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Hindlimb skeletal muscles of the rat express two isoforms of the a (al and a2) and two isoforms of the/3 (Bl andg2) subumts of the Na’,K’-ATPase. 
Because several muscles constitute the hindlimb, we investigated if specific isoforms are expressed in particular muscles Northern blot analysis 
using isoform-specific cDNA probes demonstrated that soleus muscle expressed only the Bl transcrrpt, whereas EDL or white gastrocnemms 
muscles expressed only the /32 transcript, and red gastrocnemius muscle expressed both mRNAs. All muscles tested expressed both al and a2 
transcrtpts. albeit to various degrees: al transcripts were present to about the same extent in all muscles but a2 mRNA was 4-fold more abundant 
in soleus than in EDL for the same amount of total RNA. /I subunit protein levels were investtgated in purified plasma membrane fractions of 
pooled red (soleus + red gastrocnemtus + red quadriceps) or white (white gastrocnemms + white quadrtceps) muscles usmg isoform-specific 
antibodies. Red muscles expressed mostly the pl protern while whtte muscles expressed mostly the 82 subunit. Both muscle groups had similar 
levels of al or a2 subunits, and crude membranes isolated from red muscles had 30% higher Na’,K’-ATPase activity than white muscle membranes. 
We conclude that oxidative muscles (slow and fast twitch) express /31 subumts, whereas glycolytic, fast twitch muscles express 82 subunits, and 

that both B tsoforms support the Na’,K’-ATPase acttvity of the a subunits. 

Sodmm pump; Muscle membrane 

1. INTRODUCTION 

The Na’,K’-ATPase (EC 3.6.1.37) is an integral 
membrane protein complex that catalyses the ATP-de- 
pendent transport of Na+ and K’ across the plasma 
membrane of most mammalian cells [1,2]. The Na+ and 
K’ gradients maintained by the Na’,K’-pump play a 
central role in the functioning of secondary active trans- 
port processes such as Na’-coupled amino acid trans- 
port, regulation of cell volume and intracellular pH 
[3-51. In nerve and skeletal muscle the activity of the 
Na’.K’-ATPase is especially important for maintaining 
the resting membrane potential and contributes towards 
its restoration following an action potential [6]. The 
minimum Na’,K+-ATPase unit capable of hydrolysing 
ATP and undergoing conformational changes in the 
E,-E, transitional cycle is an a/? heterodimer. Three 
isoforms of the a subunit (about 110 kDa) have been 
identified to date (al, a2 and a3), expressed in a tissue- 
and developmental stage-specific manner [7]. The a sub- 
unit is responsible for the catalytic activity of the en- 
zyme and contains the binding sites for all its substrates 
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(Na’, K’, ATP and Mg2+) as well as for the cardiac 
glycoside ouabain. For a fully functional enzyme unit 
the a subunit has to associate with a glycosylated /I 
subunit (35 kDa polypeptide) of which three isoforms 
Cpl, 82 and 83) h ave also been identified [8]. In vitro 
expression studies have suggested that the p subunits 
are important in preserving the stability of the a subunit 
as well as the normal processing and transport of ma- 
ture enzyme complexes to the plasma membrane [&lo]. 
Since dissociation of p subunits from a subunits results 
in a loss of enzyme activity it is conceivable that the /I 
subunit may serve a regulatory function. However, ex- 
actly how the j3 subunit allows the a subunit to become 
catalytically active and whether specific a and p isoform 
pairs result in the formation of Na’,K’-ATPase units of 
distinct functional activity remains unknown. 

We recently reported the presence of al, a2, pl and 
p2 subunits of the Na’,K’-ATPase in mixed skeletal 
muscles and analyzed their subcellular distribution [ 111. 
Although tissue-specific expression of a-subunits has 
been well documented (reviewed in [7]) little is known 
concerning the expression and distribution of specific 
isoforms within a single tissue, such as skeletal muscle, 
whose cellular (fibre-type) composition is highly hetero- 
geneous [ 121. Histological and physiological techniques 
provide a useful classification of muscle fibre types 
which take into account their rate of contractile twitch 
and their ability to perform aerobic oxidative metabo- 
lism, as follows: slow-twitch oxidative (type I); fast- 
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twitch oxidative-glycolytic (type IIa) and fast-twitch 
glycolytic (type IIb). 

