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ABsTRACT: Different isoforms of the sodium/potassium adenosinetriphosphatase (Na,K-ATPase)
subunits have been identified in mammals. The association of the variandj polypeptides results in
distinct Na,K-ATPase isozymes with unique enzymatic properties. We studied the function of the Na,K-
ATPasea4 isoform inS£9 cells using recombinant baculoviruses. Wienand the Na pump1 subunit

are coexpressed in the cells, Na,K-ATPase activity is induced. This activity is reflected by a ouabain-
sensitive hydrolysis of ATP, by a Nadependent, K-sensitive, and ouabain-inhibitable phosphorylation
from ATP, and by the ouabain-inhibitable transport df. lkurthermore, the activity ai4 is inhibited by

the P-type ATPase blocker vanadate but not by compounds that inhibit the sarcoplasmic reticulum Ca-
ATPase or the gastric H,K-ATPase. The Na,K-ATPadeisoform is specifically expressed in the testis

of the rat. The gonad also expressesfheand33 subunits. In insect cells, thed polypeptide is able to

form active complexes with either of these subunits. Characterization of the enzymatic properties of the
o451 anda433 isozymes indicates that both Na,K-ATPases have similar kinetics toh\g ATP, and
ouabain. The enzymatic properties @51 and o433 are, however, distinct from the other Na pump
isozymes. A Na,K-ATPase activity with similar properties as d#lecontaining enzymes was found in

rat testis. This Na,K-ATPase activity represents approximately 55% of the total enzyme of the gonad.
These results show that thel polypeptide is a functional isoform of the Na,K-ATPase both in vitro and

in the native tissue.

The Na,K-ATPase or Na pump includes a family of of 76—78% to the othera isoforms of the Na pump.
isozymes, all of which hydrolyze ATP in a ouabain-sensitive Interestingly, in rats, the4 mRNA is selectively expressed
and a Nd- and K"-dependent fashioriL{-4). Structurally, in the testis 24). Because cells in the testes express the Na,K-
the Na,K-ATPase isozymes consist of distinct forms of two ATPaseoal subunit and two different isoforms of thg
major polypeptides, the. and theg subunits §, 6). Three polypeptide, 1 and3 (12, 29, the possibility exists for
structural variants of the (a1, o2, anda3) andg (81, 52, a4 to form functionally active complexes with multip/®
and 3) subunits have been identified in vertebratés ( subunits. Recentlyq4 polypeptides have been identified in
13). Depending on the cell type, developmental stage, the rat testes and have been expressed in mammalian cells
hormonal stimulation, and pathological state of the tissue, (26). These studies indicate that i isoform has properties
all Na,K-ATPaseo. and 8 polypeptides are expressed in a consistent with that of a Na,K-ATPase catalytic subunit.
highly regulated manner (reviewed in reffs4, 14,and15). However, whether the subunit can function as an ATPase,

The particular expression and association of the diffesent  transport ions, or assemble with multiglesubunit isoforms
andg isoforms in the cell results in Na,K-ATPase isozymes nhas not been determined.

with unique kinetic propertiesl6—22). This difference in

function suggests that rather than being redundant, the Na l? the past, W?hhat;/e stlud!ed the role Qf the I\Jltgﬁli—AJPase
pump isozymes have specific roles. In 1987, evidence for ISoforms, USIng the baculovirus expression sys 9.

the existence of an additionak subunit isoform was This system _employs thAut_ographica californiga/irus to
obtained. Shull and Lingrel2@) isolated a human gene, express foreign genes 8f9 insect cells, a cell line d_erlved
termed ATPIAL2, that exhibited sequence similarity with Tom the ovary of the fall armyworngpodoptera frugiperda
exons 3-6 of the Na,K-ATPase. subunit genes. However, (27)- St9 cells are able to produce the Na,K-ATPasand
it was not until recently that the cDNA representing this gene £ Polypeptides and assemble them into active enzyme
was isolated Z4). This cDNA, designated4, codes for a molecules. Moreover$t9 cells contain very low levels of
polypeptide consisting of 1028 amino acids with an identity €ndogenous Na,K-ATPase activity, allowing the analysis of
the expressed enzymes in an environment relatively free from
T This work was supported by National Institutes of Health Grants contaminating Na,K-ATPase activit¢§, 19. In this report,

GM 39746 and DK 45181 and by American Heart Association Grant We study the function of thei4 polypeptide expressed in
96012080. St£9 cells, in combination with thg1 andf$3 isoforms. We
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isoforms of the Na,K-ATPase and characterize their enzy-
matic properties to Ng K+, ATP, and ouabain.
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MATERIALS AND METHODS the a3 subunit R9).
Membrane Fraction PreparationAdult rat testes were

DNA and Viral ConstructionsThe cDNA corresponding di : :
i . issected and membrane fractions were prepared. For this,
to the rat Na,K-ATPasa4 was obtained from 4gt11 testis the tissue was homogenized on ice in 250 mM sucrose, 25

library purchased from Clontech (Palo Alto, CA). Oligo- mM imidazole (pH 7.4), and 0.1 mM EGTA in a glass
nucleotides were designed from the published sequence ancélasS homogenizer 'I;he' lysate Was centrifuged at 4660
polymerase chain reaction (PCRyas used to obtain five 0 min. The pellet was resuspended, homogenized again,

overlapping fragments. These fragments were then combine nd recentrifuged at 10§@or 10 min. Both the supernatants

by overlap extension PCR and sequenced to confirm t.heof the first and second centrifugations were combined and

integrity of the clone. The sequence obtained was in centrifu s - .
; . X : ged for an additional 30 min at 30 @0rhe final
agreement with that published by Shamraj and Ling2d) ( pellet was resuspended in the original homogenization buffer.

except for a single nucleotide difference that resulted in a o «_ATpase activity in the testis membranes was ap-
chz;nlge '3 _atsp?r:agtl)ne |26 fo serine. Tod CDL\‘A vg?s b proximately 3umol of R released (mg of protein) min—*
subcloned Into the baculovirus expression vector pluebac ;4 comprised 7% of the total ATPase of the preparation.

