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Abstract. The Na,K-ATPase is a major ion transport trol of cell volume, and active transport of many essential
protein found in higher eukaryotic cells. The enzyme isnutrients into the cell (Lingrel & Kuntzweiler, 1994).
composed of two subunits, and 3, and tissue-specific In addition to its critical role in maintaining cellular ho-
isoforms exist for each of thesel, a2 anda3 andp1, meostasis, the Na,K-ATPase is also the molecular recep-
B2 andB3. We have proposed that an additionailso-  tor for a class of drugs known as cardiac glycosides
form, a4, exists based on genomic and cDNA cloning. which includes ouabain, digoxin and digitoxin (Thomas,
The mRNA for this gene is expressed in rats and humal’l&;ray & Andrews, 1990; Schwartz, Lindenmeyer &
exclusively in the testis, however the expression of aallen, 1975).

corresponding protein has not been demonstrated. Inthe The Na,K-ATPase functions as a heterodimer con-
current study, the putative4 isoform has been function- sisting of the catalytiex subunit and the glycosylategl

ally characterized as a novel isoform of the Na,K-subunit. The catalytie subunit contains the ATP, Na
ATPase in both rat testis and a# isoform cDNA trans-  and K* binding sites, as well as the cardiac glycoside
fected 3T3 cells. Using am4 isoform-specific poly-  pinding site (Lingrel & Kuntzweiler, 1994), whereas the
clonal antibody, the protein for this novel isoform is g subunit is important for proper folding and transport to
detected for the first time in both rat testis and in trans-the p|asma membrane of the enzyme (Lingre| & Kuntz-
fected cell lines. Ouabain binding competition assays reweiler, 1994) and may also influence its substrate affini-
veal the presence of high affinity ouabain receptors injes (Blanco, Sanchez & Mercer, 1995; Malik et al.,
both rat testis and in transfected cell lines that have iden1996). Several isoforms of each of these subunits have
tical Kp values. Further studies of this high affinity oua- heen cloned and characterized in this and other labora-
bain receptor show that it also has high affinities for bothtories (Sweadner, 1989; Lingrel & Kuntzweiler, 1994).
Na" and K. The results from these experiments defin- There are three characterizedsoform subunits¢1, «2
itively demonstrate the presence of a novel isoform ofand«3) and three differeng isoform subunits §1, B2,

the Na,K-ATPase in testis. andB3), each having distinct tissue-specific expression
patterns (Orlowski & Lingrel, 1988; Sweadner, 1989;
Lingrel & Kuntzweiler, 1994; Blanco et al., 1995; Malik

et al., 1996; Arystarkhova & Sweadner, 1997). For ex-
Introduction ample, thenl isoform is expressed ubiquitously, the

) ) ) isoform is predominantly expressed in heart, skeletal
The Na,K-ATPase is a heterodimeric, membrane spanmyscle and brain and the3 isoform is expressed in

ning enzyme that is responsible for the ATP-coupledngrg) tissues and in ovary (Orlowski & Lingrel, 1988;
translocation of Ndand K" ions across the plasma mem- Sweadner, 1989; Lingrel & Kuntzweiler, 1994).
brane of higher eukaryotic cells. This activity produces Our laboratory, through screening of a human geno-
an electrochemical gradient that is essential for thgy;e library for Na,K-ATPasex isoforms, identified a
proper_functioning of severgl cellular processes.includ— ene ATP1AL2 whose sequence was similar to but did
ing maintenance of the resting membrane potential, conpot correspond to any previously identified isoforms of
the Na,K-ATPase (Shull & Lingrel, 1987). Subsequent
I studies of the ATP1AL2 gene resulted in the cloning of
Correspondence tal.B. Lingrel the corresponding rat cDNA (Shamraj & Lingrel, 1994).
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Sequence comparison analysis using the rat ATP]_ALZ_vashed in 250 m sucrose. The sucrose was _remO\_/ed by centrifuga-
deduced amino acid sequence showed identity highest t¢n at 3,000 xg, cells were resuspended in lysis buffer (um
the rat Na,K-ATPasel, a2 anda3 isoforms (78, 78 and NaHCQs 2 mu CaCl, 5 mu MgCl,), homogenized using a glass

