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ABSTRACT. The Na—K*-ATPase consists af and/3 subunits proposed to function as@n 3 heterodimer.
Skeletal muscle is characterized by expressiomdf a2, 51, and2 subunit isoforms. The relative

molar proportions of each subunit or each protein isoform are not known, yet their subcellular distribution
and expression in muscles of different fiber types are markedly different. In this study, the molar ratio
of each pump subunit isoform was measured in purified membranes from skeletal muscle and compared
with those in kidney and brain microsomes. Recombinant proteins were used as standards to quantitate
each isoform by immunoblotting in combination with measurementd{bliabain binding. The results
indicate that in kidney microsomes, which express predominaxitland$1 isoforms, theo:5 subunit

molar ratio is approximately 1:1. In brain microsomes, the sum ot gt1, a2, anda3) and allg (51

andf32) subunits also yielded a molar ratio of aproximately 1:1. In contrast, in red (oxidative) skeletal
muscles, the ali;3 subunit ratio was 0.2 in plasma membranes and 0.4 in intracellular membranes. The
ratio of a2 subunits tax1 subunits ranged from 1.6 in surface membranes to up to 7 in internal membranes,
while the1 subunits exceded th#2 subunits by~4-fold in all membrane fractions. Thus, intracellular
membranes of red skeletal muscles contain primaii®y and 81 subunits. When these intracellular
membranes were further subfractionated by velocity gradient centrifugation2tfig subunit ratio was

0.5 in the faster migrating (larger) membranes and 1.0 in the slower migrating (smaller) ones. This was
due to a progressive decrease in abundance gfihgubunits without a change in the concentration of

o2 subunits per unit protein. The NaK*-ATPase hydrolytic activity was higher in the larger vesicles
than in the smaller ones along the sucrose gradient. These results suggest that thé tato exibunits

may serve to regulate the catalytic activity of thetNd&+-ATPase in skeletal muscle.

The sodium- and potassium-dependent adenosinetriphostissue distribution (Sweadner, 1989; Martin-Vassallo et al.,
phatase (N&K*-ATPase; EC 3.6.1.37) is an integral 1989; Malik et al., 1996).

_rnembrane protein which catalyzes the extrusion of thrée Na  1¢ date, most studies on the biosynthetic pathways of the
in exchange for the uptake of two*Kacross the plasma  pump polypeptides have relied on heterologous expression
membrane of all mammalian cells. This enzyme consists of theal andp1 isoforms. Thus, in cRNA-injectedenopus
of two integral membrane proteins, a catalytisubunit of  gocytes,al andj1 are cotranslated and associate in the
110 kDa and a glycosylatg#isubunit of~50 kDa (Swead-  endoplasmic reticulum. Unassociatedsubunits are de-
ner, 1989). The subunit contains the binding sites for ATP,  graded, and unassociatgdubunits appear to be prevented
Na*, and K, and for the specific inhibitor ouabain. The from progressing through the biosynthetic pathway (Geering,
precise role of thgg subunit is not known but is thought to  1991; Jaunin et al., 1992; Geering et al., 1996; Ackermann
be important for the stability of the complex and for the & Geering, 1990). In contrast, in mammalian MDCK cells,
maintenance of ATP hydrolytic activity and ion currents 31 subunits can mature in excessdf subunit complements
(Geering, 1991; Blanco et al., 1994a,b; Jaisser et al., 1992;(Mircheff et al., 1992). In yeasf1 subunit cDNA must be
Jaunin et al., 1993; Eakle et al., 1992, 1994). In mammalian cotransfected witlc1 for the latter protein to display catalytic
cells, at least three isoforms of each subunit have beenactivity (Horowitz et al., 1990). Finally, in insect cells]1
described ¢1—3 and81—-3) of distinct but not exclusive  and 1 subunits appear capable of reaching the plasma
membrane independently, and assemble at this location to
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Ratio of Na—K*™-ATPase Subunits in Skeletal Muscle

A1 subunit is preferentially expressed in slow-twitch, oxida-
tive fibers, theB2 subunit is specifically expressed in fast-
twitch, glycolytic fibers, and fast-twitch oxidative fibers
express bothg isoforms (Hundal et al., 1993). Most

Biochemistry, Vol. 36, No. 25, 19977727

Subcellular Fractionation and Immunoblottindrat kid-
ney and brain microsomes were prepared as described
previously (Jorgensen, 1974). Membranes of rat skeletal
muscle composed of slow- and fast-twitch oxidative fibers

individual muscles contain a combination of fiber types, and (soleus, red gastrocnemius, red rectus femoris, red vastus
red muscles are composed of slow- and fast-twitch oxidative lateralis) were isolated by differential centrifugation and

fibers which expresgl andf2 subunits. Whereagl is
almost exclusively present in surface membranes, 51,

discontinuous sucrose grandients, and characterized as previ-
ously described (Klip et al., 1987; Douen et al., 1989).

and 32 subunits populate both surface and intracellular Fraction F25 is enriched in plasma membrane markérs (5

membranes (Hundal et al.,, 1992; Lavoie et al., 1996).