(Invitrogen Corp., Carlsbad, CA). Thg3 cDNA was The same method was followed for the preparation of
generously provided by R. Levenson (Penn State CoIIegernembranes from the insect cells

of Medicine, Hershey, PA). Recombinant baculovirus prepa- PAGE and Immunoblot AnalysiBroteins were analyzed

ration and selection were performed following the procedures b : ;
y SDS-polyacrylamide gel electrophoresis (SDBAGE)
recomm.end.ed_ by the manufacturer. bd, 02, a3, andfl nd immunoblotting. After separation by SBBAGE 30),
expression in insect cells, the recombinant viruses, prepare£roteins were transferred to nitrocellulose (Hybond-,C
previously, were USEd.LG’ 19). . Amersham Corp.) and immunoblotted as described previ-
Cells and Viral Infections. S cells were grown in TNM- ously (L7) with an '23-labeled antiserum as the secondary
FH medium (defined in reR7; JRH Biosciences, Lenexa, antibody

KS), supplemented with 10% (v/v) fetal bovine serum, Immunocytochemist .
T ) . ry and Confocal Microscopy9 §élls
penicillin (100 units/mL), streptomycin (100 mg/mL), and were plated in 24-well culture plates on 11 mm glass cover

Fungizone (0.25 mg/mL; complete medium). Infections of slips and infected with thex4 recombinant baculovirus.

the ??”S were performed In serum-free medium fc_)r 1_h' Alter Forth-eight hours after infection, cells were treated with 100
addition ofocomplete medlum_, cu!tures were ma!ntam_e(_j for ug/mL cycloheximide, an inhibitor of protein synthesis. This

72 h at 2.7 C. For the dgtgrmmatlon of enzymatic activity, treatment clears the biosynthetic pathway of newly synthe-
the cglls in 150 mm Petri d'She.S were scraped ff°’.“ the pIates’sized proteins, allowing the detection of the expressed
centrifuged at 1509for 10 min, and washed twice in 10 polypeptide at their final cellular destination. Samples were

mM imidazole hydrochlorjde (pH 7.5) and .1 mM EGTA. then processed for immunocytochemistry as descrigyl (
Cells were resuspended in the same solution and used fOR/vith the a4 antiserum as the primary antibody and a

_the assays. Before the determinati_qn of N_a,K-ATEase aCtiV'ﬂuorescein isothiocyanate- (FITC-) conjugated goat anti-
ity, the intact cells were permeabilized with the ionophore rabbit secondary antibody

alame_thlc!n as descnbe_ds). . . Biochemical Assay$rotein assays were performed with
Antibodies For thea4 isoform, a specific antiserum was  picinchoninic acid/copper sulfate solution as described by
raised at Quality Controlled Biochemicals Inc. (Hopkinton, 4 supplier (Pierce Chemical Co, Rockford, IL) after lysis

MA). The antiserum was directed ag_ainst a peptide (SEQK- 4t the celis in 1% 3-[(3-cholamidopropyl)dimethylammonio]-
PRPTLRASNTNRQPK) corresponding to a sequence at the 1-propanesulfonate (CHAPS). Na,K-ATPase activity was

N-terminus of thex4 polypeptide. The purity of the peptide  55qaved through determination of the initial rate of release
was determined by standard reverse-phase HPLC. Theg 2P, from [y-2P]ATP as described previouslyd). The

peptide was conjugated to the carrier keyhole limpet jsqqy \vas performed with 1@ of total membrane protein

hemocyanin through a terminal cysteine and used t0 ImMU- ¢, astis and 26-50 ug for SE9 cells. Na,K-ATPase activity
nogenize rabbits. The effectiveness of immunization was was measured in a final volume of 0.25 mL of medium

tested with an enzyme-linked immunosorbent assay (ELISA), containing 120 mM NaCl, 30 mM KCl, 3 mM MgGl0.2
with bovine serum albumin-coupled peptide on the solid . \\1 EGTA and 30 mM Tri’s—HCI (oH 7.2& 1 mM ouabain.
phase. The titer of the antiserum was approximately 30 000 5qiym azide (2.5 mM final concentration) was included in
and it specifically recognized the4 polypeptide in immu-  ne misture to inhibit mitochondrial ATPase. The assay was
noblots and immunocytochemistry at dilutions of 1:500 and ;o teq by the addition of ATP with 02Ci of [y-*2P]ATP
1:100, rgspecuyely. Thed subunit was |den-t|.f|ed by use (3 mM final concentration). Following a 30 min incubation
of an antie,s antiserum prepared against purnjed ratkidney .. 37 °C, the tubes were placed on ice and the reaction
Na,K-ATPase (polyaA) (28). For the a2 isoform, a  ominated by the addition of 28 of 55% trichloroacetic
monoclonal antibody (McB2) provided py Dr. Kathleen .. (TCA). ReleasedP—P, was converted to phospho-
Sw_eadner (Massachusetts General Hos_pltal) was used. _Th?nolybdate and extracted with isobutyl alcohol. Radioactivity
a3 isoform was detected by use of an antiserum made against; 170 uL of the organic phase was measured by liquid
a synthetic peptide derived from the N-terminal region of ginilation counting. The ATP hydrolyzed never exceeded
15% of the total ATP present in the sample and hydrolysis
* Abbreviations: CHAPS, 3-[(3-cholamidopropyl)dimethylammo- was linear over the incubation time. For the analysis of

nio]-1-propanesulfonate; FITC, fluorescein isothiocyanate; PAGE, activation by N& and K*, incubation media were the same
polyacrylamide gel electrophoresis; PCR, polymerase chain reaction;