In the present study we investigated the expression at 
the mRNA and protein levels of the two a and two p 
isoforms of the pump present in specific muscles com- 
posed primarily of type I fibres (soleus), type I and type 
IIa fibres (red gastrocnemius), type IIa and type IIb 
fibres (extensor digitorum longus or EDL) or type IIb 
fibres (white gastrocnemius). We present novel bio- 
chemical evidence for a muscle fibre type-specific ex- 
pression of /I subunit isoforms. The pl mRNA and 
protein levels were found to correlate with the oxidative 
phenotype, whereas the glycolytic, fast twitch pheno- 
type correlated selectively with the 82 isoform. The pos- 
sible implications that such a specific pattern of expres- 
sion has for Na’.K’-ATPase function in skeletal muscle 
are discussed. 

2. EXPERIMENTAL 

‘. 1 Mll.rcles 
Soleus, EDL, red or white parts of the gastrocnemms and quadri- 

ceps were rapidly excised from anaesthetized, decapitated male Spra- 
gueeDawley rats. frozen in hquid N, and stored at -80°C until used 
for subcellular fractionation or RNA extraction. Upon thawmg the 
muscles were cleaned of all visible fat, connective or nervous tissue. 

2.2. RNA estractron md Northrrn blotting 

Total RNA was extracted from four separate muscles: soleus, red 
gastrocnemms. EDL and white gastrocnemius. using the single-step 
RNA isolation with acid guanidmium thiocyanate-phenol/chloroform 

extraction [13] RNA was quantitated by its 2601280 UV absorbance 
usmg a Hitachi U-200 double-beam spectrophotometer. For Northern 
blots. 15 pg of total RNA was electrophoresed under denaturing 
conditions in 1.2% (w/v) agarose gels containmg 8% (v/v) formalde- 
hyde. The Integrity and relative amounts of RNA were confirmed by 
visualization of ethidium bromide stained ribosomal RNA under ul- 

traviolet light The RNA was then transferred onto nytron membranes 
(Schlercher & Schuell, CT) as described [13], which were then baked 
for 90 mm at 80°C m a vacuum oven. Blots were pre-hybridized 
overmght at 42°C m 6 x SSPE, 10 x Denhardt’s. 0.5% SDS. 200 pug/ml 
salmon sperm DNA. Hybridization was carried out in 50% formamide 
6 x SSPE. 0.5% SDS. 100 pug/ml salmon sperm DNA. 10% dextran 
sulphate for 16 h by addmg [a-“P]dCTP (ICN. Ont.) labelled isoform- 
specific cDNA probes. The al cDNA probe was generated after re- 
striction of the full-length al cDNA with NurI (Pharmacia, Ont.) and 
StuI (Promega. WI) (to give a probe comprising nucleotides 89421). 
The ~2 cDNA probe was prepared by incubatmg the full-length a2 
cDNA with Scul and Nhcl (Promega, WI) (to give a probe comprising 
nucleotides 12ll502). cDNA probes for the Bl (nucleotides lll600) 
and p2 (nucleotides lll331) isoforms of the Na’.K’-ATPase were 
prepared from their respective full-length cDNA’\. These selected se- 
quences do not cross-react with the alternative isoform transcrrpt. All 
full-length cDNAs were kindly provided by Dr. J. Lingrell. Umversity 
of Cmcmnati. Radioactive labelhng of cDNA probes was performed 
by the random primer method [15]. Following hybridization nytron 
membranes were subjected to three successive 5 mm washes with 
1 x SSC. 0.1% SDS at 65°C prior to exposure to Kodak X-Omat film 
at -8O’C. 

