpha-subunit. This information was a pre-
requistte for the assessment of structural and func-
tional maturation processes of the (Nat+ K*)-
ATPase 1n the intact cell [20] and has been of
critical importance for the successful molecular
cloning of the amphibian alpha-subumt, where
our antisera were used for screening of a ¢cDNA
expression library [26].
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