Sch-28080, 3-(cyanomethyl)-2-methyl-8-(phenylmethoxy)-imidazo- @S ?bove except that for Nalependency, the Neconc_en'
[1,2a]pyridine; SDS, sodium dodecy! sulfate; TCA, trichloroacetic acid. tration was varied from 2.5 to 122.5 mM. For Ktimulation,
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the K" concentration was varied from 0 to 50 mM. Choline A
chloride was added so that the final concentration of bia

K* plus choline totaled 150 mM. The ATP dependency was
determined under saturating concentrations of all cations (120
mM Na*, 30 mM K*, and 3 mM Mdg"). To determine the
effect of different concentrations of ouabain on Na,K-ATPase
activity, samples were preincubated with the indicated
concentrations of ouabain for 20 min at 7 in the reaction
medium and the reaction was started by the addition of ATP.
Specific Na,K-ATPase activity was determined as the Cr
difference in ATP hydrolysis in the absence or presence of
1 mM ouabain forl or 3uM for a4. In some experiments,
certain ATPase inhibitors were used. Vanadate was added i ; o |-s7kDa

to inhibit P-type ATPases. Ca-ATPase activity was blocked ol o2 o3 o4 ol 02 o3 o4

with thapsigargin (Sigma Chemical Co., St. Louis, MO). To Ficure 1: Detection of rai4 polypeptide expressed in infected
inhibit H,K-ATPase, 3-(cyanomethyl)-2-methyl-8-(phenyl- St9 cells. Recombinant baculoviruses containing the cDNAs of

_imi i _ . ; the rat Na,K-ATPasetl, a2, anda3 isoforms and of the highly
methoxy)-imidazo[1,dJpyridine (Sch-28080; provided by homologoust4 cDNA were used to infect insect cells. After 72 h,
Astra-Hassle) was used.

; . St9 proteins (2Qig) were separated by SB®AGE and transferred
For the phosphorylation of the Na,K-ATPase, the incor- tg nitrocellulose. (A) Immunoblot analysis of thet polypeptide
poration of Pfrom [y-3?P]JATP was performed on membrane with an antiserum prepared against a synthetic peptide at the
fractions from uninfected and4p1 infected insect cells. I\(Igtelrminus Cgft‘tl- 0‘?1 Fter?ebt;:]{?rgigmggreursnerugvtilgfg af) :ufri]%ntgd-
H : o H mmunopiot wi
Phogphorylatlc_)n_ was carried out at°C in 0.5 mL of a ghg synthetic peptide against‘\]/tvhich it was prrt)apared. ()I/D) Expression
medium containing 100 mM NaCl, 1 mM Mg£I10.1 mM of the ol isoform detected with an antif antiserum prepared
EGTA, and 50 mM imidazole, pH 7.4, with or without 50  against purified rat kidney Na,K-ATPase (pabp). (E) Detection
mM KCI or 1 mM ouabain as indicated. Membranes (250 of the a2 isoform with a monoclonal antibody (McB2). (f)3
ug of protein/tube) were preincubated in the indicated eXpr%SSig” _asddftecteg bIX\’I an a_ntiserufthad% againgt a SBr/]”thetiC
medium for 10 min at 37C to ensure binding of o_u_abain. ng;'_ ?n Z“Viasgf] ;ﬁ‘is._,atﬁgﬂguzn%btodySb’va:mﬂgeds)égt the
Samples were transferred t60 and allowed to equilibrate.  gecondary.
The reaction was started by the addition of AT[R-32P]JATP ) o
to a final concentration of 10M. The reaction was stopped ~'esponse curves of each isozyme was done by application
30 s later with 1 mL of an ice-cold solution of 25% TCA, Of anF test as previously reported9).
10 mM unlabeled P and 1 mM unlabeled ATP. Samples RESULTS
were filtered through glass fiber filters under vacuum and
washed with 20 mL of ice-cold 5% TCA containing 10 mM To explore the function of the Na,K-ATPagdike subunit
P. Filters were transferred to scintillation vials and radio- encoded by thex4 cDNA, the polypeptide was expressed
activity was measured. in insect cells. For this, a recombinant baculovirus containing
For the uptake of°Rb, 72 h infected cells in 60 mm plates the a4 cDNA was prepared and used to inf&#9 insect
were preincubated at room temperature in a medium contain-cells. To confirm the expression of the virally induced
ing 150 mM NacCl, 25 mM Hepes (pH 7.4), 2.5 mM MgCl  polypeptide, proteins from infected cells were separated by
and 1% BSA. After 30 min, the medium was replaced with  SDS-PAGE and immunoblotted. To detect thé polypep-
identical medium containing 0.1 mM bumetanide. After 10 tide, an antiserum was generated in rabbit to a sequence
min, the medium was aspirated affiRb flux was started  (SEQKPRPTLRASNTNRQPK) at the N-terminus of the
by adding 1.5 mL of 5 mM KCI, 150 mM NacCl, 25 mM  protein that is not shared with the Na,K-ATPas&oforms.
Hepes (pH 7.4), 25 mM Mggl 1% BSA, 0.1 mM The efficacy of the antiserum is shown in Figure 1. On
bumetanide, and®Rb (3 mCi/mL; New England Nuclear, immunoblots, the antix4 antiserum detects a protein of the
Boston, MA). At prescribed intervals, the medium was proper size in cells infected with tlet baculovirus (Figure
aspirated and the cells were washed three times with 3 mL1A). In contrast, if the preimmune rabbit serum is used as
of ice-cold 116 mM MgC). After removal of final wash,  the primary antibody (Figure 1B), no reactivity is seen. In
the plates were allowed to air-dry. The cells were solubilized addition, preincubation of the antiserum with the peptide
with 1.5 mL of 1% CHAPS and aliquots of 0.6 mL were against which it was made completely prevented binding to
counted by liquid scintillation. the a4 polypeptide (Figure 1C). The specificity of the anti-
Data AnalysisCurve-fitting of the experimental data was o4 antiserum is demonstrated by the lack of cross-reactivity
performed with a Marquardt least-squares nonlinear regres-to the other Na,K-ATPase isoforms expressed in tH&f9
sion computing program (Sigma Plot, Jandel Scientific, San cells (Figure 1B-F). Altogether, these results indicate that

