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Molecular and Functional Studies of the Gamma Subunit

of the Sodium Pump

Alex G. Therien,® Helen X. Pul! Steven J. D. Karlish? and Rhoda Blosteiri**

This article reviews our studies of thesubunit of the sodium pump. is a member of the FXYD
family of small, single transmembrane proteins and is expressed predominantly in the kidney tubule.
There are two major variants gfwhich function similarly to bring about two distinct effects, one on

K e @nd the other, oK, the affinity of the pump foK * acting as a competitor of cytoplasmic Na

In this way, y is believed to provide a self-regulatory mechanism for maintaining the steady-state
activity of the pump in the kidney. Our studies also suggest tHaaitagonism of cytoplasmic Na
activation of the pump is relevant not only to the presengeinthe kidney, but probably some hitherto
undefined factor(s) in other tissues, most notably heart. The interesting possibility that nptrily

other members of the FXYD family regulate ion transport in a tissue-specific manner is discussed.
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INTRODUCTION

Although the basic functions of the sodium pump
are the maintenance of Nand K" homeostasis, tissue-
specific modification of its behavior may be critical to
specialized functions. While the nature of tlesubunit
isoform of thea /8 Na,K-ATPase pump complex may be
a primary determinant of the intrinsic kinetic properties

mechanistically well-characterized tissue-specific modu-
lator of the Na,K-ATPase is theglantigen of low-K"
(LK) ruminant red cells, so-called because of its associa-
tion with the L blood group antigens and its highly spe-
cific effects on the sodium pump (reviewed in Dunham
and Blostein, 1997). However, the molecular nature of
this protein remains unknown. Interactions of the Na,K-
ATPase with components of the cytoskeleton have also

of the enzyme, there is an increasing body of evidence been reported and the consequences of such interactions
suggesting the Na,K-ATPase is subject to complex short- include correct processing and targeting of sodium pumps
and long-term regulation either by post-translational to the appropriate membrane compartment as well as
modifications or by other cell-specific components, which regulation of activity. To date, however, there has been
may interact witha /8 pumps and modulate their ki- relatively little information on the nature and mechanis-
netic properties (for review, see Therien and Blostein, tic basis of sodium pump modulation by specific mem-
2000). Many earlier reports focused on the role of brane components, due mainly to the difficulty in identi-
membrane lipids of which the main effects were re- fying and separating such components from the enzyme
lated to membrane fluidity and thickness. A striking and complex.
Members of a family of small, single transmembrane
ment of Medicine, McGill University, Montreal, Quebec proteins ChajraCterlzed by a FXYD motif, which mC|u_de
H3G1A4, Canada. the y subunit of renal Na,K-ATPase, are expressed in a
2 Department of Biological Chemistry, Weizmann Institute of Science, tissue-specific fashion. Although the existence of gamma
. Rehovot 761001, Israel. _ _ _ (y) had been suggested almost 30 years ago (Rivak,
Currerjt address: H_osplt_al for Sick Children, Structural Biology apd 1972)' and was subsequently referred to as/tlmbunit
Chemistry, 555 University Avenue, Room 3520, Toronto, Ontario, . e .
Canada, MOA 4M6. (Reevest al., 1980), only later was its specific associa-
4To whom all correspondence should be mailed. e-mail: Rhoda.Blostein tion with the sodium pump demonstrated by Forbush and
@mcgill.ca co-workers (Forbusét al., 1978). As described below, we
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now believe that thg subunit is a mainly kidney-specific  ther structural analysis has shown thatcomprises a
regulator of the Na,K-ATPase. A detailed description of single transmembrane domain and has a N-terminus out,
seven members of this family has been obtained by analy- C-terminus in topology (Bguinetal., 1997; Theriertal.,

sis of gene transcripts in the EST data base (Sweadnerl997). As described elsewhere (Theredral., 1997) and
and Rael , 2000). This revealed the FXYD motif prior shown in Fig. 1, Western blot analysis of a variety of tis-
to the transmembrane segment and several other consues, including rat glomerular cells, medulla, axolemma,
served residues within the transmembrane and cytoplas-heart, red blood cells, glomerular epithelial cells (GEC
mic segments. The better characterized other members ofcell line), Hela, lung, stomach, spleen and intestine (not

this family include phospholemman (PLM), expressed in
mouse (Bogeaet al., 1998), dog (Palmeet al,, 1991),
rat and human (Cheet al, 1997), channel-inducing
factor (CHIF) in rat (Attaliet al, 1995) expressed in
colon and kidney, and an 8-kDa mammary tumor-
associated protein (Mat-8) in mouse (Morrison and
Leder, 1994) and man (Morrisaat al., 1995). While the
latter members of this family have been described as
ion channels or specific regulators of ion channels, there
is new evidence suggesting that they may have other
functions.

