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The minimal functional enzyme unit of Na,K-ATPase consists of an a-f complex. The a-subunit bears all functional domains of the enzyme and

so far a regulatory role for the f-subunit in the catalytic cycle has not been established. On the other hand, increasing experimental evidence suggests

that the f-subunit is an indispensable element for the structural and functional maturation of the enzyme as well as its intracellular transport to

the plasma membrane. This brief review summarizes the experimental data:supporting the hypothesis that assembly of the g-subunit is needed
for the a-subunit to acquire the correct, stable configuration necessary for the acquisition of functional properties and its exit from the ER.

Na-K-ATPase; Adenosine triphosphatase; f-Subunit; Protein oligomerization; Subunit assembly; Maturation; Intracellular transport

1. INTRODUCTION

The Na,K-pump or its molecular equivalent the
Na,;K-ATPase is a ubiquitous plasma membrane
transporter found in animal cells (for reviews see [1-3]).
Its principal function is related to the maintenance of
cellular ion homeostasis, e.g. high intracellular K and
low Na concentrations, The Na,K-pump moves K and
Na against their chemical gradients by using the energy
provided by ATP hydrolysis. The Na gradients
resulting from the enzyme’s activity are crucial for the
efficient functioning of other Na-coupled transport
systems and in consequence the Na,K-ATPase becomes
a key enzyme implicated in many general and specializ-
ed cellular functioas.

At the molecular level, Na,K-ATPase is composed of
two non-covalentiy linked subunits. Hydropathy
analysis of amino acid sequences [4-7], chemical label-
ing or proteolysis [8-10] and studies on antibody reac-
tivity [11-15] of Na,K-ATPase subunits have provided
the necessary information to deduce the putative mem-
brane topology of the 2 enzyme components. The o-
subunit is a complex membrane protein of class IV,
with several membrane-spanning - domains. Na,K-
ATPase a-subunit shares this membrane organization
with all P-ATPases (for review see [1]) as well as with
proteins such as adrenergic receptors, subunits of the
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acetylcholine receptor or the human glucose transporter
(for review see [16]). The 8-subunit on the other hand
belongs to the class II membrane proteins characterized
by one membrane-spanning domain and the N-terminus
exposed to the cytoplasmic side (for review see {16]).

The «- or catalytic subunit bears all domains related
to the enzyme's activity, namely binding sites for ca-
tions, ATP and phosphate as well as for the specific car-
diac glycoside inhibitors. At least 3 o-isoforms exist
which exhibit a tissue-specific distribution and dif-
ferences in functional properties (for review see
[17,18D.

The putative role of the 8-subunit, the second com-
ponent of: the functional enzyme expressed at the
plasma membrane, remains obscure. However, recent-
ly, B1- [5,7,19-22]) (82- [23,24} and p3-isoforms [25]
have been identified, a fact which strongly suggests that
B-subunits like a-subunits belong to a family of pro-
teins, each having a distinct functional property. Since
B-subunits do not participate in an obvious, direct way
in the catalytic cycle, nor do they determine ouabain
sensitivity of the enzyme [26-29], S-subunits might
rather be discrete indirect modulators of the enzyme’s
activity. This new interesting concept is indeed sup-
ported by the recent observation that 32-isoforms ex-
hibit characteristics of an adhesion molecule [23].

The fine tuning of the Na,K-ATPase activity by the
B-subunit or its role as a cellular recognition signal
awaits further confirmation. On the other hand, thereis
increasing experimental evidence that the S-subunit or
more specifically its assembly to the catalytic a-subunit

189



Volume 285, number 2

might be a major determinant in the structural and
functional maturation of the enzyme as well as for its
intracellular transport. In the following, I would like to
summarize what we know so far on the main steps im-
plicated in the biosynthesis, the posttranslational pro-
cessing and the cellular sorting of Na,K-ATPase with
special emphasis on the putative role of the G-subunit in
these events.