! L . . ' dounce and teflon coated pestle, and then centrifuged at 3,@0f@<

0
76% amino ac'q IdentIIY’ reSpeCtlvely) and at a Iower2 min. The supernatant from this initial centrifugation was saved, the
level to the ga'smc and distal 'CO|0I’? H,K-ATPases (62 andpellet was resuspended in lysis buffer, re-homogenized and centrifuged
59%, respectively) (Shamraj & Lingrel, 1994). Further as described above. The protocol for the preparation of membranes
analysis showed that the amino acid sequence of its purom both rat testis and 3T3 cells is the same from this point forward.
tative transmembrane domains is 79-100% identical tghe combined supernatants from these two initial centrifugation steps
the sequences of the other Na.K-ATPase isoforms an#€re centrifuged at 39,200¢<for 30 min at 4°C. The pellet from this
. o . : P centrifugation was resuspended in 5 ml of Mnmidazole, 1 nw

e o EoTA (17 ot o e g 3

) ) - 30 min at 4°C. The pellet from this last centrifugation was resuspended
forms (Shamraj & Lingrel, 1994). From these sequencen 1-2 mi of 1 nu imidazole, 1w Na'-free EDTA, pH 7.4, homog-
analyses, the ATP1AL2 gene was postulated to encode énized and stored at —-80°C. The Imnimidazole, 1 nw Na'-free
novel isoform of the Na,K-ATPase subunit and desig- EDTA was brought to pH 7.4 using a solution of concentrated tris.
nateda4. However, the existence of a functional protein Protein concentrations were determined using the BCA Protein Assay
encoded for by thed isoform gene was not shown. In b Pierce.
the work presented here, we demonstrate that the fourthS PAGE
o isoform subunit exists in testis and investigate its bio-

chemical characteristics. SDS-PAGE was performed as previously described (Laemmli, 1970).
Briefly, 10-20.g of microsome preparations were incubated for 1 hr
Materials and Methods at 37°C in 50 nm Tris (pH 6.8), 5% SDS, 1%@-mercaptoethanol
(BME), 10% glycerol and bromophenol blue. Samples were electro-
TissuE CULTURE AND COTRANSEECTION OENIH phoretically separated on a 10% polyacrylamide gel using a running
3T3CELLS buffer composed of 0.198 glycine, 0.025m tris and 0.10 % SDS.

The molecular size of separated proteins were determined using Bench-
Establishment of stable NIH 3T3 cell lines expressingadtcDNA  Mark prestained protein ladder (GibcoBRL) on individual gels.
was performed as described previously (O’Brien, Lingrel & Wallick,
1994; Kuntzweiler et al., 1995a, Kuntzweiler, Aglo & Lingrel, PoLYCLONAL ANTIBODY PRODUCTION AND
1996). Rated cDNA was inserted into the pKC4 mammalian expres-
sion vector. Cotransfection of 18g of «a4/pKC4 expression vector WESTERNBLOTTING
and 1pg of pSVneomycin expression vector was by the calcium phos-A polyclonal antibody to the rat4 isoform, designatedib4, was
phate precipitation method. Cells were selected 48 hr later in 20Qroduced in rabbits by Zymed Laboratories, Inc. A nineteen amino
ng/ml of G418 (Geneticin, GibcoBRL). Seven different transfections acid peptide corresponding to amino acids 16-33 of the deduced rat
were performed. Each transfection was approximately 16-25% effi-cDNA sequence (Shamraj & Lingrel, 1994) was used as an antigen for
cient in producing rat4 isoform expressing, neomycin resistant cells. polyclonal antibody production. Serum from injected rabbits were af-
finity-purified using a SulfoLink Kit column (Pierce) containing a 6%
NORTHERN BLOTTING crosslinked agarose support conjugated to the peptide. Preimmune se-