This article presents an overview of our studies of
the molecular and mechanistic basis of tissue diversity in
behavior of the ubiquitougl mammalian (rat) isoform.

Several interrelated issues are discussed. The major fo-

RESULTS AND DISCUSSION
The Gamma Subunit (FXYD2)

Modulation ofK’sp Secondary to a Shift in the;&> E»
Conformational Equilibrium

The y subunit, first described in purified kidney
Na,K-ATPase preparations (Forbushal, 1978), asso-
ciates in approximately equimolar amounts, withdteend
B subunits (Collinset al., 1982; Hardwicke and Freytag,
1981; Reeveet al., 1980). Molecular cloning of the
subunits of rat, mouse, cow, and sheep indicated a molec-
ular weight of~6500 (Merceret al., 1993). Cloning and
sequencing of the human (Kiet al., 1997) andXenopus
y subunits (Bguinet al., 1997) have also been reported.
Sequence comparisons shew5% homology overall and
much higher (93%) for only mammalian sequences. Fur-

shown), and cultured cells derived from rat kidney (NRK-
52E) using antiy (C-terminal) antiserum showg pro-
tein only in kidney and not in cell lines derived from kid-
ney. The presence in tubule-rich tissue from other species
and absence in cell lines derived from them (pig and dog
kidneyvs. LLC-PK and MDCK cell lines) is noted as well.
On SDS—PAGE, the subunit of kidney runs as a
doublet (appareni,’s ~8 and~9 kDa) (Merceret al,
1993; Therieretal., 1997; Fig. 1) and adoubletis observed
following in vitro expression in the presence, but not ab-
sence, of pancreatic microsomes (Meregral., 1993;
Béguinetal.,, 1997). Recent mass spectrometry analysis of
rat kidneyy indicates that the two major bands are splice
variants. Gamma(a)y@, upper band on SDS-PAGE)
has a mass of 71848/— 1 Da (carbamidomethyl cys-
cus is the tissue-specific expression and functional conse-teine) (Kusteret al., 2000), which corresponds closely to
guences of -subunit association with the' 8 pump com-
plex. Another aspect concerns the tissue-specific nature
and mechanism underlying*Kantagonism of cytoplas-
mic Na"-activation, which is relevant not only to the pres-
ence ofy in the kidney, but, presumably, some heretofore
undefined factor(s) in other tissues, most notably heart.
Finally, we discuss very recent evidence that other mem-
bers of the FXYD family interact with the sodium pump
in a tissue-specific fashion.

that for the published sequence without the initiator me-
thionine (Therieretal., 1999), while gamma(b}b, lower
band) has a mass of 73349 — 1 Da. Tryptic peptide
mapping and sequencing by mass spectrometry revealed
that the seven N-terminal residuesya, TELSANH, are
replaced by Ac-MDRWYL iny b, but otherwise the chains
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Fig. 1. Immunoblot analysis of expression in rat tissues.



Studies of Gamma Subunit of the Sodium Pump 409

A. HEK 'Y
vi:: - 2= -

B. HelLa
9
Y, Tp —> — g
Y, — - -

Fig. 2. Immunoblot analysis ofa andyb expression in HEK and HelLa cells. Taken from
Kusteret al., 2000. The cloning and transfection of naa andyb cDNAs were carried

out exactly as described for wild-type HelLa cells (Kusteal, 2000), except that a stable
cell line expressing rat1 was used¢1-Hela cells obtained as a gift from E. Jewell and

J. B Lingrel). Cells were selected by growth in 408/ml hygromycin and uM ouabain
(Kusteret al,, 2000). Western blot analysis was carried out as described previously (Therien
etal, 1997) using antibodies against the C-termimuS33; Therieret al., 1997) and against

the N-termini ofya andyb. Quantitative phosphorimaging was carried out using the Storm
Phospho-Imager (Molecular Dynamics).