2.3. Suhcrllulur fractmutum of rat skeletal m~rscle 

Crude membranes (CM), plasma membranes (PM) and mtracellular 
membranes (IM) were isolated from two sources, soleus. red gas- 
trocnemius and red quadriceps. or white gastrocnemius and white 
quadriceps, following a procedure used for hmdlimb muscles [16] 
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essentially as previously described [17]. We have previously character- 
ized the membranes isolated bv both enzymatic and immunological 
approaches [18.19]. Fractionation of CM on discontinuous sucrose 
gradients yields the PM fraction which contains plasma membrane 
markers but not transverse tubules, and the IM fraction which IS 
depleted of cell surface markers and of sarcoplasmic reticulum but 
contams the intracellular pool of insulm-regulatable GLUT4 glucose 

transporters [1620]. 

2.4. W’estrrn hlottrng 
Muscle membrane fractions (10 pug) were subJected to SDS-PAGE 

[21] on 10% precast polyacrylamide gels (Novex. CA). Separated pro- 
teins were electrophoretically transferred onto 0 2 pm pore size poly- 

vmyhdene difluoride sheets (PVDF. Biorad. CA) and then blocked 
with 3% BSA/Tris-saline-Tween 20 for 1 h at room temperature prior 
to incubating overmght at 4°C with either a monoclonal anti-al anti- 
body (Mck- 1; kind gift from Dr. Kathleen Sweadner. Harvard Umver- 
sity. [22]) diluted 1:lOO. or with polyclonal antibodies to the a2,pl and 
p2 subumts (Upstate Biotechnology, NY) of pre-established specific- 
ity [I 1.23]. diluted I:500 PVDF sheets were washed 3 x m Tris-saline- 
Tween 20 and incubated for 1 h at room temperature with 1 ,&ilml 
of either [“51]protein A (for anti-a 2, $1 and $2) or “51-labelled sheep 
anti-mouse (for anti-al 1, then washed 3 x m Tris+sahne-Tween 20 for 
15 mm, air-dried and exposed to XAR-5 Kodak film at -80°C. Films 
were quantitated by a PDI DNA scanner with one-dimensional gel 

analysis software ( 1.3 discovery) 

2.5. Na’.K’-ATPase act&t, 

Potassium stimulated p-nitrophenyl phosphatase (KpNPPase) is an 
accepted measure of Na’.K’-ATPase activity [24] more compatible 
with skeletal muscle than is ATP hydrolysis. Leaky CM fractions were 
generated by a freeze/thaw cycle and 2Opg protein were pre-incubated 
m 50 mM Tris-HCl, pH 7.6,5 mM MgC12. 1 mM EDTA in the absence 
or presence of 10 mM KC1 for 5 min on ice The reaction was started 
by addition of p-mtrophenyl phosphate (final concentration 5 mM) 
and allowed to proceed at for 30 mm 37°C. stopped with Ice-cold 1 
N NaOH and p-mtrophenol content quantltated from the sample 
absorbance at 405 nm. 

3. RESULTS AND DISCUSSION 

3.1. Expression of Na’,K’-ATPase subunit mRNAs in 
red and white muscles 

The presence of transcripts of the B subunits of the 
Na’,K’-ATPase was investigated in the soleus (84% 
type I and 16% type IIa fibres) and EDL (60% type IIa 
and 37% type IIb) muscles (see [25] for fibre composi- 
tion). A representative Northern blot is shown in Fig. 
1A. The/?1 cDNA reacted with a major transcript of 2.7 
kb and two very minor ones of 2.3 and 1.9 kb (as seen 
in kidney and brain, likely arising from differential 
polyadenylation). These transcripts were detected pre- 
dominantly in the soleus, whereas p2 transcripts (2.8 
kb) were detected mainly in the EDL. In four separate 
RNA preparations pl mRNA was found to be 
3.1 & 0.7-fold higher in the soleus than in the EDL mus- 