— 112 kDa

Rafael, CA), using the equations described beft8. (Na" the insect cells are able to express tieisoform and that
and K" activation curves were fitted according to a coopera- the antiei4 antiserum specifically recognizes the polypeptide
tive model for ligand binding. The MichaetidMenten in those cells. To determine the cellular distribution of the

equation was used for the ATP dependency of Na,K-ATPase.a4 polypeptide, infected cells were analyzed by immuno-
For the ouabain inhibition of Na,K-ATPase activity, curve- cytochemistry and confocal microscopy. For this, uninfected
fitting was performed with the assumption of one or two and a4 infected cells grown for 48 h were treated with
populations of Na,K-ATPase isozymes with different affini- cycloheximide, fixed, and probed with the ao#-antiserum.
ties for ouabain. Statistical comparison of the concentration Theo4 antibody was identified by use of an FITC-conjugated
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A B c

Ficure 2: Localization of then4 polypeptide in infecte®f9 cells.
Uninfected cells (A) and cells infected witi¥ (B, C) were grown

on coverslips. Forty-eight hours later, cells were preincubated in
100u«g/mL cycloheximide fo 1 h and fixed as described. Tl
polypeptide was identified by use of a specific rabbit antiserum,
followed by a fluorescein-conjugated anti-rabbit secondary antibody.
The distribution ofa4 was determined by confocal microscopy. In
panel C, a closeup of a single cell expressingddepolypeptide

is shown.

goat anti-rabbit secondary antibody. As shown in Figure 2,
the antiserum only recognizes the Na,K-ATPase isoform in
the baculovirus-infected cells. Also, as occurs with the other
Na pump isoformsg4 is localized to the plasma membrane
of the cells. Thus, the insect cells are able to properly
synthesize and deliver the4 polypeptide to the surface of
the cells.

The high homology of thei4 polypeptide with the other
Na,K-ATPasen isoforms @4), and its ability to bind ouabain
(26) suggest that thei4 polypeptide might function as a
catalytic subunit of the enzyme. To test whethdrdisplays

Blanco et al.

To further investigate whether thel51 enzyme displays
the ion-translocating characteristics of a Na,K-ATPase, we
analyzed its ability to transport K For this, we measured
ouabain-sensitive Kuptake in infecte&f9, cells using®-

Rb" as a tracer for K (28). As a control, cells expressing
an unrelated transmembrane protein, the murine integrin-
associated protein (IAP) were used. IAP is a 50 kDa
multispanning membrane protein that copurifies with integrin
B3 and has been implicated in the regulation of ligand
binding by the integrin recepto%). As shown in Figure
3C, cells expressing the4 andj1 polypeptides transport
K* at a rate that is approximately 5-fold higher than the
control cells (2.1+ 0.2 nmol of K" (mg of protein)* min—!
compared to 0.4- 0.2 nmol of K" (mg of proteiny! min-1).
Thus, as expected for a Na,K-ATPase, the polypeptide
exhibits an ATPase and*ransport activity that is sensitive
to ouabain.

To further characterize the catalytic propertiesdf the
ATPase activity ofx451 produced in insect cells was assayed
under various ionic conditions and with different inhibitors
(Figure 3D,E). As expected for a P-type ATPase, the
ouabain-sensitiva4 ATPase activity is inhibited by vanadate
(2). In contrast, the activity ofti4 is unaffected by thapsi-
gargin or Sch-28080, compounds that are specific inhibitors
of the sarcoplasmic reticulum Ca-ATPas$)(and gastric
type H,K-ATPased7, 33 respectively (Figure 3D). To study

the catalytic characteristics of a Na,K-ATPase, insect cells the enzymatic requirement for*ithe activity ofa4 was

were infected with the4 virus alone or in combination with
a virus coding for the Na,K-ATPag#l subunit. After 72 h,
Na,K-ATPase activity was determined. In cells expressing
the a4f1 polypeptides the Na,K-ATPase activity varied
among samples and was approximateh63old higher than
that of uninfected on4-infected cells (data not shown). In
addition, the ouabain-sensitive ATPase activitydff1 was
greatly reduced when the concentration of Neas lowered
or when K" or Mg?" were absent (Figure 3A). These results
indicate thato4 is indeed a catalytically competent Na,K-
ATPase subunit and that, as occurs with the othisoforms,
the presence of thg subunit is required for the normal
activity of the enzyme31—33).