Total cellular RNA was isolated using the guanidine thiocynanaterum vyas affllnlty pu'rlfled u5|rr]1g an Immuqu&i@lui&mopgzzd
method (Tri-Reagent, Molecular Research Center). For isolation oiPrOtemAco umn (Pierce). T e‘(?oncentratmno purtice antibody
total RNA from transfected NIH 3T3 cells, 1 ml of Tri-reagent was and preimmune IgG was quantified spectrophotometrically at 280 nm.

applied directly to confluent 100-mm tissue culture dishes. Cells were SDhS—pona;Bylamlde gerI]s werfctr_an;ferred_ to PVéDgF melmbrane
then harvested by scraping using a sterile plastic cell scraper (Fisher Amers am) at 20 V overnig t a_t 4°C in 25wnris (pH 3). Blots )
ere incubated for 1 hr in Blocking Reagent (Boerhinger Mannheim)

For isolation of total RNA from mouse testis, tissues were homog- h terred luti £ 0.5% Blocki
enized in 5 ml of Tri-reagent using a Polytron on high speed for 30 sect 00 temperature then transferred to a solution of 0.5% Blocking

Total RNA samples (1@ug/sample) were denatured invLgly- reagent containing eithetb4 oral isoform-specific monoclonat6F
oxal, 54% DMSO and 0.0 sodium phosphate buffer (pH 6.8), ana- (University of lowa Developmental Hybr_idoma Bank) fqr 1 hr at room
lyzed using a 1% agarose gel in 0.@1sodium phosphate buffer, and temperature. Blots were washed twice in TBST (50 Wiris (pH 7.4),

then transferred to nylon membrane (Sure Blot Hybridization Mem- 150 ma NaCl, O'l_% Tween) for 10 min, twice n 0.5% ‘B!ockm_g
brane, Oncor). Northern blots were screened using a 338 bpdrat Reagent for 10 min, and then placed in a solution containing either
specific DNA probe (Shamraj & Lingrel, 1994). Levels of GAPDH peroxidase conjugated anti-rabbit or anti-mouse (Calbiochem-

were analyzed in order to assess equal loading of total RNA in each Iané\.lovab'OChe_m)’ for d_etecnon oi4 andal antibodies respectlvely,_and
0.5% blocking solution for 1 hr at room temperature. Detection of
MICROSOME PREPARATIONS signal was accomplished using an ECL system (Amersham).

Approximately 2.0 g of rat testes tissue was homogenized iffié@ THE MEASUREMENT OF[3H]-OUABAIN BINDING TO
homogenization buffer (250 msucrose, 30 m histidine (pH 7.2), 2 MEMBRANE PREPARATIONS

mm Na* free EDTA) and then centrifuged at 6,800g»at 4°C for 10

min. The supernatant from this initial centrifugation was saved, theAll ouabain binding competition assays were performed under these
pellet were resuspended in homogenization buffer, rehomogenized anassay conditions: 50 mtris-HCI (pH 7.4), 5 nm tris-phosphate (pH
centrifuged as described above. Cells from 30 confluent plates of7.4), 5 nm MgCl,, and 2509 protein in a total volume of 0.5 ml
transfected NIH 3T3 cells or wild-type NIH 3T3 cells were harvested (Kuntzweiler et al., 1998,b; Kuntzweiler et al., 1996). The affinity for

by scraping with a sterile plastic cell harvester (Fisher), combined anduabain was determined using unlabeled ouabain in a self-competition
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assay with fH] ouabain, while cation affinities were examined using

varying concentrations of either NaCl or KCI to compete witH][

ouabain binding, as described previously (Kuntzweiler et al., 4395

Kuntzweiler et al., 1996). A minimum of three curves in triplicate were

performed to characterize each protein-ligand interaction. Analysis of

testis membranes included at least three different sets of membrar .