2. BIOSYNTHESIS, SUBUNIT ASSEMBLY AND
POSTTRANSLATIONAL MATURATION OF
Na,K-ATPase

Some but not all details of the biosynthesis and the
membrane integration of the two Na,K-ATPase
subunits have been established (for recent review see
[30]). The available information predicts that these pro-
cesses are governed by certain general mechanisms
which are similar for most membrane proteins (for re-
cent review see [31]). Briefly, the subunits of Na,K-
ATPase are synthesized from distinct mRNAs and can
insert into membranes of the endoplasmic reticulum
(ER) independently of each other [32,33]. Integration
of the two subunits occurs cotranslationally [32-35] and
eventually depends on the interaction with the signal
recognition particle (SRP) [35,36] and probably the
SRP receptor [32]. Neither of the two subunits has a
cleavable signal sequence. In the w«-subunit, the first
four ‘transmembrane segments [37] and in the 3-
subunit, the single membrane-spanning domain [35] ap-
parently include internal signals necessary for mem-
brane insertion. Finally, in the course of translation,
the B-subunit acquires core sugars [33] and most likely
forms the three disulphide bonds which have been iden-
tified in the purified enzyme [38-40].

The actual data on the biosynthesis and membrane
integration of Na,K-ATPase do not support a previous-
ly proposed idea that S-subunits might act as receptors
for membrane integration of the a-subunits [41].
Nevertheless, studies of the biosynthesis performed in
cultured cells, in transfected animal or yeast cells or in
Xenopus oocytes injected with cRNA (mMRNA prepared
from cloned cDNA by transcription in vitro) reveal that
the B-subunit certainly plays an important role in the ef-
ficient expression of newly synthesized a-subunits and
ultimately in functional «-8 complexes at the cell sur-
face. Noguchi et al. [42] were the first to show that an
increase in functional pumps exposed at the plasma
membrane of Xenopus oocytes injected with ¢cRNA
critically depends on the concomitant expression of a-
and @-subunits. Similarly, both - and #-subunits were
required to increase the Na,K-ATPase activity and
ouabain-binding in transfected yeast cells which unlike
animal cells lack an endogenous Na,K-ATPase [43].
Finally, in certain experimental systems, an increase in
cellular Na,K-pump molecules or activity is achieved by
a selective upregulation of 3-mRNA alone {44,45].
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Several lines of evidence now suggest that the basis
for the interdependence of «- and G-subunits is the
necessity of subunit oligomerization in the structural
and functional maturation of the enzyme. Actually,
several arguments are in favour of the hypothesis that
assembly of the 8-subunit is needed to impose a correct,
stable membrane organization on the newly synthesized
c-subunit. A first interesting observation related to this
issue was made in cultured cells treated with
tunicamycin. This inhibitor of protein core glycosyla-
tion indeed produced a significant and specific decrease
in the amount not only of the newly synthesized
glycoproteinic (3-subunit but also of the ‘a-subunit
which is not a glycoprotein [46,47]. This result pointed
to the possibility that a decreased synthesis of the 3-
subunit or its destabilization due to glycosylation-
inhibition might ultimately prevent an efficient cellular
accurmulation of «-subunits. The importance of subunii
assembly for the structural and functional maturation
of the enzyme is also supported by the temporal and
regional coincidence of the two processes. Indeed,
subunit assembly occurs rapidly after completion of
synthesis at the level of the ER [48]. Similarly, the o-
subunit is processed from a trypsin-sensitive form into
a trypsin-resistant form when still residing in the ER
[49]. Finally, the a-subunit acquires some of its func-

. tional properties in parallel with and most likely as a

consequence of its structural maturation. Within 10-20
min after synthesis, the enzyme becomes able to change
its configuration in response to Na and K [49] or to bind
ouabain in the presence of Na, Mg and ATP [50].
More direct evidence for the role of the 8-subunit in
the correct membrane assembly of the e-subunit is pro-
vided by recent biosynthesis studies in the Xenopus
oocyte. Interestingly, these cells in contrast to most
other animal cells, do not synthesize stoichiometric
amounts of «- and B-subunits but accumulate an excess