Moreover, insulin mobilizes pump subunits from intracellular

nucleotidase, GLUT1 glucose transporter;”N& *-ATPase
ol isoform); fraction F30 also contains plasma membrane

membranes to surface membranes in red muscle, specificallymarkers but to a lesser extent than F25; fraction F35 contains

thea2 andpl isoforms (Hundal et al., 1992; Lavoie et al.,

the internal insulin-sensitive pools of NaK-ATPasea?2

1996). However, the relative proportion of all these subunits andS1 subunits (Lavoie et al., 1996) and the GLUT4 glucose

is not known.

transporters (Marette et al., 1992); the pellet (PEL) of the

The aim of the present work was to evaluate the molar gradient is enriched in sarcoplasmic reticulum but also

proportions of all Na—K*-ATPase isoforms in purified

contains Na—K*-pumps including insulin-sensitivgs1

membranes from red skeletal muscles composed of fast- andsubunits. Considering thel Na"—K*-ATPase as a marker

slow-twitch, oxidative fibers. To this effect, recombinant
proteins comprisingx1, 51, or 82 subunits were used as
standards on immunoblots, and th2 subunit was quanti-
tated by fH]ouabain binding. The results indicate that there
are differento:8 subunit ratios among the purified muscle
membranesq2 always excededl protein in a proportion
ranging from 1.6 in surface membranes to73in internal
membranes. Thg subunits exceded the molar content of
the sum ofal ando2 subunits in surface membranes and
in intracellular membranes, but a stoichiometry of 1:1
(predominantlya2 andj31) was observed in a subgroup of

of plasma membranes, it is estimated that less than 20% of
the mass of the intracellular fraction F35 could be of plasma
membrane origin.

The intracellular F35 fraction was further fractionated by
velocity centrifugation (1200@Pfor 50 min) in continuous
sucrose gradients. Approximately 3 mg of F35 protein was
applied to a 10 mL 1535% linear sucrose gradient.
Fractions were collected from the bottom of the gradients
to measure refractive index and protein concentration by the
bicinchoninic acid procedure. Samples were subjected to
SDS-PAGE and immunoblotting analysis as previously

intracellular membranes separated by sucrose gradient velocdescribed (Marette et al., 1992). Quantitation of immunore-

ity centrifugation. The membranes characterized by.gh
subunit ratio of 1 showed lower Na-K*-ATPase activity
than other membranes, suggesting that an excesg of
subunits ovel. subunits is required for optimal enzymatic
activity of the pump in skeletal muscle.

EXPERIMENTAL PROCEDURES

Purified Proteins and Antibodies.A fusion protein
comprising amino acid residues 33813 (18 kDa) of the
rata; Nat—K*-ATPase linked to TrpE (37 kDa) (Shyjan &

active bands was performed with a Molecular Dynamics
Phosphorlmager system (Sunnyvale, CA). All signals
acquired were within the linear range of the detection scale.

Quantification of Na—K*-ATPasex and5 Subunits. The
TrpE—al Nat—K*-ATPase fusion protein migrated as a
single band in SDSPAGE, assessed by Coomassie blue
staining. No other polypeptides were detected in the sample,
which was then used as reference standardofbriNa—
K*t-ATPase.

The concentration of the Na-KT-ATPasen2 protein was

Levenson, 1989) was used as reference standard for quantitameasured in a sample of the F25 fraction of skeletal muscle

tive immunoblotting ofal in isolated membrane samples.
Truncated Na—K*-ATPasef1 and32 proteins (27 kDa)

plasma membranes, by binding dHJouabain (43 nM) in
the presence of vanadate (Omatsu-Kanbe & Kitasato, 1990).

were generated as reported earlier (Gonzalez-Martinez et al. Vanadate renders the subunits fully accessible to ouabain

1994): A His-tagged31 polypeptide encompassed all the
extracellular domain (amino acids 7803 coded by human
Bl cDNA), and a His-taggef?2 polypeptide encompassed

all the extracellular domain and a portion of the transmem-

brane domain (amino acids 5290 coded by the human
2 cDNA) (Gonzalez-Martinez et al., 1994). A polyclonal
antiserum against thel subunit of the N&—K*-ATPase

(Hansen, 1979). At the concentration used, the binding of
ouabain to thet1 subunit is negligible. Skeletal muscle does
not express the3 isoform which also binds ouabain with
high affinity. The maximum binding of ouabain t@2
subunits was then calculated by the equati®j.x = B +
Ka(B/Ox), where Bmax is the maximum bindingB is the
measured bindind{q = 0.34uM is the dissociation constant

was purchased from Upstate Biotechnology (Lake Placid, for ouabain binding to the2 subunit (mean value measured

NY). The specificity of this antiserum was previously

in homogenates of rat skeletal muscle; Norgaard et al., 1983),

established (Shyjan & Levenson, 1989) and assessed inandOs is the concentration of free ouabain at which binding

isolated rat skeletal muscle membranes (Hundal et al., 1992).is measured (Kjeldsen, 1986).