preparations, while analysis o# isoform expressing 3T3 cell mem- od . ' - " ' ' w 3 L o« a2

branes included three different clonal lines. All ouabain binding com- ’

petition curves shown in this paper are the results from one represer

tative experiment of several assays performed. The results have bee¢ . . . . . . .

normalized using the calculated Bmax and Bmin as 100 and 0% totaGAPDl-l o . .

binding, respectively, as described previously (Kuntzweiler et al.,

1996). The errors between triplicate samples within each experimentaFig. 1. Stable expression of the4 isoform cDNA in 3T3 cells. North-

curve were calculated to be smaller than the symbol size on normalizeérn analysis of G418 resistant cells to screen for the expression of rat

graphs. a4 isoform cDNA using a 338 bp rai4 isoform specific DNA se-
Raw data were fit and plotted using the KaleidaGraph program byquence as a probe. Lane 1, mouse testes; lane 2, wild-type 3T3 cells;

Abelbeck Software and th€, for ouabain binding and I values for lanes 3-12, rat4 isoform cDNA transfected cells.

Na" and K" competition were determined as described previously

(Kuntzweiler et al., 1998,b; Kuntzweiler et al., 1996)K values orms. Manv of the epitopes for other isoform-specific
reported in this paper are averages from at least four curves, ins:ludinr%il ) y pitop p

various clonal lines and membrane preparations,, Kalues for N& a,K-ATPasex subunit antibodies are also located in the
and K" competition are averages from at least three curves, also incorresponding isoform’s '5sequence (Arystarkhova &
cluding various clonal lines and membrane preparations. Errors assdSweadner, 1996). Using thé4 antibody, a protein was
ciated with eacl,, and 1G;, value are the standard deviations from the detected in microsomal samples of both rat testis and

Wild type 3T3

Testis

=]
Ran B o B oo TR " P~ - - ]

mean of all incorporated values. transfected cell lines that was not detected in wild type
3T3 cells (Fig. 2). The binding of this antibody was
Results specific for thead isoform since (1) immunoreactivity
was not detected in untransfected 3T3 cells (F&), &)
GENERATION OF RAT a4 ISoFORM (DNA EXPRESSING immunoreactivity could be competed by purified peptide
3T3cCELLS epitope and (3) no specific bands were detected using

a purified preimmune lgGdata not shown To directly

The ability of the rata4 isoform cDNA to code for he si f thed isof ith other isof
functional protein was examined using a 3T3 cell expresSOMpare the size of thed isoform with otheix isoforms

sion system (Kuntzweiler et al., 198%; Kuntzweiler et 9f the Na,K-ATPase, exprgssion Of. the ubiquitat'ﬂs_
al., 1996). The rat cDNA was cotransfected along with a/SCform was assessed using ad isoform-specific
monoclonal antibodyx6F (Takeyasu et al., 1988). As

vector coding for neomycin resistance into 3T3 cells, a . _
mouse fibroblast cell line that only expresses the expected, thel isoform was detected in all samples and

isoform. Cells able to survive G418 selection wereP0th theal anda4 isoforms appear to have similar mo-

screened for4 isoform expression by northern analysis '€cular sizes of 99 kDa (Fig.l3. The data from these
using ana4 isoform specific probe (Shamraj & Lingrel, western blots show for th_e first time expression of a
1994) (Fig. 1). Multiple clones expressing thé iso- protein in transfected cell I|nes_ from the a4 isoform
form mRNA were obtained from each of several trans-_CDNA' Furthe(mpre, t.he protein expresseq from die
fections performed. The slightly larger size of theadt !soform CDNA is identical in size to a protein expressed
isoform mRNA compared to the endogeneusisoform N rat testis.