During the reaction cycle, the. subunit of the Na,K-

determined at various pH values. As shown in Figure 3E,
the hydrolysis of ATP byo4 is optimal at pH 7.27.4. In
addition, even at low pH, the activity ai4 is dependent
upon Na (data not shown). The fact that the ability @#

to hydrolyze ATP is highly dependent on Nand is
impaired by increasing concentrations of hydrogen precludes
o4 being an H-ATPase. Also, the effect of several divalent
cations on the function ofi4 was evaluated. For this, we
determined Na,K-ATPase activity ofi461 in medium
containing nonlimiting concentrations of Na&K*, and Mg ™"

with the addition of 1 mM C&, Cwt, Fe', or Zr?t. The
ATPase activity ofnd was not activated but inhibited by all
these divalent ions (data not shown), suggesting that they
are not substrates of the enzyme. In summary, these results

ATPase is phosphorylated by ATP at an aspartate at positionconfirm that thea4 polypeptide functions as a catalytic

371. This residue is located in a highly conserved region

subunit of the Na,K-ATPase.

between transmembrane domains 4 and 5 that is present in The a4 polypeptide has been shown to be specifically

all Na pumpa isoforms including thex4 polypeptide $,
24). Phosphorylation by ATP requires both ffgand Na,
while K* promotes dephosphorylation and release of the
phosphate from the enzyme (reviewed in r2&nd34). As
shown in Figure 3B, membrane fractions frddk9 cells
expressing41 are able to incorporate phosphate from ATP

in a ouabain-sensitive manner. Ouabain inhibits phospho-

rylation when it is allowed to bind to the enzyme before
exposure to ATP. In addition, incorporation qoffom ATP
is facilitated by Na and is sensitive to K In the uninfected

expressed in the testi24). The gonad also expresses the
A1 andp3 isoforms of the Na,K-ATPasd 2, 25. Associa-
tion among different isoforms of the and g subunits of
the Na pump has been reported (reviewed ind)efThus,
the possibility exists that two structurally different isozymes,
o451 anda4s3, are present in the testes. Coinfectior5é9
cells with viruses containing the cDNAs coding for thé
and33 isoforms resulted in the expression of Na,K-ATPase
activity, indicating thati4/33 is also a catalytically competent
isozyme of the Na,K-ATPase. To determine the affinity of

cells, phosphorylation by ATP can also be detected, however,the o481 and a4$3 isozymes to physiological ligands,

at a level much lower than that of thels1 infected cells.

activation curves of Na,K-ATPase activity by N&K*, and

This reflects the small amount of endogenous Na,K-ATPase ATP were performed. The Nalependency of Na,K-ATPase

present in thest9 cells. These results demonstrate that the
o431 isozyme is phosphorylated in a Ndependent fashion
and dephosphorylates in the presence bf $upporting the
notion thato4 is a catalytic isoform of the Na pump.

activity was determined at varying concentrations of"Na
(2.5—-122.5 mM) and constant saturating K30 mM). The
obtained activation curves are shown in Figure 4A. The
calculated values for the apparent affinities forNer o451
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Ficure 3: Functional activity and enzymatic propertiesogf31 expressed in insect cells. (A) Ouabain-sensitive hydrolysis of ATH

cells expressing4f1. Na,K-ATPase activity of insect cells infected for 72 h with thé andp1 viruses was determined as described

under Materials and Methods. The hydrolysis of ATP was measured in the presence of 120 mM NacCl, 30 mM KCI, and 3 mMtMgCl

2.5 mM NaCl (Na); or in medium in which the KCI or MgGlwas absent. The avera¥g..x value fora4p1 was 0.6+ 0.1 umol of R

mg ! h™L. Values are expressed as the percentage of the maximal ouabain-sensitive activity, obtained in the presence of all ions. (B)
Ouabain-sensitive phosphorylation of membranes from uninfected (open barf) binfected (solid bars) cells from ATP. A total of 250

ug of protein was phosphorylated with-f2P]JATP. Phosphorylation was performed af®© in 0.5 mL of a medium containing 1 mM

MgCl,, 0.1 mM EGTA, and 50 mM imidazole, pH 7.4 in the absence and presence of 1 mM ouabain and with or without 50 mM NaCl or
KCI as indicated. Results are expressed as a percentage of the maximal ouabain-sensitive phosphorylation obtained in NaCl-containing
medium. (C) Ouabain-sensitive"Kuptake inS£9 cells expressing41. K+ uptake (with®Rb" as a tracer for K) was measured in cells

infected with viruses coding fan451 (@) or IAP (O). K* uptake was determined at the indicated time points in a medium containing 5

mM KCI, 150 mM NaCl, 25 mM Hepes (pH 7.4), 2.5 mM MggCIlL% BSA, 0.1 mM bumetanide, arfRb". (D) Effect of inhibitors on

o451 ATPase. Activity was measured in 120 mM NaCl, 30 mM KCI, 3 mM MgOl2 mM EGTA, and 30 mM Tris-HCI (pH 7.4) in the

absence or presence of 3M thapsigargin, 10«M Sch-28080, or 1 mM vanadate. Results are expressed as a percentage of the activity
obtained in the absence of the inhibitors. (E) Effect of pHoe$1 activity. Na,K-ATPase was determined in medium with saturating
concentration of ligands, at the indicated pH. Results are expressed as a percentage of the activity obtained at pH 7.4. In all cases, results
represent the mean and error bars the standard errors of the mean of two or three experiments performed in quadruplicate.

