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In any case, these experiments have demonstrated very 
significant metabolic activity in the substratum adhesion sites 
of these fibroblastic cells, particularly with regard to the 
conversion of heparan sulfate proteoglycan to free chains. 
These chains would only be univalent or at most bivalent for 
binding the adhesive glycoprotein fibronectin, and valency of 
binding is a most important determinant of adhesive bond 
formation (Rollins et al., 1982). It would therefore be expected 
that catabolism of this proteoglycan would weaken close 
contact adhesion processes and be an important parameter in 
cellular movement. A better understanding of these dynamic 
processes will be required to clarify the mechanisms for the 
making and breaking of adhesive contacts of fibroblasts with 
this model extracellular matrix. 

Registry No. Hyaluronic acid, 9004-61-9; chondroitin sulfate, 
9007-28-7; heparan sulfate, 9050-30-0. 
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Hydrophobic Labeling of (Na+,K+)-ATPase: Further Evidence That the p 
Subunit Is Embedded in the Membrane Bilayert 
M. Girardet, K. Geering, B. C. Rossier, J. P. Kraehenbuhl, and C. Bron* 

ABSTRACT: O-Hexanoyl-3,5-diiodo-N-(4-azido-2-nitro- purified form as well as in microsomal membranes. These 
pheny1)tyramine has been used after photochemical conversion results support the view that the glycoprotein subunit, like the 
into the reactive nitrene to label (Na+,K+)-ATPase from Bufo catalytic subunit, possesses hydrophobic domains by which it 
marinus toad kidney. Immunochemical evidence indicates that is integrated into the plasma membrane. 
the reagent labels both subunits of the enzyme in partially 

s o d i u m -  and potassium-dependent adenosine triphosphatase 
[(Na+,K+)-ATPase], which mediates the active transport of 
Na' and K+ ions across the plasma membrane of animal cells, 
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is composed of two subunits. The larger polypeptide (a sub- 
unit) spans the membrane and requires phospholipids for ex- 
pression of the catalytic activity (Kyte, 1975; Roelofsen & 
Schatzmann, 1977). In contrast, the relationship of the gly- 
cosylated polypeptide (@ subunit) with the lipid bilayer and 
the function of the @ subunit are not known. In order to 
understand the assembly and the function of these subunits 
at the molecular level, it is important to know their topo- 
graphical distribution and their orientation in the membrane 
as well as their modes of attachment with the lipid bilayer. 

0006-2960/83/0422-2296$01.50/0 0 1983 American Chemical Society 
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One approach to such questions Oonsists of the usc of lipophilic 
aflimity labeling reagents which are generated photochemically 
within the membrane and hence allow the labeling and 
characterization of regions of membrane polypcptide embedded 
in the lipid bilayer (Chowdhry & Westheimer, 1979). Thus, 
a hydrophobic domain of the a subunit of purified 
(Na+,K+)-ATPase has been clearly identified by the use of 
lipophilic nitrenes or carbenes (Karlish et al., 1977; Farley et 
al., 1980: Jsrgensen et al., 1982). In addition, the 6 subunit 
appears to possess a hydrophobic domain since when 
(Na+,K+)-ATPase preparations were treated with photo- 
reactive phphatidylcholine analogues both 95- and 45-dalton 
polypeptides of the purified enzyme were labeled (Montecuax, 
et al., 1981). However, this does not provide rigorous proof 
for the tight association of the 6 subunit with cellular mem- 
branes since the labeling was performed in the presence of 
detergents required for the purification of the enzyme. Also, 
there is a need to prove that the labeled polypeptide was indeed 
the 6 subunit such as can be achieved by using antibodies 
specific for each subunit. 

In this paper, we describe the labeling of Bufo marinus 
(Na+,K+)-ATPase with the highly lipophilic probe 0-hexa- 
noyl-3,5-diiodo-N-(4azido-2-nitrophenyl)t~mine (Owen et 
al.. 1980) and the subsequent immunochemical identification 
of the enzyme subunits from both purified and memhrane- 
bound enzyme preparations. Using these two methods in 
conjunction, we present evidence that the 6 subunit has non- 
polar portions by which it is inserted into the lipid bilayer. This 
confirms and extends our recent data showing by means of 
specific antibodies that the glycosylated polypeptide as well 
as the catalytic subunit are transmembranous polypeptides 
(Girardet et al., 1981). 

Materials and Methods 
All chemicals and buffer components were of analytical 

grade and were purchased from Merck (Darmstadt). (4- 
Azido-2-nitmphenyl)tyramine (NAp-tpmine) was a kind gift 
from Dr. M. M. Green (National Institute for Medical Re- 
search, Mill Hill, London). Rotein A-Sepharcee and agarose 
LM were obtained from Phannacia Fine chemicals ( U p p l a ,  
Sweden). Carrier-free NaIz5I was purchased from the Ra- 
diochemical Amersham International Center (490-520 MEq 
of lzSI/pg). Hexanoyldiiodo-N-(4-azido-2-nitrophenyl)tyr- 
amine prepared by iodination and alkylation of NAP-tyramine 
as described previously (Owen et al., 1980). The specific 
activity of the product was 200 Ci/mmol. 