* of a-subunits over @-subunits [51]. The overexpressed

ea-subunit is highly trypsin-sensitive and resembles, in
this respect, the immature «-subunit found in cultured
Xenopus kidney (Ag) cells shortly after synthesis [49].
Significantly, the sole injection of B-cRNA into
Xenopus oocytes renders the trypsin-sensitive a-subunit
population trypsin-resistant [51]. Similarly, an increas-
ed protection against trypsinolysis is also observed for
exogenous w«-subunits concomitantly synthesized with
B3-subunits in oocytes injected with cRINA [52,53].
Coexpression of the two subunits not only renders
the w-subunit trypsin-resistant, but also leads to an in-
creased cellular accumulation .of the catalytic subunit
[53,54). This result suggests that assembly of the 3-
subunit has a stabilizing effect on the a-subunit. This
hypothesis was tested by measuring the half-life of new-
ly synthesized «-subunits that were expressed in
Xenopus oocytes either alone or together with 8-
subunits, Such experiments reveal that exogenous «-
subunits are rapidly degraded (s, about 2 h) in
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Xenopus oocytes unless they are expressed con-
comitantly with 8-subunits (¢,, about 20 h) [55]). Since
the transit time of Na,K-ATPase from the ER to the
Golgi'is rather slow in Xenopus oocytes (¢,, about 10 h)
it is likely that degradation of the a-subunit takes place
at the level of the ER or in a nearby compartment [55].
Overall, the actual experimental data support the
hypothesis that assembly of the B-subunit to the «-
subunit, rapidly after synthesis, is a pre-requisite for the
catalytic subunit to acquire a correct, stable membrane
organization, likely to be needed for its functional
maturation. Thus Na,K-ATPase must meet similar re-
quirements for a correct folding as many other
oligomeric proteins studied (for review see [56]).

Interestingly, Noguchi et al. [57] recently reported
that S-subunits do not need to be concomitantly syn-
thesized with «-subunits to be able to form active a8
complexes. Newly synthesized o-subunits in Xenopus
oocytes can associate with pre-existing S-subunits which
had been synthesized from injected cRNA before ex-
pression of «-subunits. This result indicates that
assembly is not necessarily a cotranslational event and
provides a further argument that the S-subunit is the
limiting factor for the formation of functional «-8
complexes. This hypothesis is further supported by the
observation that B-subunits synthesized alone in
Xenopus oocytes have a longer half-life (¢,, about 9 h)
than unassembled «-subunits (7,, about 2 h) [55]. Since
very little is known about the mechanisms which govern
oligomerization of multisubunit proteins, we can only
speculate that the longer half-life of the 8-subunit might
be potentially important for an efficient subunit
assembly to occur.

3. SUBUNIT ASSEMBLY AND INTRACELLULAR
TRANSPORT OF Na,K-ATPase

Injection of B-cRNA into Xenopus oocytes leads not
only to an increased trypsin resistance of the overex-
pressed endogenous «-subunit, but also to the expres-
sion of more functional pumps at the plasma membrane
as assessed by ouabain binding [51]. This result led to
the assumption that in analogy to other oligomeric pro-
teins (for review see [56)), subunit assembly might be re-
quired for intracellular transport of the enzyme to the
plasma membrane, in particular for its exit out of the
ER. The experimental evidence so far available is in-
deed in favour of this hypothesis since as discussed
above, the o-subunit synthesized in the absence of 3-
subunit in Xenopus oocytes has a very short half-life
which is incompatible with transit through the Golgi
[55]. Furthermore, Takeyasu et al. [58) have observed
in immunofluorescence studies that most of an avian «-
subunit population overexpressed in transfected mouse
cells accumulated intracellularly, most likely in the ER.

Interestingly, in Xenopus oocytes, 3-subunits despite
their longer half-life, appear to also remain confined to
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the ER in the absence of concomitant «-subunit syn-
thesis. This result was deduced from the observation
that 8-subunits are kept in a core-glycosylated form if
expressed alone. Acquisition of complex type sugars, an
indicator of passage through a trans-Golgi compart-
ment, is only observed when the S-subunit is expressed
together with a-subunits [55].