are identical. These sequences are identical to those ob{C terminus) antibodies on the renal enzyme. In the other
tained by searching the EST database (Sweadner and Raekeries, the kinetic behavior gpftransfected cells was com-
2000). Additional bands seen on Western blots of trans- pared to that of mock (vector alone)-transfected cells. The
fected cells has led to some confusion (Arystarketal., latter were performed initially withra-transfected human
1999), which is clarified by experiments in which the embryonic kidney (HEK) cells and, more recently, with
cDNA’s for both variants were expressed in both HEK ya andyb expressed in both HEK and HelLa cells.
and Hela cells (Kustegt al., 2000). As shown in Fig. 2, We first showed that antr-antiserum raised against
two major bands are expressed in HelLa cells. They corre-the C-terminus of inhibits Na,K-ATPase activity of the
spond toya (upper band) angdb (lower band) of therenal  kidney enzyme, but not of tissues that do not express
Na,K-ATPase. Additional minor bands seen after trans- (Therienet al,, 1997). Further analysis showed that anti-
fection, namely d in HEK andy b’ in HelLa cells, imply y decreases the apparent affinity for ATP probably by
that these are cell-specific posttranslational modifications stabilizing the & form(s) of the enzyme. There are sev-
(Kusteret al., 2000). eral observations that support this conclusion (as shown in
For functional analysis, two approaches were used. Table I): (1) antiy inhibits Na,K-ATPase activity such that
One series of experiments tested the effects of ;anti- inhibitionincreases atacidic pH under which condition the

Table I. Gamma Effects 0Wmax, Kxrp, and the k < E; Conformational Equilibriurh

Parameter measured Effects of anfic-terminal) Effect ofy transfection
1. Na,K-ATPase as a function of pH Inhibition increases at acidic pH; decreases at alkaline pH n.d.
2. Kyrp Increase yp DecreaseX yrp
3. KT sensitivity of Na-ATPase Increased Knhibition at low M) ATP Decreased K inhibition at low M) ATP
4. Vanadate sensitivity of Na-ATPase Decredsgdor vanadate Increasdd for vanadate
5. Vmax and ERyax Vimax decreased¥25%); no effect on ERax n.d.

aMembranes were prepared and enzyme assays were carried out as described previouslyefTdierd®@97). For studies of sensitivity to vanadate,
Na-ATPase assays were carried out without and with vanadate, with low and high ouabain added for each, respectively. Data taken fretalTherien
(1999, 2000) and H. X. Pet al. (2001). n.d., not determined.
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E>(K) — — E; segment of the reaction becomes more

effect could not be detected withtransfected cells, pos-
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€
rate limiting; (2) displacement of the;FE, conforma- E 120 a
tional equilibrium toward E by anti4 was evidenced by E 100 [
an increase irK ;;p; and (3) antiy increases sensitivity % :
to KT-inhibition of Na-ATPase at micromolar ATP con- & 80 -
centration under which condition,EK) — — E; is rate § 60 |
limiting. Although a small effect of ant- on apparent § —5— ey
K+ affinity (increase) was observed at suboptimal ATP g 40 %Eg}f&’fé’s&i"
concentration (Therieet al., 2000), a consistent opposite é‘_’ 20 Wrelaat
<
A
(1]
-4

sibly due to their higher background hydrolysis. In fact,
in assays of ouabain-sensitif®Rb" (K*) influx, a sig-
nificant difference in the apparent affinity for extracellular
K* between eitheya- oryb-transfected cells compared
to control mock-transfected cells could not be detected.
(4) Based on the premise that aptincreases Eforms,
including EP, it was predicted that angi-treated kidney

enzyme should be more sensitive to vanadate than con-

trol membranes. That this is, indeed, the case is shown
by the modest~+2-fold), but significant, decrease in the
IC5 for vanadate inhibition effected by anti{p < 0.01).

(5) Finally, antiy appears to decrease the catalytic
turnover of the enzyme, as indicated by the decrease in
Vmax Without an effect on maximal phosphoenzyme.