expressed in mouse testis was expected due to the posis—

tioning of the polyadenylation site in the pKC4 expres-[ H] OuABAIN BINDING SELF-COMPETITION ASSAYS

sion vector. Positive clones from multiple transfectionsUSING RAT a4 3T3 CELLS AND RAT TESTES

were chosen for further analysis. MEMBRANE PREPARATIONS

Because the Na,K-ATPase is known to be the molecular
receptor for cardiac glycosides, the first biochemical
characteristic of this novel protein we examined was its
The production of thex4 isoform protein in both rat affinity for the cardiac glycoside ouabain. The presence
testis and in transfected cell lines was examined by westef a high affinity ouabain receptor was examined using
ern blot analysis using a4 isoform-specific polyclonal [*H] ouabain binding self-competition assays on mem-
antibody, ab4. The ab4 polyclonal antibody was de- brane preparations. This type of competitive binding ex-
signed to recognize a unique peptide sequence based periment measures the amount 3] ouabain specifi-
the ratad isoform deduced amino acid sequence. Thiscally bound to the Na,K-ATPase but can only detect the
peptide antigen sequence is derived from thee§ion of  presence of ouabain receptors whdsg for ouabain
the protein that is the least conserved between the isdinding is less than 4.pm, and will therefore not detect

DETECTION OF THEa4 ISOFORMPROTEIN IN RAT TESTIS
AND IN a4 1ISOFORM EXPRESSING3T3 CELLS
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Fig. 2. Protein expression of the4 isoform in rat testis and i4 80

isoform cDNA transfected 3T3 cells. Western analysis of microsomal
proteins probed witha) a4 isoform-specific polyclonal antibodyb4,

and p) «l isoform-specific monoclonal antibody6F (University of
lowa Developmental Hybridoma Bank). Lane 1, rat testes; lane 2,
wild-type 3T3 cells; lanes 3-4, rat4 isoform cDNA transfected cell
lines.
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the endogenous 3T3 celll isoform whose affinity for 0.1 1 10 100 1000 10000
ouabain is in the millimolar vicinity (Kuntzweiler et al., [Ouabain], nM
1999,b; Kuntzweiler et al., 1996; Price & Lingrel, o » o
1988). Ouabain binding self-competition assays revea!tlg. 3. Ouabain binding self-competition assaya) Quantitation of

ific bindi . | titi &H] bai he levels ofa4 isoform protein expression in membranes of trans-
Specinc binding or nanomolar quantiies ouabain fected 3T3 cells by calculating the amount of specifically bouit] [

to rat testis and to each of the cell lines tested (F&. 3  ouabain per mg of protein. Membrane preparations from rat testis, six
No specific binding was observed in assays using wilddifferenta4 isoform transfected 3T3 cell lines and wild-type 373 cells
type 3T3 cells (Fig. 8). Levels of specific ouabain were assayed. Error bars represent the difference between at least two
binding were calculated by subtracting the amount ofdifferent experimentshj Various concentrations of unlabeled ouabain
[3H] ouabain binding in the presence of 4.6 unlabeled were used as a competitor for binding to membrane preparations from

: . P s o4 3T3 cells (-M-), rat testes (-@--) and sheep1 isoform express-
ouabain from the amount Oﬂﬂ] ouabain binding with ing 3T3 cells (- A--). Data are fit and plotted as described in Materials

out unlabeled ouabain present. Fro_m this anaIySiS* it i%nd MethodsK, values for fH] ouabain binding are as followsi4
clear that both 3T3 cells expressing thé isoform 373 cells, 312.67 + 93.73 nM; rat testes membranes, 316.75 * 134.66
cDNA and rat testis contain a protein that has a highnM; and sheep1 3T3 cells, 1.87 + 0.08 nM.
affinity for ouabain binding.