cle, whereas /?2 mRNA was at least g-fold higher in the 
EDL, being practically not measurable in the soleus. 
This suggests that the more oxidative and slow-twitch 
soleus expresses /?l preferentially, whereas the more gly- 
colytic and fast-twitch EDL expresses more selectively 
the 82 gene. To further differentiate the segregation of 
these transcripts between oxidative (types I and IIa) and 
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glycolytic fibres (IIa and IIb) and between slow (type I) 
and fast (types IIa and IIb) fibres, RNA was isolated 
from red gastrocnemius (35% type I, 56% type IIa, 9% 
type IIb) and white gastrocnemius (9% type IIa, 91% 
type Ilb) muscles. RNA from soleus muscle was run in 
parallel. The results of 2-3 independent experiments are 
given in Table I, pl mRNA was present at the following 
relative abundances: soleus > red gastrocnemius 
>> white gastrocnemius. The j32 mRNA was present in 
soleus << red gastrocnemius < white gastrocnemius. 
Therefore, /I1 mRNA appears to segregate with type I 
and type IIa fibres (oxidative) whereas p2 mRNA ap- 
pears to segregate with type IIa and type IIb fibres (fast 
and glycolytic). This suggests that type I fibres express 
the /31 gene, type 1Ib fibres the /I2 gene, and type IIa 
fibres both products. 

Hence, Bl expression correlates with the oxidative 
phenotype and p2 with the glycolytic phenotype. The pl 
mRNA does not correlate simply with the slow-twitch 
phenotype since it is relatively abundant in red gas- 
trocnemius muscle, which contains only 35% slow- 
twitch fibres, and is reduced but present in EDL muscle, 
which does not contain slow-twitch fibres. Similarly, the 
p2 mRNA does not correlate simply with the fast-twitch 
phenotype since it is negligible in soleus muscle which 
contains 16% fast-twitch fibres, and does correlate with 
the proportion of fast-twitch fibres in the red gastrocne- 
mius. 

In contrast to the striking difference in expression of 
82 subunit transcripts in different muscles, mRNA of c1 
subunits were found in all muscles investigated (Fig. 
1 B). No statistically significant differences in al mRNA 
(3.7 kb) abundance were found between soleus and 
EDL, but 012 mRNA (5.3 and 3.4 kb) was more abun- 
dant in the former. Densitometric scanning of 4 individ- 
ual experiments revealed that 012 gene expression was 
3.76 + 0.82-fold higher in soleus than in EDL (P < 0.05, 
Student’s t-test). The contents of cl1 mRNA in the 

Table I 

Relative proportions ofg and a subunit mRNA m rat skeletal muscles 

Muscle 

Isoform Soleus Red 
gastrocnemius 

White 
gastrocnemius 

;: 
1.00 t 0.17 0.69 f 0.09 0.13 + 0.04 

0.04 +- 0.01 0.47 f 0.03 1 .oo + 0.50 

LYl 1.00 + 0.16 0.95 * 0.08 0.70 * 0.11 
a2 1 .oo + 0.09 0.92 t 0.07 0.69 f 0.01 

Total RNA was extracted from individual muscles and subjected to 
Northern blots using cDNA probes specific for the Bl. /32, al or a2 
mRNAs. RNA from 2-3 independent extractions was run simultane- 
ously. Autoradiograms were scanned and the abundance of each tran- 
script is given in relative units, assigmng a value of 1.00 for each 
subunit to the muscle with the highest content. Valid comparisons can 
be made for each subunit isoform between the different muscles, but 

not between subunit isoforms. 

A 

Sol 

28s - 

18S- 

B 

PI 
EDL 

CXI 
EDL 

P2 
Sol EDL 

28s - 

18s - 

a2 
Sol ED1 

28s - 28s - 

18S- 18s - 

Fig. 1. Representative Northern blots of pl and /I2 mRNA (A) and 
al and a2 mRNA (B) in soleus and EDL muscles, Total RNA was 
Isolated from soleus or EDL muscles and analyzed as described in 
section 2. The position of the 18s and 28s ribosomal RNA is mdi- 

cated. Sol, soleus; EDL, extensor digitorum longus. 

soleus, red gastrocnemius and white gastrocnemius are 
shown in Table I. The more glycolytic the muscle, the 
lower the content of al or a2 mRNA was, with no clear 
differences seen between slow and fast twitch muscles. 
However, these differences were modest compared with 
the striking segregation of /I subunit gene expression. 