The monoclonal antibody McB2 specific for the subunit
of the Na—K*-ATPase was kindly provided by Dr. K. J.

TH&nax value of the
reference F25 membrane fraction yields the conteraf
subunit per milligram of protein. This F25 membrane

Sweadner (Harvard University). Polyclonal antisera SpETb1 fraction was used as a reference standard in immunoblots

and SpETb2 against th&l and52 subunits of the Na—

using antie2 antibody, to calculate the amount of2

K*-ATPase, respectively, were raised against the fusion subunits in other skeletal muscle fractions and brain mi-
proteins described above (Gonzalez-Martinez et al., 1994).crosomes. In addition®H]ouabain binding to brain mi-
Polyclonal antiserum against the GLUT4 glucose transporter crosomes was used to calculate the amountdf+ a3

was from East Acres Biologicals (Southbridge, MA).

subunits. From this value, the concentratiorm8fsubunits



7728 Biochemistry, Vol. 36, No. 25, 1997 Lavoie et al.

was calculated after subtracting the concentrationndf A
subunits calculated from the immunoblots.
a, BI Skeletal muscle

The recombinant His-tagged NaK *-ATPase51 subunit Fsrorspel K B
was solubilized from inclusion bodies with Triton-X100 and
urea by the procedure described by Sambrook et al. (1989). 12 — - am o= Na'-K"-ATPasea,
The solubilized material was analyzed by SEFAGE
whereby the 30 kDa band correspond_ing to ,ﬂ_lesubunit so - rewp— B Na'K-ATPase B,
represented 48% of the total protein applied. Known .
amounts of the purified3l subunit were then used as 25— 4
reference standard to calculate the molar content offthe o
subunit in membrane samples analyzed by immunoblotting.

The recombinanf2 His-tagged protein was analyzed by
SDS-PAGE, and the amount of protein loaded on each gel

was calculated from the absorbance of the Coomassie blue B

staining of the sample compared with the absorbance of a ST Skeletalmuscle o

standard curve of BSA (0.25, 0.5, and Lg) loaded in the Ba Fas k25 ra0 pos peL

same gel (e.g., the densitometric values of the BSA band H

generated by 0.5 and 14y of BSA were 0.325 and 0.636, N2 . W ee e NaK"ATPase o,
and the scanned value of the 27 kDa band generated by 80 =

loading 10uL of the 52 sample was 0.138). Known amounts o

of 52 polypeptide were then used as a reference standard to 0= - = Na'-K“-ATPase 3,

calculate the molar content 82 subunits in the membrane
samples analyzed on the same immunoblots.

In these calculations, it is assumed that the reactivity of

the antig1 (or antif52) antibody for its cognate His-tagged Ficure 1: Quantification ofal, a2, A1, and32 subunits of the

PrOtei” is similar to t_hgt for the ”E!“VE‘ enzyme in the rat Na"—K*-ATPase in purified membranes from skeletal muscle, and
tissue samples. Deviations from this assumption could leadin kidney and brain microsomes. The figure illustrates one

to minor underestimates in the net amounpaubunits in representative experiment. The meanSE of four experiments

the tissues, but would not affect the comparisons among 2fTepprese£1t$d in Tab|te _1A@I ng fefereﬂlgeditaln(liafds PﬁK;
; ; ; aseal fusion protein ¢, 60 ng applie .1 pmol in the
different tissues or subc?llular fractlgns._ immunodetected band) arftd protein (3;, 250 ng applied= 4.2
Na—K*-ATPase Actity Determination. Na"—K™- pmol in the immunodetected band), and test samples consisting of

ATPase activity was measured as thé-#lependent 3- purified memt_)ranes from red skeletal r_nuscles (F25,_F30, F35, PEL,
methylfluorescein phosphatase activity (Ngrgaard et al., 8ach 1%ug), kidney (K, 10ug), and brain (B, 1%,g) microsomes,

. . : were subjected to SDSPAGE and immunoblotted with antibodies
1984) using 2%g of protein of freshly prepared, intracellular specific for theal andf1 isoforms of the Na—K +-ATPase. B)

membranes. Briefly, ®-methylfluorescein phosphate (19.5  The reference standards Nek +-ATPases2 subunit 82, 3.7 pmol

mM) was added to the reaction mixture containing the inthe immunoreactive band) and F25 fraction from skeletal muscle

membrane sample in a buffer containing 4 mM Mgd (ST, 10ug, indWh'i[(I‘:lht F"{]OUﬂba}in V;/aS 16-3 pkm?lltmlg of prlt)tei?'gzs

mM EDTA, and 80 mM Tris, pH 7.6, to initiate the reaction. &€ compared with lest samples from red skeletal muscies ,
. . F30, F35, PEL, each and brain microsomes (B, that