It is important to note that, in general, the behavior
of anti-y -treated, compared to nonimmune serum treated-
kidney enzyme mirrors the behavior of mock-transfected
compared tg/-transfected cells, respectively. This is ex-
emplified by the results for HeLa cells summarized in
Table I. Accordingly, it may be inferred that increases
Vmax and catalytic turnover, since antihas the opposite
effect on the renal enzyme. (Variability in specific activity
among different membrane preparations precluded com-
parisons ofVpax Of - vs. mock-transfected cells.)
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Fig. 3. Tissue-specific differences ik}, at high K" concentration
reflect differences in K antagonism of cytoplasmic Naactivation.
(A) Na* activation profiles determined at 50 mM KCI (Fig. 1, The-
rien and Blostein, 1999). (B) Dependencekgf, on K* concentration
(Fig. 2, Therien and Blostein, 1999). Reprinted with permission from
the American Physiological Society.

Taken together, these results provide strong evidencenotably greater effect of Kas an inhibitor at cytoplasmic
thatan important role of the subunitis to shiftthe confor- ~ Na' activation sites of kidney pumps compared to most
mational equilibrium of the Na,K-ATPase reaction toward other tissues (see Fig. 3). Originally, we dismissed the no-
E; and that antiy disrupts the relevantinteraction between tion that this property was due to the presence fince
y and thex /8 Na,K-ATPase complex. The observation anti-y did not abrogate the effect. However, our recent
thaty decreases sensitivity to vanadate and, conversely,transfection studies have revealed that betrariants in-
that antiy treatment of the renal enzyme increases sensi- crease K /Na" antagonism (H. X. Pet al., 2001). When
tivity to vanadate, strongly support the conclusion that the Na,K-ATPase assays are carried out at relatively high K
change inK ;;p reflects primarily an effect on the; =, concentration, this effect is manifested as a lower appar-
conformational equilibrium. Our recent transfection stud- ent affinity for Na~ of y-compared to mock-transfected
ies show that the aforementioned propertiey afhown cells. A detailed analysis df{,, measured as a function
in Table I, hold true for its two major variantga andy b of varying K concentration, indicates that the effect is
(H. X. Puet al., 2001). Quantitatively, the effects pfare due to a decrease ik with little effect onKy,. These
within the range predicted by our estimates of thex results are summarized in Table II. This effectjofon
ratio, which is at least 50% of that of the kidney enzyme. K*/Na" antagonism is seen equally with bgthvariants

Another finding concerning the function efis that and, interestingly, this function of is not altered by anti-
it has a second distinct effect on the catalytic function bodies, which react with the undenatured enzyme, namely
of the Na,K-ATPase. Thus, our earlier studies revealed a either against the C-terminus reactive with both variants,
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Table Il. Gamma Effects on Na and K Interactions with N&

Activation Site$ 120 -
Cells KNa Kk Kna/Kk
°
al-HeLa-mock 0.86 19.1 0.045 100 -
al-HelLaya 0.83 11.7 0.071
al-HelLayb 0.87 11.8 0.074

| Mock-fused
80 |

aFor experiments with HelLa cells expressing the ouabain-resistant rat
al catalytic subunit 1-HelLa"), the cells are grown in M ouabain

and assayed in medium containing a low (/) ouabain concentra-
tion. Activities shown are the differences in ATP hydrolysis measured
in the presence of low (1@M) and high (5 mM) ouabain concen-
trations. Kinetic evaluation of K antagonism of N& activation at
cytoplasmic sites was based on the Albers—Post model and the assump-a_
tion that Na and K* bind randomly at three equivalent cytoplasmic L
sites and was carried out as in previous studies using the relationship v 20

60 |

40

TPase activity (% of maximum)

v =V/{1+ Kna/[Na](1 + [K] /Kk)} where [Na] and [K] are the cy- ©

toplasmic concentrations of Naand K, respectively, and s is the =

affinity for Na* binding at cytoplasmic activation sites in taesencef 0 L —
K*; K is the affinity for K acting as a competitive inhibitor of Na Y 20 40 60 80 100
binding at cytoplasmic sites. Good fits of the data to the linear relation- NaCl (mM)

ship between the apparent affinity constant for Ny, and [K"], i.e.,

Kia = Kna (1 + [K]/Kk), allowed the quantification dfna andK. Fig. 4. Na+ activation of kidney pumps either fused or mock-fused into

dog red blood cells (Fig. 4 of Therien and Blostein, 1999). Reprinted
with permission from the American Physiological Society.

or the TELSANH peptide ofa (H. X. Puet al., 2001).
(Antibodies raised against the N-terminusdif are reac-
tive only with SDS-denatured enzyme, which precludes one region of interaction between theinda subunits on
meaningful interpretation of its failure to alter the effects which the functional sites reside. Presumably, the effect
of yb onal81 pumps.) on the B/E; equilibrium and apparent ATP affinity in-