[*H] ouabain binding self-competition assays were ) ] ) .
next used to calculate tHQ:) for ouabain b|nd|ng of the EXpreSS|0n of thex4 isoform in 3T3 cells is not selected
cardiac glycoside receptors identified in rat testis and irfor by function but indirectly by neomycin resistance,
a4 isoform expressing 3T3 cells. The well-characterizedtherefore these cells do not produce theisoform at a
Sheeml isoform expressed in 3T3 cells (Shegb 373 level sufficient for measuring Naand K" stimulation of
cells) was used as a positive control for a high affinity €nzyme activity. It is necessary to express the highly
ouabain receptork, = 1.5 nM) (Kuntzweiler et al., ouabain-sensitivei4 isoform in a cell line such as 3T3
199%,b; Kuntzweiler et al., 1996). Data from these as- Whose endogenous Na,K-ATPase is relatively ouabain
says reveal that the ouabain receptors in heth3T3  insensitive in order to differentiate the two enzymes, but
cells and in rat testis have very similég, values for oua- it is exceedingly difficult to measure the enzyme activity
bain binding (312.67 + 93.73 nM and 316.7334.66 nM, ~ Of a ouabain-sensitive isoform in the presence of an in-
respectively) (Fig. B). The finding that both receptors Sensitive isoform (Kuntzweiler et al., 198%; Kuntz-
have the same ouabain-affinity strongly supports our hyWeiler etal., 1996). In order to evaluate 4 isoform’s
pothesis that the previous|y cloned! isoform cDNA cation affinities, ouabain blndlng Competltlon assays us-

codes for the same enzyme found in rat testis. ing varying concentrations of Naor K* as competitors
for binding were employed (Kuntzweiler et al., 120b;

Kuntzweiler et al., 1996). This assay provides a very
sensitive, indirect measure of the enzyme’s ability to
bind ions and also examines its ability to change confor-
Analysis of the ion binding affinities of the4 isoform  mation in the presence of different ligands. The prin-
was performed using4 isoform expressing 3T3 cells. ciple of this assay is based on the fact that th# E

Na" AND K* COMPETITION CURVES IN RATa4 3T3 CGeLL
MEMBRANE PREPARATIONS
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a. 100 Discussion

80 |
The information presented in this paper provides conclu-
. a43T3 sive evidence that the previously cloned isoform
—s— Sheepal 3T3 cDNA codes for a novel isoform of the Na,K-ATPase.
Western analyses first demonstrate the presence of a
unique 99 kDa protein, recognized by thé isoform-
specific antibodyab4, in both rat testis and 3T3 cells
expressing the rat4 isoform cDNA. Biochemical stud-
ies involving ouabain binding competition assays next
show that this protein exhibits three hallmark character-
istics of ana subunit of the Na,K-ATPase: (i) a high
affinity for binding cardiac glycosides such as ouabain,
(i) the ability to bind Nd and subsequently alter its
conformation, and (iii) the ability to bind Kand subse-
guently alter its conformation.

Western analyses have shown thatdideisoform is
similar in size to other previously identified Na,K-
ATPasex isoforms. Monoclonal antibodies that specifi-
cally recognize thex1, a2 or a3 isoforms of the Na,K-
ATPase have detected proteins of approximately 92 kDa,
corresponding to thexl isoform, and 94 kDa, corre-