The hydrolysis Of, Jo-methylfluorescein phosphate was were subjected to SDS]‘IE,%)GE and immunoblotted vflithg?t)ibodies

followed for 2 min as the fluorescence of hydrolyzed specific for theo2 and A2 isoforms of the Na—K*+-ATPase.

methylfluorescein, measured at 465 nm excitation and 515 Numbers on the left side denote the molecular mass of reference

nm emission wavelengths, to measure the basal rate ofstandard proteins in kilodaltons.

hydrolysis (spontaneous and by nonspecific phosphatases).

KCI (10 mM) was then added, and the increased rate of RESULTS

hydrolysis was recorded for another 2 min. Activity is e have previously reported that rat skeletal muscle
expressed in micromoles of activity per hour per milligram expresses thel, a2, 81, and82 isoforms of the Na—K -

of protein. This assay is preferentially used for skeletal ATpase (Hundal etal., 1992). The kidney expressesithe
muscle because it shows lower background due to lesserandgi isoforms of the enzyme but nof or 42, and brain
reaCtiVity of the substrate with other ATPases such as thatexpressegl, a2, ando3, as well as@l andﬁz isoforms

of actomyosin. This activity is ouabain-sensitive in addition (Shyjan & Levenson, 1989; Shyjan et al., 1990). In addition,
to K¥-dependent. Norgaard et al. (1984) have shown that hoth latter tissues express mRNA of the newly described
the number of ouabain binding sites correlates with 1@ 3-  mammalian3 isoform, though at very low levels compared
methylfluorescein activity in skeletal muscle homogenates. tg its expression in testis (Malik et al., 1996). We used
Intracellular membranes do not form tight seals to&d  kidney, brain, and muscle tissues to quantitate the molar
are oriented with the cytoplasmic ATP binding side facing proportions of each of their major isoforms. Figure 1A
the solution. In some experiments, the membranes wereshows a representative immunoblotaf andA1 subunits
treated with SDS (0.3 mg/mL) prior to the assay, but no in the reference standards and in isolated membranes
differences in the ATPase activity were noted, supporting prepared from red skeletal muscle (F25, F30, F35, and PEL),

35 =
29,5 — -

the notion that the membranes are leaky. kidney (K), and brain (B). The fusion protein standard
Statistical Analysis.Fischer ANOVA test was performed migrated in SDSPAGE with an apparent molecular mass
for the comparison of different fractions. A value pf< of 55 kDa. Densitometric scanning of the standard samples

0.05 was considered statistically significant. was used to calculate the picomoles per milligram of protein
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Table 1: Abundance of Na-K*-ATPasea and8 Subunit Isoforms in Kidney Microsomes, Brain Microsomes, and Purified Membranes from
Red Skeletal Musclés

abundance (pmol/mg of protein)

fraction al o2 o3 Al p2 all a:f3 ratio

kidney microsomes 6& 14 88+ 10 0.70
brain microsomes 32 43+ 6 298 227+ 23 151+ 32 0.97
muscle membranes:

F25 18+ 5 30+ 6 164+ 38 44+ 11 0.23

F3C 16+3 26+ 4 121429 404 10 0.26

F35 6+1 18+ 4 46+ 7 12+ 1 0.41

PEL® 2+0.4 14+ 3 30+ 6 75 0.44

a Results are the meah SE of four independent experiments. For thg ratio, the sums of ali subunits and of aj subunits were calculated,
in picomoles per milligram of protein? Calculated by subtracting from the maximufhiJouabain binding (in picomoles per milligram of protein)
the a2 content obtained from quantitative immunoblotting (in picomoles per milligram of protéirlasma membranes.Intracellular membranes.
€ Sarcoplasmic reticulum.