Overall, it is evident from our studies that both volves the C-terminal sequence KHRQVNEDEL and the
variants alter the kinetics similarly, with no evidence of a K*/Na' antagonism is mediated by other sequences in
significant difference between the two on catalytic func- the molecule. At the level of mechanism, while stabiliza-
tion. It may also be noted that the functional effects do not tion of the B conformation by they subunit explains
depend on tissue-specific modifications of theubunit, the increase of apparent ATP affinity, such an effect can-
although such modifications can be observed in Hela cells not also explain the increased KNa™ antagonism. An
(yb') or HEK cells (#d). Expression ofya in NRK-52E increased intrinsic K binding affinity at one of two cy-
kidney cells has been reported to modulate (decrease) Na toplasmic K- sites could lead to an increased cytoplas-
and K" affinities (Arystarkovat al., 1999). Although this ~ mic K*/Na" antagonism, without simultaneously affect-
functional effect appears similar to that described here ing the B/E; equilibrium. The singularity of two effects
for ya, there are puzzling experimental differences. First, is underscored by the observation (Therien and Blostein,
compared to kidney enzyme, the leveboéxpressionwas  1999; see Fig. 4) that polyethylene glycol-mediated fusion
much lower (15-20%) than in experiments carried outwith of kidney pumps into cells devoid of pumps (dog erythro-
the HelLa transfectants-60%; Fig. 2) despite the similar ~ cytes) abrogates the kidney-specific increase i IKa"
functional effect. Second, the effect was observed only in antagonism, but not anfi-mediated inhibition of overall
cells expressing a doublet, unlike the studies with Hela activity.
cells which, like kidney (see Kustet al., 2000), express
only a singleya band. Since there does not seem to be a
modified ¢ &) in intact kidney membrane, the relationship Is Tissue-Specific K- Antagonism at Cytoplasmic
of this observation in studies with NRK-52E (Arystarkova Na' Activation Sites a General Mechanism
et al, 1999) to an effect in intact kidney has not been for Pump Regulation?
clear.

The recognition that thg: subunit induces at least K*/Nat antagonism was first noted in studies
two functional effects, only one of which is abrogated by of «181 pumps of kidneyal-transfected HelLa, and
anti-y (C-terminal), suggests that there must be more than axolemma (Theriert al., 1996), and, more recently, in
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Table 1ll. Apparent Affinities for N& and K" Binding to Na"
Activation Sites olx1 Pumps
Kna? Kk?

Tissue/cell (mM) (mM) Kna/Kk?
Red blood cell 0.5} 0.1 18.6+9.1 0.027+ 0.00%
Axolemma 0.78+ 0.05 18.7£1.8 0.042+ 0.002
HelLa 0.91+ 0.02 19.9+ 0.7 0.046+ 0.001
Small intestine 1.460.16' 20.8+3.6 0.070+ 0.00%
Kidney? 1.02+ 0.09 10.0+1.22 0.102+ 0.003
Heart 0.95+0.71 3.96+ 3.3 0.239+ 0.029

8K na is the affinity constant for N in the absence of K and Kk
the affinity constant for K as a competitive inhibitor. Values &fna,
Kk, and Kna/Kk were determined from plots in Fig. 2 and Eq. (3)
of ref. 4. Reprinted with permission from the American Physiological
Society.

byvalues taken from Table Il of Therien and Blostein (1999).

CDifferent from HelLa, small intestine, and kidney & 0.02).

dDifferent from red blood cell, axolemma, HeLa and kidnpy< 0.02).

eDifferent from axolemma, HelLa, small intestinp & 0.01) and may
be different from heartff < 0.1).

f Different from axolemma, HelLa, small intesting & 0.01) and may
be different from kidney g < 0.1).

9Different from all other tissues showmp (< 0.01).

Therien, Pu, Karlish, and Blostein

Comparison of Kidney and Heart

As shown in Table IIl,Kna/Kk is highest in both
kidney and, to an even greater extent, heart which, in the
adult rat, comprises at least 8084. However, there is
a clear distinction between the underlying nature of this
effect in heart compared to kidney. When the rat heart
enzyme preparation is subjected to SDS treatment with
concentrations above that generally used to permeabilize
the membranes (0.60 mg/ml), there is a notable decreasein
K*/Nat antagonism, as evidenced in theNactivation
profiles measured at relatively hightKconcentration.
Thus, the apparent Naaffinity of heart (measured at 50
mM K ™) is decreaseet twofold when the detergent is in-
creased to 0.9 mg/ml, whereas that of the kidney remains
unaltered (R. Blostein and A. Wilczinski (2000)).