IKCIL. mM sponding to thex2 anda3 isoforms, matching well with
Fig. 4. Na* and K* competition curves. The amount 6H] ouabain the 99 kDa protein we have described here (Sweadner &
bound to membrane preparationscef isoform expressing 373 cells Gilkeson, 1985; Urayama, Shutt & Sweadner, 1989;
(--M--) and sheemx1 expressing 3T3 cells (&--) is plotted against ~ Arystarkhova & Sweadner, 1996). In addition, thé
the concentration ofa) NaCl and p) KCI present in the reaction. Data isoform-specific antibody6F (University of lowa De-
are fit and p";ttlfd a54d3’3T53°”bﬁd Q"lhg"i"iri;"‘l's a”dd’v'ﬁth"dfcg% velopmental Hybridoma Bank) reacts with a band of the
values are as 1ollowsx cells, 9. +1. N and shee . H ] .
cells, 30.50 + 3.68 m. 1C ., values are as followsi4 3T3 celTls, 2.14 same molecular s!ze as.that identifieddiy in all of the .
+1.14 mv and sheem1 373 cells 2.36 + 0.60 m. cells tested here including untransfected 3T3 cells (Fig.
1b). The«ad isoform therefore displays a different ex-
pression pattern from that of thel isoform, but encodes
a protein of very similar molecular size.
intermediate of the Na,K-ATPase has the highest affinity ~ Ouabain binding competition assays revealed that
for cardiac glycoside binding while the addition of either this testis specifiex isoform of the Na,K-ATPase has a
NaCl or KCI to the reaction changes this high affinity high affinity for the cardiac glycoside ouabain. The oua-
intermediate to either the,;NHa or EK forms, both of  bain binding affinity of thea4 isoform is slightly lower
which have lower affinities for ouabain binding (Lingrel compared to that of other previously described cardiac
& Kuntzweiler, 1994). The ability for the enzyme to glycoside sensitive rat isoforms. For example, the rat
both bind cations and alter its conformation can be meaa?2 and rai3 isoforms haveé values for ouabain bind-
sured by looking at the amount of displace#i] oua- ing of 115 v and 1.6 ™, respectively (O’Brien et al.,
bain. Membrane preparations made from shegépex-  1994) while the ratv4 isoform described here hag
pressing 3T3 cells were used as a positive control irof 315 nM. Thea4 isoform therefore has an affinity for
these assays. ouabain similar to but distinct from the ra® isoform,

Na" and K" competition for fH] ouabain binding  while the rata3 isoform’s ouabain affinity more re-
are highly effective usingx4 isoform expressing 3T3 sembles that of the sheefl enzyme (1.5 m) (Kuntz-
cell membrane preparations (Fica dndb). The calcu- weiler et al., 1998,b; Kuntzweiler et al., 1996). In con-
lated 1C,, value for Nd inhibition of [®H] ouabain bind-  trast, the ratx1 isoform is typically described as having
ing in a4 3T3 cells was 9.13 + 1.81 wm(Fig. 4a), while  relatively low affinity for cardiac glycoside binding, with
that for the K inhibition of ouabain binding was 2.14 + an IC,, value in the millimolar range (Price & Lingrel,
1.14 mv (Fig. 4b). These results definitively demon- 1988). Therefore, these experiments have determined
strate the ability of this high affinity ouabain receptor to that the ratad isoform cDNA produces a high affinity
bind both N& and K" and to subsequently alter its con- cardiac glycoside receptor that is also present in rat testis.
formation to that of a lower ouabain binding affinity The presence of Naand K' stimulated ATPase ac-
intermediate. tivity associated with the4 isoform could not be mea-

60
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20

% Total [*H] Ouabain bound

0.1 1 10 100 1000
INaCl], mM

—&— ad43T3
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sured in the 3T3 cell expression system employed hereilanco, G., Sanchez, G., Mercer, R.W. 1995. Comparison of the en-
This expression system is ideal for the initial character- ~zymatic properties of the Na K-ATPas@31 anda3p2 isozymes.
ization of thead isoform because it allows an isoform __Biochemisin34.9897-9903 .