of al and 1 subunits in the muscle, brain, and kidney in intracellular membranesy:5 ranged from 0.41 to 0.44
membrane samples. The data in Figure 1A and Table 1(a:f = 2:5).
indicate the following pattern for the concentration of the  The intracellular fraction F35 of red skeletal muscle
al subunit per milligram of protein: kidney microsomes  contains primarilyon2 and31 subunits (Lavoie et al., 1996;
brain microsomes- purified plasma membranes from red Figure 1), both of which respond to insulin by translocating
skeletal muscle. In contrast, the order of concentration of to the plasma membrane. To analyze whether this fraction
the 81 subunit was brain microsomesplasma membranes  contains a homogeneous mixture of membranes, F35 from
from red skeletal muscle kidney microsomes. red muscles was further fractionated by velocity centrifuga-
Figure 1B shows a representative immunoblot@fand tion in continuous sucrose gradients. A total of 30 fractions
B2 subunits in the samples used as reference standards, asf 0.35 mL each were collected from the bottom of the tube
well as in purified skeletal muscle membranes and in brain and were analyzed for subunit composition. During velocity
microsomes. The moles per milligram of protein of the gradient centrifugation, the vesicles separate according to
Na"—K*-ATPasen2 isoform were calculated from measure- their size, with larger sized vesicles migrating toward the
ments of H]ouabain binding in the reference standard F25 bottom of the tube. The first five fractions collected preceded
sample, as described under Experimental Procedures. Thehe elution of protein and were discarded; the rest of the
data obtained from several experiments indicate that thesamples were pooled into four distinct groups (FP1 through
molar content o2 subunit was roughly comparable to that FP4) as shown in Figure 2A. Fraction FP1 contained the
of the ol subunit in brain microsomes. The concentration bulk of the protein. Although of low protein content, FP2,
of the a3 isoform in brain microsomes was estimated by FP3, and FP4 also contained significant amounts of pump
subtracting thex2 molar value from th@m., of [*H]ouabain subunits (see below).
bound to microsomes (under the conditions uskdy is a The amount of the Na—K*-ATPasen2 andf31 subunits
measure of the total number aR anda3 subunits but not in the sucrose velocity gradient fractions FFAP4 was
al subunits). By this calculation, rat brain was shown to quantitated as described in Experimental Procedures. Figure
contain almost 10 times mor@3 thano2 or al subunits 2B illustrates a representative immunoblot of these fractions,
(Table 1). In skeletal muscle, th&2 isoform was more  using antibodies to the2 andj1 subunits of the Na—K *-
abundant than theil isoform, especially in the internal  ATPase as well as to the GLUT4 glucose transporter. Figure
membrane fractions (F35 and pellet) (Table 1). This tissue 2C shows the results of three to four independent experi-
does not express the3 isoform (Jewell et al., 1992). ments. Whereas the amounta andS1 subunits was not
The skeletal muscle fractions F25 and F30, enriched in significantly different in FP1 and FP2, there was a marked
plasma membrane markers, contained nitsubunits than  decrease in the amount 81 in FP3, and in FP4 the amount
the intracellular membranes F35 and PEL (Table 1). Brain of both subunits decreased to approximately 5% of the total
microsomes contained moyg2 subunits than any of the recovered from the gradient. The proportion @251
membrane fractions isolated from red skeletal muscles (Tablesubunits varied from less than 0.5 in FP1 and FP2 to 1.0 in
1). This latter result is in keeping with the obsevation that FP3 and FP4 (Table 2). The changeni®;31 subunit ratio
the 52 isoform is less abundant in red muscles (composed from FP2 to FP3 was due to a marked decrease in the number
of oxidative fibers) than in white muscles (composed of of 51 subunits (Table 2) without a change in the correspond-
glycolytic fibers) (Hundal et al., 1993). Indeed, in F25 from ing amount ofo.2 subunit per unit protein.
white (fast-glycolytic) muscle, the molar concentration of  The contents ofx1 andj2 in fractions FP1 through FP4
2 isoform was comparable to the amount present in brain were also determined, and found to be lower than those of
microsomes (results not shown). a2 andpl (Table 2). Isoformol was low because these
The above results also allow us to calculate the molar ratiosfractions are derived from intracellular membranes (F35),
of a to B subunits (Table 1). Thus, in kidney microsomes and 52 was low because the fractions were derived from
the o8 subunit @1;41) ratio was 0.70. In brain microsomes, red muscles which express only low levels of this isoform.
the ratio of alla. subunits to alP subunits was 0.970(s = The sum of alla. subunits was compared to the sum of all
1:1), with a3 being by far the most abundamtisoform. In B subunits. Fractions FP1, FP2, and FP3 had a similar
contrast, in purified skeletal muscle plasma membranes, theamount ofa subunits (12, 16, and 13 pmol/mg of protein),
o subunit ratio ranged from 0.23 to 0.2&:4 = 1:4), and but FP3 had a significantly lower amount ®&subunits (17
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A Table 2: Abundance of the NaK*-ATPaseo. and 8 Subunits in
Intracellular Membranes from Red Skeletal Muscle, Subfractionated
by Continuous Sucrose Velocity Gradiehts

i FP1 . pmol/mg of protein azp1 pmol/mg of protein g4 ap
| | fraction o2 Sl ratio al B2 ratio

FP1 8+1 17+3 05 4+1 10+3 04
FP2 10+1 2443 04 6+2 13+2 04
2.0+ FP3  10+2 942 1.1 341 8+2 08
FP4  25+1 23+1 11 1+05 2+2 08

aResults are the meatt SE of three to four independent experi-
ments, expressed in picomoles per milligram of protgns 0.05 for
Ep3 FP4 a2 in FP4 vs any other fractioqg < 0.05 forf1 in FP3 vs any other
fraction, and for FP4 vs any other fractiom;< 0.05 foral or 82 in
FP4 vs any other fraction.