anda433 (13.5+ 1.3 mM and 12.9t 0.6 mM, respectively)  was found when the kinetics of451 anda4$3 toward the
are within the range previously described for the other Na,K- various activators tested were compared. A summary of the
ATPase isozymes (reviewed in rdj. To determine the  enzymatic characteristics of thedf1l anda433 isozymes
requirement for K, Na,K-ATPase activity was measured at as well as those of the other Na,K-ATPasasoforms in

varying concentrations of K(0—50 mM) with Na" fixed association with thgg1 subunit are shown in Table 1.
at 100 mM. The data obtained are presented in Figure 4B. An important enzymatic property that differs among Na,K-
The calculatedo s values for K of 5.9+ 1.1 mM fora431 ATPase isozymes is their sensitivity to inhibition by car-

and 5.0+ 0.3 mM for a4$3 are among the highest when diotonic steroids (reviewed in ref). To determine the
compared to the other Na pump isozymes. To characterizesensitivity of thea4 isoform, we characterized the ouabain
the kinetics of the low-affinity ATP site, Na,K-ATPase inhibition profiles of the Na,K-ATPase activity of theds1
activity was determined at various millimolar concentrations anda433 isozymes. As shown in Figure 4D, both prepara-
of ATP. The ATP requirements of the451 and o453 tions yielded monophasic dosessponse curves, indicating
isozymes are shown in Figure 4C. The calculated affinities the presence of a single enzymatic species. As described
of 0.19+ 0.04 mM and 0.18t 0.04 mM, respectively, are  previously for other Na,K-ATPase isozymes, fhaubunit
intermediate between th€,, values for ATP of the Na,K-  present did not significantly alter the ouabain sensitivity of
ATPasen2/03 and thenl isoforms. No statistical difference  the enzyme. Botlud1 anda433 isozymes exhibited a high
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Ficure 4: Kinetic characteristics of the Na,K-ATPasd31 (®) and 0433 (O) isozymes expressed in insect cells. (A) Activation of
Na,K-ATPase activity by Na Hydrolysis of ATP was determined in a reaction medium containing 30 mM KCI, 3 mM M@2 mM

EGTA, 3 mM [y-3?P]JATP—cold ATP, 30 mM Tris-HCI (pH 7.4), and NaCl as indicated, in the absence or presence of 1 mM ouabain.
lonic strength was kept constant with choline chloride. (B) Na,K-ATPase activation'byA#ivity was measured in a reaction medium

as described for panel A, except that NaCl was maintained constant at 100 mM NaCl and KCI was varied from 0 to 50 mM. (C) ATP
stimulation ofa481 anda433 isozymes. Na,K-ATPase activity was determined in a reaction medium containing saturating concentrations
of all ions with varying concentrations of ATP. (D) Doeseesponse curves for the ouabain inhibition of Na,K-ATPase activity. Specific
activity was determined after preincubation of membrane samples for 30 min°& Bi’the reaction mixture containing 120 mM NacCl,

30 mM KCI, 3 mM MgCh, 0.2 mM EGTA, 30 mM Tris-HCI (pH 7.4), and the indicated ouabain concentrations. The reaction was started
by the addition of §-32P]JATP at a final concentration of 3 mM. Results in panels A, B, and C are expressed as percent of the maximal
Na,K-ATPase activity obtained. In panel D, values are expressed as percentage of maximal activity in the absence of the inhibitor. Each
value is the mean and error bars represent the standard errors of the mean of four to six experiments performed in triplicate.

Table 1: Kinetic Characteristics of the Rat Na,K-ATPase Isozymes Expressf®imsect Cells

isozyme Na activatioko s (mMM) K activationKq s (mMM) ATP activationK, (mM) ouabain inhibitiorK; (M)
alpl 16.4+ 0.7 1.9+ 0.2 0.46+0.10 43+19x 105
a2pl 12.4+0.5 3.6+ 0.3 0.11+0.01 1.7+ 0.1x 1077
o3p1 279+13 5.3+ 0.3 0.094+0.01 3.1+ 0.3x 1078
adpl 13.5+1.3 59+1.1 0.19+ 0.04 6.4+2.1x 10°°
o433 12.94+ 0.6 5.0+ 0.3 0.184+0.04 1.8+£0.7x 10°8

a Apparent affinities Ko.s), Km, @nd inhibitor constant¥() were calculated from Na,K-ATPase desesponse curves for the indicated effectors.
Values represent the meanstandard error of the mean.

affinity for ouabain, with calculateld, values of (6.4+ 2.1)
x 107° M and (1.84 0.7) x 1078 M, respectively.

In the testis, in addition to4, the only other Na,K-ATPase

o isoform detected isxl (reviewed in ref4). The high

ouabain affinity we encounter for thed subunit drastically

differs from that of the rat Na,K-ATPasel polypeptide,
which is very resistant to the inhibitor (Table 1)gj. This

enzymatic difference between th& andol isoforms can

be used to determine if the4 polypeptide is functionally
active in the native tissue. Therefore, we analyzed the
ouabain inhibition of Na,K-ATPase activity in membrane
preparations from rat testis. As depicted in Figure 5A, a
heterogeneous doseesponse curve was found in the testis,
suggesting the presence of two isozymes with different
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Ficure 5: Enzymatic properties of the ouabain-sensitive ATPase of rat testis. (A)-Desgonse curve for the ouabain inhibition of
Na,K-ATPase from rat testis membranes. Na,K-ATPase activity was determined as in Figure 4D. Values are expressed as percentage of
maximal activity in the absence of the inhibitor. Curves represent the best fit of the data assuming the presence of two enzyme populations
with different ouabain affinities. Each value is the mean and error bars represent the standard errors of the mean of four experiments
performed in triplicate. (B, C) Effect of inhibitors and pH on the ouabain-sensitive Na,K-ATPase from rat testis membranes. In all cases
the reaction mixture contained 120 mM NacCl, 30 mM KCI, 3 mM MgQ@.2 mM EGTA, 30 mM Tris-HCI (pH 7.4), and the indicated
inhibitors (30uM thapsigargin, 10Q«cM Sch-28080, or 1 mM vanadate), plus or minux3L0~6 M ouabain. Results are expressed as a
percentage of the activity obtained in the absence of inhibitors (B) or as a percentage of the activity at pH 7.4 (C). Each value is the mean
and error bars represent the standard errors of the mean of three experiments performed in triplicate.