. . L . Jewell, E.A., Lingrel, J.B. 1991. Comparison of the substrate depen-
with a.hlgh aff',nlty for ouabain t(,) be pr.oduced and ana- dence properties of the rat Na,K-ATPasg, a2 anda3 isoforms
lyzed in a murine cell system without interference from expressed in Hela cells. Biol. Chem 2662968229687
that cell’'s endogenous, low affinity Na,K-ATPase kuntzweiler, T.A., Argiello, J.M., and Lingrel, J.B. 1996. A&} and
(Kuntzweiler et al., 1998,b; Kuntzweiler et al., 1996). Asp©8in the transmembrane domain of the Na,K-ATPase a subunit
However, these cells only express low levels of the are cation coordinating residuek.Biol. Chem271:29682—-29687
isoform presumably because the cells are selected fdfuntzweiler, T.A., Wallick, E.T., Johnson, C.L., Lingrel, J.B. 1895
neomycin resistance and not for the function of the Glutamic acid 327 in the sheepl isoform of N& K™-ATPase
. S . stabilizes a K-induced conformational changd. Biol. Chem.
isoform. This is also the case for the otlheisoforms of 2702993-3000
the Na,K-ATPase (Kuntzweiler et al., 1985; Kuntz- Kuntzweiler, T.A., Wallick, E.T., Johnson, C.L., Lingrel, J.B. 1895
weiler et al., 1996). The expression levels do allow cat- Amino acid replacement of ASP°in the sheep1 isoform elimi-
ion affinities to be studied indirectly using ouabain bind-  nates ATP and phosphate stimulation#i] ouabain binding to the
ing competition assays. As a result of these ouabain Na"K'-ATPase yvithout altering the cation binding Properties of
binding competition studies, the4 isoform has been Laetrr;emllzianJy?ei]é7BO|0|éI(;Z\l/aar:;;?c?fft?i?ti:allessrloieins during assembly
_determmed_ to be a high affinity ouabain recept(_)r_that of the head of bacteriophage THature 227680-685
interacts with both Naand K" and therefore exhibits | jngrel 38, Kuntzweiler, T.A. 1994. The Na,K-ATPas. Biol.
three hallmark characteristics of a Na,K-ATPase. The chem.269:19659-19662
cation affinities reported here for thet isoform corre-  Malik, N., Canfield, V.A., Beckers, M., Gros, P., Levenson, R. 1996.
late well with previously reported values for other Identification of the mammalian Na,K-ATPag& subunit.J. Biol.
isoforms of the Na,K-ATPase (Jewell & Lingrel, 1991;  Chem.27122754-22758 _ _
Munzer et al., 1994; O'Brien et al., 1994). It is therefore Munzer. J.S., Daly, S.E., Jewell-Motz, E.A., Lingrel, J.B, Blostein, R.

. . . . 1994. Tissue- and Isoform-specific kinetic behavior of the Na,K-
highly unlikely that thea4 isoform is a member of an- ATPase.). Biol. Chem26916668—16676
other P-type ATPase family. The direct measurement obygrien, w.J., Lingrel, J.B, Wallick, E.T. 1994. Ouabain binding ki-
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this isoform in a system that does not have endogenou@rlowski, J., Lingrel, J.B. 1988. Tissue-specific and developmental
Na,K-ATPase activity. regl’i:a:iog rg'r?t(l:\lha,K-ﬁggfgzszatilﬁifzisoform andp subunit
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ously cloned putatlvg fourth Na,[(-ATPe}sef isoform Na,K-ATPase a subunit: site-directed mutagenesis of glutamine-
codes for a protein with characteristics similar to yet 111 to arginine and asparagine-122 to aspartic acid generates a
distinct from those of other previously describedso- ouabain-resistant enzymBiochemistry27:8400-8408
forms, characterizing it as a novel isoform of this en-Schwartz, A., Lindenmeyer, G.E., Allen, J.C. 1975. The sodium-
zyme. It is also unique in its tissue-speciﬁc expression potassium adenqsine triphosphatase: Pharmacological, physiologi-
pattern and has so far only been detected in testis. Fur- 3 and biochemical aspecBhar. Rev27:3-137 =
ther investigation of the4 isoform is under way in order Shamraj, O, Lingrel, J.B. 1994. A putative fourth N&'™-ATPase

. . . . a-subunit gene is expressed in tesBsoc. of the Natl. Acad. Sci.
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