1.0

Protein (mg/ml)

incardad

o 10 20 o

Table 3: Na—K*-ATPase Activity Associated with Intracellular
Fraction number Membranes of Rat Skeletal Mustle

Na"—K*-ATPase activity
B fraction [umol h™ (mg of protein) Y]

FP1 FP2 FP3 FP4 FP1 0.55+ 0.07
FP2 0.44+ 0.06
L FP3 0.28+ 0.06
— @ - NoKATPaSe FP4 0.19+ 0.02

aNa'—K*-ATPase activity was measured from the-Hependent
-a 0 GLUT4 hydrolysis of methylfluorescein phosphate as indicated under Experi-

mental Procedures. The samples examinedif@ratios and content
in Table 2 were analyzed. Results are expressed in micromoles per
hour per milligram of protein and are the meaits SE of four
independent determinationg < 0.05 for the activity of FP1 vs FP3

50 or FP4, and for FP2 vs FP4.

— Na'-K“ATPase (1

O

40+ diverging factor between fractions FP1 and FP3 is the content
T of # subunits.

304 1 The subfractionation of F35 by velocity gradient centrifu-

& gation was also used to compare whether the GLUT4 glucose
204 transporter comigrated with any of the NaeK*-ATPase
subunits. As seen in Figure 2B,C, the bulk of the GLUT4
protein was found in FP3, a fraction that was not particularly
enriched in either the2 or the 1 subunits of the N&—
K*t-ATPase. These results agree with previous studies
0 ) J T i (Lavoie et al., 1995; Aledo & Hundal, 1995) demonstrating

FP1 FP.2 FP3 FP4 . that the majority of the GLUT4 glucose transporter axl

Sucrose velocity gradient fractions subunit reside in different intracellular vesicles in rat skeletal
FiGure 2: Na'—K*-ATPaseo2 and 81 subunits and GLUT4  muscle. Our results also suggest that the glucose transporter
glucose transporters in intracellular membranes of red skeletaland the Na—K*-ATPasef subunit do not colocalize in
muscles fractionated by continuous sucrose velocity gradient intracellular membranes. Thus, the three different polypep-

centrifugation. Q) Internal membranes of F35:8 mg of protein) . .
were further separated by centrifugation in continuous sucrose tides translocated to the plasma membrane, in response to

velocity gradients (15 to 35%) as described under Experimental insulin from intracellular membrane storage sites, may
Procedures. A typical profile of the protein distribution in the originate from distinct intracellular loci.

Percentage of total

104

gradient is shown. Grouping of fractions into FFaP4 is The distinct pattern of segregation afand 8 subunits
gwr?;l:;ztgg. b?/) g?gg&f‘é;gﬁg Piﬁqggﬁgb?gtggtefgnugag?‘)dvgre raises the question of whether the differential expression of

subunits or GLUT4 glucose transporters. Parallel lanes were run8 subunits was correlated with distinct levels of catalytic
containing reference standards consistingopurified protein and activity of the pump. Table 3 shows that the activity of the
an F25 fraction of knowm2 content (see legend to Figure 1 for Nat—K*+-ATPase was lower in FP3 and FP4 than in FP1
details). C) Content ofa2 (squares) anfl1 (diamonds) subunits and FP2. A statistically significant difference in NaK*-

of the Na—K*-ATPase, and of GLUT4 glucose transporters L .

(circles) in fractions FP2FP4, expressed as a percentage of the ATPase a_Ct'V'ty Was_ observed between fractions FP1 and

total content recovered in all fractions. Results are mear&E FP3; fraction FP2, with the same amountod, also had a

of three to four independent fractionation experimergis< 0.05 numerically higher N&—K*-ATPase activity than FP3,

fﬂolr the (tl2 fqnt'(:egéln FEgl\/SF';%’E%ZC’)SOE‘ FPtﬁ-<ﬁf-05 ‘ZOV Eh,e which, however, did not reach statistical significance. These

content in Vs , .05 for the$1 content in ; ;