3.2. Abundance of Na’,K+-ATPase subunit proteins in 
red and white muscles 

In order to investigate whether the isoform mRNA 
distribution was paralleled by the expression of the cor- 
responding proteins. membrane fractions were isolated 
from specific muscles. Due to methodological require- 
ments for at least 2 g of material per muscle fractiona- 
tion, it was not possible to investigate separately the 
soleus, EDL, red or white gastrocnemius muscles. In- 
stead, red muscles were pooled (soleus, red gastrocne- 
mius and red quadriceps), separately from white mus- 
cles (white gastrocnemius and white quadriceps). Con- 
sidering the fibre composition of each muscle and the 
mass contribution of each one to the mixture of muscles, 
the red muscle pool consisted of approximately 40% 
type I, 42% type IIa and 18% type IIb fibres, i.e. largely 
oxidative but with almost equal content of fast and slow 
fibres. In contrast, the white muscle pool consisted of 
8% type IIa and 92% type IIb fibres, i.e. predominantly 
glycolytic and fast-twitch muscle fibres. Crude (unfrac- 
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Fig. 2. Representative Western blots of,81 and/?2 protein (A) or of al and a2 protein (B) in plasma membranes (PM), mtracellular non-sarcoplasms 
reticulum membranes (IM) and crude unfractionated membranes (CM) of pooled red or white muscles. Isolated membranes were probed as 
described in section 2 At the exposure time used, the/I subumts are not detectable m the CM. The position of the closest molecular weight standards 

are indicated on the lefthand side. Kny represents a kidney microsomal sample used as standard of specificity for the anti-/I antibodies. 

tioned) membranes (CM), and purified PM and IM 
were isolated and Na’,K’-ATPase subunits were de- 
tected immunologically on Western blots. Fig. 2A 
shows a greater content ofal protein in the PM and IM 
fractions of the red than white pooled muscles, consis- 
tent with the distribution ofP1 transcripts in oxidative 
muscles. Quantitative analysis indicated that this pro- 
tein was nearly 5-fold more abundant in the PM of red 
than of white muscles. In contrast, the ,62 protein was 
approximately 3-fold more in the PM and IM of the 
white than of the red muscles, consistent with the distri- 
bution of /?2 transcripts in glycolytic, fast-twitch mus- 
cles. At this level of exposure of the gels, neither p 
subunit is detectable in CM, highlighting the usefulness 
of subcellular fractionation. 

Analysis of the content of al and a2 subunit proteins 
revealed no major differences between pooled red and 
white muscles, whether in the PM, the IM or the total 
CM (Fig. 2B). This observation was surprising given the 
higher expression of a2 mRNA in soleus (red, slow) 
than in EDL (white, fast) muscles (Fig. 1B). The differ- 
ence may arise from the different muscles required for 
the membrane preparation. Alternatively, a2 mRNA 
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may be under post-transcriptional control in red mus- 
cle. Indeed, discordant al mRNA and protein expres- 
sion has been reported for other cell types [26]. Further- 
more, a recent in vitro study showed that a subunit 
mRNA may not compete favourably with other mRNA 
transcripts for the translational machinery [27]. This 
was attributed to the complex ‘loop’ structures formed 
by the 5’-untranslated (UT) region upstream from the 
coding sequence. The 5’-UT region contains a GC rich 
segment which can potentially generate stable second- 
ary structures disrupting scanning by the 40s initiation 
complex [27]. If similar post-transcriptional control oc- 
curs for a2 mRNA as well, it migh allow red muscle 
fibers to modify the synthesis of a2 protein in conditions 
affecting the contractile and metabolic status of the 
muscle (e.g. muscle fatigue, hypoxia). 