Reversible modulation of K/Na" antagonism is a
potentially important mechanism of sodium pump reg-
ulation since the concentration of *Kin most cells
is roughly tenfold higher than that of Na Alteration
in the susceptibility of the sodium pump to inhibition
by K+ would allow for changes in activity without
changes in cation concentrations. Such a regulatory mech-

other tissues, namely heart, small intestine, and red bloodanism would be especially important in the heart, where

cells (see Fig. 3). A detailed kinetic analysis of WNa*
competition was carried out for six rat tissues (Table Il1).
The results indicate that the order of susceptibilities of
al pumps of rat tissues to/Na" antagonism (repre-
sented byKna/ Kk, the ratio of the apparent affinity for
Na" binding at cytoplasmic activation sites in the ab-
sence of K to the affinity constant for K as a com-
petitive inhibitor) is red blood cellsc axolemmaa rat
al-transfected Hela cells small intestine< kidney <
heart. This is due primarily to a lowéy of «1 of heart
and kidney.Kna values were generally similar except for
the small intestine (highd{yz). A more detailed analysis
of the rates of K occlusion and deocclusion (Therien
and Blostein, 1999) support a minimal simple model,
whereby Nd competes with K for binding to the cy-
toplasmic cation binding site of;Ho form either (1) the
E;P(Na) in the forward reaction or (2),EK) in the back-
ward reaction.

It is interesting to note that a role of theesubunit in
interactions of the Na,K-ATPase with'kmay be relevant
to earlier findings that the subunit is a component of the
protein complex found in so-called “19-kDa membranes,”
the product of tryptic digestion following occlusion of K
or Rb" by the enzyme to form £K) (Or et al., 1996), and
that partial protection by Kions against tryptic digestion
ofthey subunitis seeninrenal microsomes (Thegeal.,
1997).

the pump has a role in determining the set point for
Nat/Ca&+ exchange and, hence, contractility of cardiac
muscle (Blaustein, 1977). The nature of the putative reg-
ulatory component in cardiac tissue is currently under
investigation.