FP4 vs FP1, FP2p < 0.05 for the GLUT4 content in any of the Va'“‘?s were not altered. by_ the '”C'“S'O.” of SDS. (0'3.m9/

fractions. mL) in the samples, confirming that the difference in activity
between fractions FP1, FP2 and FP3, FP4 was not due to

pmol/mg of protein) than FP1 or FP2 (27 and 37 pmol/mg differences in the accessibility of the pump to its substrates

of protein). These results support the notion that the main (results not shown). The fractions with higher catalytic
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activity (FP1 and FP2) had a highgro. subunit ratio than o subunits of other P-type ATPases, so far undescribed in
those with low activity (FP3 and FP4). Moreover, FP2 and skeletal muscle, might be complexed to the egtsubunits.
FP3 have the same amount®fsubunits per milligram of =~ Based on the observations made in insect cells (DeTomaso

protein but different amount g8 subunits (Table 2). etal., 1993, 1994), it is conceivable that association of higher
ordera andg subunits could potentially occur at the plasma
DISCUSSION membrane of skeletal muscle. In contrast, the stoichiometric

; . o yy
Biosynthetic Assembly of Pump Subunits and Stoichiometryp roportion ofe. 1o £ subunits in purified Na—K*-ATPase

of Complexes.tis generally accepted that the stoichiometry E_rdeparanons frr(]) m the Oltj)ter rgnal medulla of mammallin
of the . and 3 subunits of the N&—KT*-ATPase in ldney was shown to be 1:1 (Jorgensen, 1980). The

mammalian cell is 1:1. This premise is based primarily on qyantitatiye approach used. in the present StUdY’ gpplied to
observations that unassociated subunits of multimeric pro- :ﬁgiﬁ?'ﬁggﬁ%@;&f g?li}l?i(ggii)ejnti?slso\;abl?eﬁﬁ ;;gg?r:%’aﬁhe
teins are retained in the endoplasmic reticulum until they membra%es sphow stoichiometries of the compler bt 81

are properly assembled for packaging toward their final P

destination (Helenius et al., 1992). Molecular chaperones anda3—A1 which are each close to 1:1 (Therien et al., 1996).

. ; ; ; . Although the molar content of each subunit was not measured
are endoplasmic reticulum proteins that bind transiently to .

. A . . : in that study, the proportions of associated-§ were
intermediates during protein folding and assembly, prevent- calculated by comparison with kidney microsomes in which
ing export of misfolded proteins and allowing time for y P y

assembly to occur. It was recently shown that the chaperonethe stoichiometry obx— complexes was considered to be

protein BiP/GRP78 coprecipitates with both th& andS1 1. Using a similar _approacr_\, the _molar ratioff was
; n : calculated to be 1 in lamb liver microsomes (Sun & Ball,
subunits of the N&—K*-ATPase expressed iXenopus . .

. . 1992). In our hands, brain microsomes showed almost
laevis oocytes (Beggah et al., 1996), and full processing of comparable molar levels o and 8 subunits, in close
the carbohydrate of the NerK™-ATPasef1 subunit of a regment with the above studies. These ob’servations are
Xenopusrequires coexpression afl subunits (Geering, gree . : X ) .

! ) . consistent with the view that in skeletal muscle, but not in
1991; Ackermann & Geering, 1990), suggesting that the two [ . .
. . k . . brain, there are spare or excgbsubunits.
subunits associate early on in the endoplasmic reticulum of Na —K+ATPase Subunit Proportions in Skeletal
the oocytes. However, the existence of unaccompafiied Muscle: Implications for FunctionaIpAaﬁt The skeletal
subunits has also gained experimental support. Thus,m scle'NaEKtATPase 2-31 com Iey"s articular!
expression of thelorpedo californica subunit proceeds u a2—p plex 1S particuiarly

without o subunit expression in the sart@nopusoocytes interesting in view of the fact that there is an insulin-induced
(Ueno et al., 1995). Moreover, brush border membranes specific translocation of these two isoforms from intracellular

from rat distal colon have immunodetectalBle subunits in to pl_asma membranes as assessed by |m_rnunodetect|o_n In
the absence of immunodetectablsubunits (Marxer et al., purified membranes and immunogold labeling on ultrathin

: cryosections (Hundal et al., 1992; Lavoie et al., 1996; Marette
1989), and MDCK cells have a pool of unassociafed . .
subunits (Mircheff et al., 1992). This indicates that etal., 1993). Both subunits are detected in subsarcolemmal

subunits can exist independentfsubunits. vesicles and in intermyofibrillar membranes close to the

0 its indicate that in red skeletal le there i triads where the transverse tubules appose the sarcoplasmic
o e e i ST e Mrlculum (Maret e al, 1995 Lavo et al, 1995)
0.23 in ol b d '041 L t. lul However, it is not known if the diverse locations represent
b. In pvssr::a "][ﬁm _rar:ﬁsta_n thi : i In LnggfeA_llj_sr mem- biochemically different organelles. In the present study, we

ranes. VVe nhypothesize Ihat, in this tssue, K ase began to approach this question by separating intracellular
ﬁ.subu.mts. in excess af subu_mts mlght escape interaction o mpranes first by density and then by size. The distinct
with B'P. in the endoplasmlg ret|cu_lum a_nd sgbsequent membrane fractions isolated displayed different proportions
degradation. Alternatively, interaction with BiP might

protect thes subunit from degradation and allow it to reach of pump subunits and pump activity. Two groups of

its final cellular destinations unaccompanied bydhgubunit membranes could be identified: those with @ subunit
. : X ratio of around 1:2, which had the higher Iyt ivi
It is of interest that the proportion af to S subunits in atio of around 1:2, which had the higher catalytic activity,