sensitivities to the cardiotonic steroid. One of them, corre- in the testes that the4 subunit is a functional isoform of
sponding to approximately 45% of the total Na,K-ATPase, the Na,K-ATPase.

has a calculatel; of (1.4 + 0.3) x 104 M and very likely

represents the Na pump composed of dieisoform. The ~ DISCUSSION

. - : 0
second isozyme, consisting of approximately 55% of the total In 1994, the cDNA of ar-like catalytic subunit of the

activity, exhibits a high affinity for the inhibitor, with &; . ) .
: o Na,K-ATPase was isolated from rat tes@g). Despite being
9
8; (tiiﬂl?\lk?l) XolgbaMr{_lsnéﬁrsetS.t'ng’r;h%g‘::}?'g??hcgrt':’;?gt is classified as a fourth isoform of the Na pump, the function
'S Tigh'y ouabal v P IS5 of the polypeptide encoded by thel gene was unknown.

cxprossed in the nsect cells, aitongly suggesiing that theEXBErmental evidence suggesting the roleidfas a Na k-
. .. * ATP nit was recently report@®); Nevertheless, a
ouabain-sensitive Na,K-ATPase in the testes corresponds t ase subu as recently report@d Nevertheless

) Cdirect demonstration of the catalytic, as well as the transport

the a4 isoform. properties of this novel polypeptide remained undetermined.

To further explore the catalytic properties of tlet The baculovirus expression system has been useful for the
isoform of the native tissue, the effects of various ionic study of the different. and/ isoforms of the Na,K-ATPase
conditions and inhibitors on the Na,K-ATPase activity (18, 19. Inthe present work we used this expression system
sensitive to low concentrations of ouabain was determined. to determine the function of the4 polypeptide irSt9 cells.
As shown in Figure 5A, a ouabain concentration of 30°° To follow the expression of the protein in insect cells, we
M completely inhibitsa4 while leaving theol isozyme prepared an antiserum that specifically recognizes the N-
largely unaffected. Thus, the component of Na,K-ATPase terminus ofa4. Using this antiserum we demonstrate that
activity sensitive to inhibition by 3x 10 M ouabain the insect cells are able to express and deliver the polypeptide
represents the Na,K-ATPase isozyme composedbf to the plasma membrane. Also, the insect cells are capable
Similar to the enzyme expressed in insect cells (Figure 3A), of properly assembling the4 polypeptide with the Na,K-
the activity of this ouabain-sensitive component of the testis ATPase31 isoform, as reflected by the expression of Na,K-
is also highly dependent on NaK*, and Mg* (data not ATPase activity. This is shown by (i) an increase in"Na
shown). In addition, the highly ouabain-sensitive component K*-, and Mg*-dependent hydrolysis of ATP that is inhibited
of the Na,K-ATPase has similar properties as the enzyme by ouabain, (ii) a Na-dependent phosphorylation from ATP
expressed irb£9 cells when assayed under different pHs that is sensitive to K and inhibited by ouabain, and (iii) a
and inhibitors (Figure 5B,C), or in the presence o Ga  ouabain-sensitive uptake &fRb. Conversely, no Na,K-
Cwt, Fet, or Zr*t (data not shown). Altogether, these ATPase activity is induced in the cells éf4 is expressed
results demonstrate that the extremely ouabain-sensitivealone. This same result has been observed witluihe2,
Na,K-ATPase of the testis and th& isozyme produced in  and a3 isoforms of the Na,K-ATPase38). Additional
insect cells represents the same enzyme. Therefore, it appeamvidence supporting the notion thed is a catalytic subunit
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of the Na,K-ATPase and not another P-type ATPase is has a higher affinity for ATP thanl but a lower affinity
provided by studies characterizing the cation requirementsthan o2 and a3 (4). In the testis, immunocytochemical
and inhibitor sensitivities of the enzyme. For example, the studies have identified the Na,K-ATPase at the apical

activity of the a481 enzyme is inhibited by Ca and
insensitive to thapsigargin, eliminating the possibility that

membrane of the Sertoli cells and at the basolateral mem-
brane of the epithelial cells of the seminiferous tubus.(

the enzyme functions as a Ca-ATPase. The prospect that thel'hese cells exchange fluid and solutes to create and maintain
o4 polypeptide functions as a subunit of a H,K-ATPase is the appropriate medium for the proliferation and maturation

also unlikely. The activity otx431 is highly dependent on
Na', its maximal capability to hydrolyze ATP occurs at a
pH of 7.2-7.4, and its activity is reduced by increased

concentrations of hydrogen. More importantly, Sch-28080,

of the germ cells49—-51). In the seminiferous tubules, the
K™ concentration is much higher than in the blood plasma.
Thus, it is possible that the low apparent affinity for kf

o4 might be related to the unusual concentration of the cation

a compound that inhibits members of the family of the gastric in the testis.

H,K-ATPases 37, 38 has no effect on the activity @f451.