Physiological Implications

The physiological significance of thesubunit could
be that it provides a self-regulatory mechanism for main-
taining the steady-state activity of the pump in the kidney.
This notion is underscored by the abundance of both vari-
ants in the medullary thick ascending limb (H. X. &ual.,
2001), suggesting that its functional effects are tailored to
meet the requirement of Naand K" homeostasis in the
prevailing environmental conditions and, in particular, by
the observations of the dual effects on the kinetic proper-
ties, the one oK 4, and the other oK, the affinity of the
pump for cytoplasmic K acting as a competitor of Na
The effect ofy onK 4 was discussed recently in terms of
its importance in maintaining pump activity under putative
anoxic parts of the medulla, that is, to increase ATP uti-
lization and maintain optimally high intracellular'kand
low Nat under energy-compromised conditions (Therien
etal, 1999, 2000). Such a regulator I§f;, should alter
the pump'’s affinity for the nucleotide only moderately, for
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an excessive increase would effect even greater decreasegb may be related to cell-specific location of the pumps
in ATP concentration, thus leading to compromised cell rather than to different modulatory effects on function.
viability. The ability ofy to increase K /Na" antagonism
atthe cytoplasmic surface (H. X. lBtial.,, 2001), may pro-
vide a means of acute regulation of the steady-state Na Interaction of Other Members of the FXYD Family
concentration. A lowered effective cytoplasmic’Na#fin- with the Na,K-ATPase
ity for activating the pump, due to a regulatory interaction,
may be tailored to fit cells in which the steady-state"Na CHIF or FXYD4 was identified by differential
concentration is higher than in cells which lack the reg- screening for aldosterone-induced transcripts (Adtizi.,
ulator, but which, nevertheless, must respond to changes1995). CHIF cDNA codes for an 87 residue polypeptide
in Na" entry. Thus the optimal affinity for cytoplasmic  with a hydrophobic signal peptide preceding the FXYD
Na' ions should be one at which there is plenty of re- motif. Recent evidence using a@mvitro expression sys-
serve capacity for responding to changes in celf Mda tem suggest that the signal peptide may not be cleaved,
the prevailing set-point of Naconcentration. The recent  implying the existence of two transmembrane domains
report of a putative dominant-negative mutation (G41R) (Shi et al,, 2001). CHIF mRNA and protein is specifi-
in the y subunit of the Na,K-ATPase (Megt al., 2000) cally expressed in kidney collecting duct (CD) (cortical
may be relevant to a role ¢f in maintaining intracellular CD < outer medulla CD< inner medulla CD) and in dis-
Mg?+ secondary to elevating intracellular NeSuch a re- tal colon surface cells (Capured al,, 1996; Wald et al.,
lationship between intracellular Naand Mgt was seen  1996), but not in a variety of other tissues. In the colon,
not only in sublingual mucous acini (Zhang and Melvin, CHIF mRNA is upregulated by aldosterone, dexametha-
1996), but also in the kidney (G. Quamme, personal com- sone, or low Na diet (via changes in plasma aldosterone)
munication 2001). or by a high K diet. In the kidney, only regulation by
The lack of a notable difference betweea andyb K™ intake is apparent (Waldt al., 1996, 1997). These
with respect to their effects on pump kinetics may not be observations form the basis for the hypothesis that CHIF
surprising. The two variants differ with respect to only is involved primarily in regulation of K homeostasis.
the six or seven residues at the extracellular amino ter- Although CHIF was found originally to induceK
minus. Accordingly, the two variants may influence dif- channel activity irKenopu®ocytes, later work has shown
ferentially such properties as membrane targeting, pump this to be an erratic phenomenon. Immunocytochemical
turnover, or basolateral signaling and affect the rate of localization shows the presence of CHIF in the baso-
active N& and K' transport by altering the density of lateral membrane of renal cortical collecting duct prin-
pumps in the basolateral membrane. It is also plausible cipal cells and at increased levels in outer and inner
that each of these variants may influence differentially, medullary collecting duct, but not in other nephron seg-
in a cell-specific manner, some interactions of the pump ments (Capurret al., 1996; Shiet al., 2001; Gartyet al.,
with the extracellular matrix. Our experiments cannot rule 2001). Since this expression pattern exactly complements

out the possibility of a heretofore undetected more subtle
distinction between the two variants.

In contrast to their functional similaritiega andy b
show differences in their localization along the kidney
tubule (H. X. Puet al., 2001). Using anti+ (C-terminus)
and antibodies to the rat subunit as well as antibodies
to identify cell types, double immunofluorescence exper-
iments carried out in the laboratory of N. Farman showed
highest expression is in the medullary portion of the thick
ascending limb (TAL), which contains botha andyb,
with no other positive tubular segments in the medulla.
In the cortex, most tubules expressbut at lower levels.
Antibodies specific folya andyb showed differences in
their cortical locationy a is specific for cells in the macula
densaand principal cells of the cortical collecting duct, but
not cortical TAL. In contrastyb, but notya, is present
in the cortical TAL. Thus, the distinction betwega and

that of they subunit, and given the homology between
the proteins, it is conceivable that CHIF could replace
as a regulator of Na,K-ATPase in the specific cell types.
In support of this hypothesis, coimmunoprecipitation of
CHIF with« subunit of Na,K-ATPase in colon membranes
has been recently demonstrated (Gathal., 2001). De-
pendence of the coimmunoprecipitation on Na,K-pump
ligands indicates that the interaction is quite specific.

A phospholemman-like protein (PLMS) has been de-
scribed in purified shark rectal gland Na,K-ATPase prepa-
rations (Mahmmoucet al, 2000). Like cardiac PLM,
PLMS can undergo phosphorylation by protein kinase
A and C and activation of the Na,K-ATPase occurs as
a result. Similar effects are achieved with low concen-
trations of a non-ionic detergent and it is suggested that
either phosphorylation or the detergent cause dissociation
of the PLMS from thes subunit. Mahmmoudt al.(2000)
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propose that phosphorylation of cardiac PLM may regu-
late cardiac Na,K-ATPase by a similar mechanism.

The two examples discussed above raise the tan-
talizing prospect that other FXYD proteins act as
tissue-specific regulators of the Na,K-ATPase, in addition
to any other roles they may have. It now remains to be
established whether or not this concept has validity.
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