3.3. Implications of the selective /3 subunit expression in 
spec@- muscle fibre types 

It is not known whether the formation of a particular 
c$ complex results in Na’,K’-ATPase molecules of dis- 
tinct activity. Results from four separate preparations 
of CM from pooled red muscles revealed a modestly 
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higher KpNPPase activity than in CM of pooled white 
muscles (0.865 + 0.051 vs. 0.618 + 0.055 pmollh.mg 
protein; P < 0.02). This suggests that both /? isoforms 
can sustain functional ATPase activity. The small but 
significant difference between both groups of muscles 
may be due to either differential ability of the/? isoforms 
to support activity or to quantitative differences in the 
net content of functional dimers. Present technology 
does not allow us to calculate the molar content of al 
and a2 isoforms in muscle membranes. In our study the 
abundance of either al or a2 proteins in isolated PM 
was not significantly different between pooled red and 
white muscles. EDL biopsies have slightly (20-30%) 
more ouabain binding sites than soleus biopsies [28] 
under conditions which measure only the a2 isoform, 
i.e. the component saturable below 1 PM ouabain. 
However. both muscles have comparable ouabain-sup- 
presible Rb’ uptake [29]. These results again support 
the tenet that both /? isoforms are capable of sustaining 
pump activity. 

Based on the results presented we propose that slow 
oxidative (type I) fibres contain alp1 and a2pl com- 
plexes, fast glycolytic (type IIb) fibres contain al/?2 and 
a2/32 heterodimers, and fast oxidative-glycolytic (type 
IIa) fibres can form all four combinations. Future stud- 
ies should address the proportion of each complex 
within different fibres. Definitive proof of the exact 
fibre-type specific expression of pl and /?2 will require 
immunocytochemical localization of the subunits. 
Good antibodies compatible with the latter technique 
are presently unavailable. In situ hybridization may be 
required coupled to analysis of fibre type in serial sec- 
tions. 

The precise role of the /I subunit in Na+,K+-ATPase 
function is presently a matter of intense investigation. 
Expression studies in Xenopus oocytes suggest that the 
p subunit is required for the correct assembly and ex- 
port of mature Na’,K’-ATPase units to the PM [10,30]. 
Such studies have highlighted the susceptibility of unas- 
sociated a subunits to degradative enzymes and show 
that association with p subunits provides stability to the 
catalytic subunit [3 11. 

The observation that the p2 isoform is expressed only 
in fast glycolytic muscle fibres is intriguing given that 
this isoform has recently been identified as the adhesion 
molecule on glia cells (AMOG) [32]. AMOG is thought 
to function as a neuronal receptor recognition site facil- 
itating neuron-astrocyte adhesion. Oocyte expression 
studies have shown that AMOG can interact with the 
al subunit to form al-p2 (AMOG) complexes capable 
of mediating ouabain-sensitive Rb’ uptake [33]. How- 
ever, al-82 (AMOG) complexes expressed in oocytes 
were functionally less active than al-/31 complexes 
when identical amounts of cRNA for al, AMOG and 
/?l were injected into oocytes [33]. Assuming that the 
cRNA of AMOG and pl were equally expressed, these 
in vitro observations imply that /I1 subunits confer 

higher functional activity than /32 (AMOG), a proposi- 
tion consistent with our observation of higher Na+,K+- 
ATPase activity in red than white muscles. An attractive 
hypothesis proposes that the 82 (AMOG) isoform may 
fulfill a dual role linking its receptor function to cation 
transport, whereby the binding of receptor ligands 
would induce conformational constraints in /32 
(AMOG) subunit and its associated 01 subunit with con- 
sequential effects on Na’,K’-ATPase activity [33]. 

In summary, red muscles rich in oxidative fibres, 
whether slow- or fast-twitch, express /I1 subunits. and 
white muscles rich in glycolytic fast-twitch fibres, ex- 
press 82 (AMOG) subunits. Both muscle groups have 
similar levels of al and a2 subunit proteins although red 
muscles have a higher proportion of a2 mRNA than 
white muscles do. Both/?1 anda (AMOG) can support 
K-pNPPase activity and in isolated membranes this ac- 
tivity is higher for red than for white muscles. 
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