At present, there is no definite proof that the obser-
vation made in Xenopus oocytes on the transport in-
competence of unassembled B-subunits is of general
validity. Indeed, by combining pulse-chase experiments
with cellular fractionation of MDCK cells, it was
recently reported that sucrose gradient fractions enrich-
ed in basolateral membranes contain an excess of 3-
subunits over a~-subunits [44]. In addition, Marxer et al.
[59] were able to reveal a G-subunit-like antigen in the
brush border of rat distal colon which cross-reacted
with a monoclonal B-antibody but which did not co-
distribute with a-subunits. These results could indicate
that in certain cell types, B-subunits might escape the
transport constraint observed in the Xenopus oocyte.
However, this hypothesis can only be validated if ‘it
could be shown that 8-subunits are not associated with
another non-a-subunit protein which might permit their
intracellular transport.

4. POSTTRANSLATIONAL PROCESSING ' OF
THE B-SUBUNIT AND ITS ROLE IN CELL
SURFACE EXPRESSION OF FUNCTIONAL
Na,K-ATPase

So far, it has become evident that the assembly pro-
cess of the 8-subunit to the a-subunit at the level of the
ER is of crucial importance for the maturation and
transport competence of Na,K-ATPase. The question
arises whether the S-subunit or in particular the post-
translational modifications to which it is subjected as a
glycoprotein might additionally be implicated in the
correct targeting of the enzyme to the cell surface or in
the acquisition of some functional properties.

The B-subunit of Na,K-ATPase is a heavily
glycosylated polypeptide. N-linked glycosylation pro-
cessing of the 8-subunit is much the same as for other
glycoproteins (for review and references see [30]). In
brief, the B-subunit acquires core sugars during its syn-
thesis on consensus asparagine residues which are pro-
gressively trimmed during the transport of the polypep-
tide to the Golgi. Finally, complex-type sugars are add-
ed in a trans-Golgi compartment before the enzyme
reaches the plasma membrane, Interestingly, besides
the previously discussed observation that inhibition of
core glycosylation leads to a significant decrease in the
cellular accumulation of newly synthesized 8- and «-
subunits, no obvious impediment to the enzyme’s sor-
ting or to its activity could be demonstrated when
glycosylation of the B-subunit was perturbed. Indeed,
neither structural nor functional properties of the
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catalytic a-subunit are affected after inhibition of cor-
rect terminal glycosylation [46]. In addition, even
unglycosylated Na,K-ATPase produced by inhibition
of core glycosylation with tunicamycin reaches the
plasma membrane and exhibits similar catalytic ac-
tivities as does the fully glycosylated enzyme [47,48,50].
Thus the role of the sugar moiety of Na,K-ATPase re-
mains an enigma as is the case for many other glycopro-
teins. In view of the recent observation that certain 3-
isoforms might have a putative role in cell adhesion [23]
it is tempting to speculate that complex type sugars of
the B-subunit might be implicated in cellular recogni-
tion. Differences in the number [52] and certainly also
in the chemical composition of sugar moieties observed
in different 3-isoforms could provide a high signal
specificity.

5. PERSPECTIVES

In this short review, I have summarized the available
information which supports the notion that one of the
basic functions of the 8-subunit of Na,K-ATPase is to
confer a stable, correct configuration on the catalytic a-
subunit which permits the structural, and in conse-
quence the functional, maturation as well as the exit
from the ER of the Na,K-ATPase. Since failure to
assemble into a~8 complexes leads to the retention and
degradation of the catalytic c-subunit at the level of the
ER, it appears that Na,K-ATPase is subjected to the
same quality control of the ER as other multisubunit
proteins (for reviews see [56,61,62]). It will now be im-
portant to study what the determinants are in the 8- and
the a-subunits which control an efficient assembly and
thus abrogate ER degradation. To localize specific
putative assembly domains in the two subunits it might
be helpful to check the ability of various isoform com-
binations to assemble into stable o-3 complexes. It will
also be most interesting to test whether the recently
identified -subunit from an other P-ATPase, the H,K-
ATPase [63-66] might act as a surrogate for Na,K-
ATPase B3-subunits.
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