) ) o and those with a3 subunit ratio of about 1:1, which had
skeletal muscle varies depe_ndlng on the origin of the lower catalytic activity. These results suggest the possibility
mempranes. Thus, we fqund |r_1traceIIuIar membranes Char'that a molar excess of subunits may confer higher
actenz.ed'by §mg|l size in which the proportion Of. these enzymatic activity in skeletal muscle. Thus, we hypothesize
subumFs is 1:1, mt_racel!ular membran_es _characterlzed bythat dynamic changes in the amountgo$ubunits could be
large size vesicles in which the proportion j$ 2er eacho,

dol b 1 which th ’ " an effective mechanism to stimulate pump activity. This
a? 1p as(TZ mem rartl:las In w |fc 1 edpr(;por It?nﬂi( va possibility has important implications for the regulation of
of 51 andji2) per eactu (sum ofal anda2) subunit. We 40 "aie of jon fluxes by a variety of hormones as well as
cannot distinguish whether complexes exist of st0|ch|ometr|esexercise (Ewart & Klip, 1995; Clausen, 1996). Indeed
fSUCh as dﬁ;_zf 1“;3€h0r 1a_t4ﬁf’ '?hr i thebonl_); complexed experiments carried out by Geering et al. (1996) indicate
ormb:sd b A an th € rest o fbsg. units ﬁreuur;ﬁs; that thef subunit may serve to modulate the4dctivation
sembled, because there aré no antivodies available thal Cagg v, o o sypunit catalytic activity and of ion transport. Itis
immunoprecipitate the2 subunit. It is also plausible that hypothetically possible that higher order oligomers fbf
subunits could render th@2 subunit accessible to the ion,

! Due to the absence of antibodies to @%subunit, it is not possible  thereby creating functionally exposed and cryptic forms of
at present to assess the contribution of this isoform to the total pool of the enzyme. Whereas there is no experimental repgBt of
p subunits. However, if present in a significant degree, this would . . . . -
only strengthen the conclusion that there is an exces$ o¥er a ol!gomers, evidence is emerging thatsubunits can form
subunits in skeletal muscle. oligomers (Blanco et al., 1994b), and that the carbohydrate
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moiety of thef subunit can physically interact with the Hundal, H. S., Marette, A., Mitsumoto, Y., Ramlal, T., Blostein,
subunits (Schmalzing et al., 1997). We speculate that acute R., & Klip, A. (1992) J. Biol. Chem. 26,75040-5043.

or sustained changes in pump activity could be brought aboutHulg‘ggg'?_-etst-'s'\ggrzeégigé Ramlal, T., Liu, Z., & Klip, A. (1993)
by recruiting to the suface or synthesizing, respectively, more i :

. . . . Jaisser, F., Canessa, C. M., Horisberger, J. D., & Rossier, B. C.
B sugum{s without necessarily changing the abundance of " (1992) 3. Biol. Chem. 26;716895-16903.
o subunits.

Jaunin, P., Horisberger, J.-D., Richter, K., Good, P. J., Rossier, B.
In conclusion, whereas the:5 subunit molar ratio in
kidney and brain microsomes is close to 1:1, in purified
membranes from red skeletal muscteg molar ratios of

1:4 were observed in plasma membranes, 1:2 in large internal
membranes, and 1:1 in the lighter membranes of the internal

pool. We speculate that2-41 complexes of 1:1 stoichi-
ometry might form at the endoplasmic reticulum, and that
additional unassociatetll subunits may be synthesized and

C., & Geering, K. (1992). Biol. Chem. 267577—585.
Jaunin, P., Jaisser, F., Beggah, A. T., Takeyasu, K., Mangeat, P.,
Rossier, B. C., Horisberger, J.-D., and Geering, K. (1298)ell

| Biol. 123 1751-1759.

Jewell, E. A., Shamraj, O. I., & Lingrel, J. B. (1992Fta Physiol.
Scand. 146161-169.

Jorgensen, P. L. (1978iochim. Biophys. Acta 3586—52.

Jorgensen, P. L.(198®hysiol. Re. 60, 864—915.

Kjeldsen, K. K. (1986)Biochem. J. 240725-730.

exported along the secretory pathway to the plasma mem-Klip, A,, Ramlal, T., Young, D. A., & Holloszy, J. O. (198 FEBS

brane. There, excegsl subunits might support a higher
enzymatic activity of the Na—K*-ATPase.
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