A distinctive kinetic property of the rat Na pump isozymes

On the basis of their primary sequences a group of ATPasesis their difference in sensitivity to the cardiotonic steroids
have been recently classified as the nongastric H,K-ATPases(reviewed in ref4). As shown, thex451 anda453 isozymes
These include the H,K-ATPase from toad bladder epithelium have a high affinity for ouabain. In fact, when compared to

(39), the (Na,H),K-ATPase of rat distal colod(, 41, and
the human ATP1AL1-encoded prote#(-44). Structurally,

the other Na,K-ATPase isozymes expressed in insect cells,
the ouabain sensitivity is the highest. High-affini#{#Joua-

the o subunits of these enzymes are equally distant from bain binding has been found in 3T3 fibroblasts stably
the Na,K-ATPase and the H,K-ATPase. Functionally, the expressing the4 cDNA (26). However, in that study, the
nongastric H,K-ATPases are inhibited by high concentrations ouabain affinity reported fond was lower. The differences

of ouabain 40, 42, 44. The toad bladder epithelium and
the human ATP1AL1 (Na,H),K-ATPases are also inhibited
by Sch-2808039, 41, and thus, their activity is different
from that of thea4 polypeptide. On the other hand, the rat
distal colon (Na,H),K-ATPase is only sensitive to ouabain
with aK; for the inhibitor of approximately 1 mM4Q). The

o4 polypeptide clearly differs from the colonic H,K-ATPase
because of its high affinity for ouabain and inhibition by
H*. Thus, thea4 polypeptide is a catalytic subunit of the

in the membrane environment in each cell may be responsible
for the disparity in results. The physiological relevance of
the high ouabain sensitivity of the Na pump isozymes
composed ofi4 is unclear. Differences in ouabain affinity
of the various Na,K-ATPases isozymes may have a role in
the regulation of Na,K-ATPase activity (reviewed in @f

This is supported by the finding of endogenous digitalis-
like compounds in mammals (reviewed in r&&-55). The
importance of this mechanism of enzyme modulation in the

Na,K-ATPase and not an H,K-transporting ATPase. Becausetestis is unknown. Interestingly, the high affinity for ouabain

divalent ions such as €3 CU/*, Fe', and Zri#'" are present
in the testis wherex4 is naturally expressedtb, 49, we
determined whethax4 activity was linked to these cations.
ca&", Cw', Fe*, and Zri#t did not stimulateo4 activity,

of the o4 isoform may be related to the finding of
endogenous digoxin-like immunoreactivity in seminal fluid
of humans %6).

By determining the ouabain inhibition profile of Na,K-

indicating that they are not substrates and therefore are notATPase activity in rat testis, we found a Naand K'-
transported by the enzyme. Taken together, these resultslependent hydrolysis of ATP with a ouabain sensitivity

demonstrate for the first time that the4 polypeptide is

similar to that of then431 anda433 enzymes expressed by

catalytically competent and exhibits enzymatic characteristicsuse of baculovirus. The tissue also exhibits the ouabain-

compatible with those of a Na,K-ATPasesubunit.

The expression of two different isoforms of the Na,K-
ATPasef subunit,f1 andj3, in the testis allows for two
structurally different Na pump isozymea451 anda4j33,
in the gonad. We show that coexpressiorodfwith either
of the 8 subunits in the insect cells resulted in catalytically

resistant Na,K-ATPase activity corresponding to thé
isoform. This is in agreement with previous studies that
indicate that the testes express the mRNAs for onlyothe
and o4 catalytic isoforms of the Na,K-ATPas@4). Al-
though association af1 with 53 might also result in active
Na,K-ATPase in the gonad, the possibility thatls3

active Na,K-ATPases. This made it possible to characterizerepresents the ouabain-sensitive component is unlikely, since

the kinetic properties of ther4s1 and 0433 isozymes.
Regardless of thg subunit present, the apparent affinities
for Na" and K" and theK,, for ATP are similar for both
isozymes. This is interesting, since the properties®find
o3 are modified depending on th subunit present1,

the other3 subunits do not greatly influence the sensitivity
of the enzyme to the cardiotonic steroids. In agreement with
this, the human Na,K-ATPasgl33 isozyme, expressed in
insect cells, has a ouabain affinity similar to that of ¢tig1
enzyme 47). Consequently, the highly inhibitable ATPase

19). Also, differences in the enzymatic characteristics of the activity of the gonad presumably corresponds to Na,K-

al51l andalp3 complexes have been reportetV); The
kinetic parameters of the enzymes containidgare within

ATPases composed of thel isoform. Comparison of other
enzymatic properties of the ouabain-sensitive enzyme from

the range of those described for the other Na pump isozymegestes with that of the451 expressed i$f9 cells supports

(reviewed in refd). However,a4 is unigue since its catalytic

this identification. Both enzymes are inhibited by vanadate,

properties are only partially shared with each of the other insensitive to Ca-ATPase and H,K-ATPase blockers, and

Na,K-ATPasex isoforms. For example, the apparent affinity
of a4 for Nat is relatively high and similar to that @f2. In
contrast, the apparent affinity to'ks low and comparable
to that ofa3. Finally, the affinity for ATP is intermediate to
that of the other Na,K-ATPase isoforms. Thd isoform

exhibit similar responses to pH, calcium, copper, iron, and
zinc. Altogether, these characteristics confirm that dtde
isoform is a subunit of the Na,K-ATPase and that the subunit
is catalytically competent in the native tissue. Although the
exact role of then4 isoform is unknown, the importance of
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the subunit in the maintenance of ion homeostasis in the testis 24.
is reflected by the fact that its activity represents almost half

of the total Na,K-ATPase of the gonad. Further characteriza-

tion of thea4 isozyme may provide insights into the role of

the Na,K-ATPase in the maintenance of ion homeostasis in

the gonad.
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