Preparation of microsomes and partially purified 
(Na+.K+)-APTase from kidneys of Bufo morinw toads (C. 
P. Chase. Miami, FL) has been described prcviouSly in detail 
(Girardetet al., 1981: Geering & Rassier, 1979). Thespecific 
(Na+,K+)-APTasc activity was 50 pmol (mg of protein)-l h-l 
for the microsomal fraction and loo0 #mol (mg of protein)-1 
h-l for the partially purified enzyme. 

Electrophoretic analysis was carried out according to Maizel 
(1971) on 543% polyacrylamide gradient slab gels. Samples 
of proteins were treated with sample buffer [50 mM tris(hy- 
droxymethy1)aminomethane hydrochloride (Tris-Ha), pH 7.0, 
5% /3-mercaptcethanol, 5% sodium dodecyl sulfate (NaDod- 
SO,), and 10% sucrose] at 100 "C for 5 min before being 
layered (50 pL) onto the gel. The slabs were stained with 
Coomassie Brilliant Blue R-250, dried, and radioautographed 
with Kodak X-OMAT R X-ray films. Scanning of both gels 
and autoradiographies were performed with a Zeiss linear 
transport scanner at 515 nm. 

Antisera Speci$c for a and 6 Subunits. The production, 
the properties, and the specificity of the antibodies against a 
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PIOURE 1: (A) NaDodSO,-plyacrylamidc gel clectmphorcsia 
(5-1356) stained with Coomassic Brilliant Blue (lanes a-d). (Lane 
a) Molecular weight markers: myosin (200 kdalton); !3-galactceiclax 
(130 kdalton); phosphorylase b (94 kdalton); transferrin (78 kdalton); 
bovin serum albumin (69 kdalton); ovalbumin (45 kdalton). (Lane 
b) Partially purified (Na+,K+)-ATPase from tmd kidney membranes 
(50 #g of protein). (Lane c) Purified (I subunit. (Lane d) Purified 
@ subunit. (Lane e) Autoradiography of purified radioiodinated (1 

subunit. (Lane f) Autoradiography of purified radioiodinated @ 
subunit. (B) Immunoprecipitation with anti-@-subunit antiserum of 
purified radioiodinated @ subunit (0) and purified radioiodinated m 
subunit (0). 

or 6 subunits of (Na+,K+)-ATPase, as well as the immuno- 
chemical identification of these polypeptides by indirect im- 
munoprecipitation and NaDodSO,-pol yacrylamide crossed 
immunoelectmphorrsis, have been described in detail elsewhere 
(Girardet et al., 1981; Gccring et al., 1982a). A typical 
preparation of partially purified enzyme and its isolated sub- 
units used as immunogens is shown in Figure 1A. As shown 
in Figure IB. the antiserum raised against purified glyoxylated 
polypeptide specifically precipitated the 6Odalton component. 
No reaction could be detected against the a subunit. 

Labeling Procedure. Nitrene labeling of microsomes or 
purified (Na+,K+)-ATPase was camed out by adding 20 pCi 
of hexanoyldiiodo-N-(4-azido-2-nitrophenyl)tyramine in 20 
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a b c d  
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FIGURE 2 NaDodSOrpolyacrylamide gel electrophoresis (543%). 
Coomassic Blue staining of kidney microsomes (IO rrp)  (lane a) and 
purified (Na*,K*)-ATPasc ( 5  fig) (lane c). Autoradiography of the 
same samples labeled with nitrene: kidney microsomes (lane b); 
purified (Na*,K*)-ATPase (lane d). 

fiL of ethanol to a I-mL suspension of microsomes (1.5 mg 
of protein) or purified enzyme (0.15 mg or protein) in 33 mM 
Tris-histidine buffer supplemented with 5 mM ethylenedi- 
amineteraacetic acid (EDTA) a t  pH 7.4 contained in sili- 
conized glass tubes. The suspension was maintained for 30 
min on ice in the dark and was then irradiated for 5 min a t  
0 OC by using a W mercury lamp of I000 W (ACEHanovia, 
ACE Glass Inc., Vineland, NJ) with a uranyl acetate filter 
(679 A36) with a cutoff a t  310 nm. In control experiments, 
15 mM reduced glutathione was added as a water-soluble 
scavenger before photoactivation. After photoactivation, the 
particulate micmsomal fractions or partially purified enzyme 
preparations were recovered by centrifugation at 27000g,v for 
30 min at 4 OC. The bound radioactivity was determined by 
counting the pellet prior to solubilization in 1 mL of 33 mM 
Tris-histidine buffer, pH 7.4, containing 5% Triton X-100. 
Proteins were then separated from the bulk of the lipids by 
precipitation with 9 volumes of absolute ethanol overnight a t  
-20 OC. Prior to NaDodS0,-polyacrylamide gel electro- 
phoretic analysis, the protein pellet was dissolved and treated 
in 50 fiL of sample buffer as described above. For indirect 
immunoprecipitation and crossed immunoelectrophoresis, the 
protein pellet was dissolved in 1 mL of 33 mM Tris-histidine 
buffer, pH 7.4, containing 4% NaDodSO, and IO mM 8- 
meraptoethanol and was heated for 5 min at 100 'C in order 
to dissociate a and 8 subunits. Nine milliliters of 33 mM 
Trishistidine buffer, pH 7.4, supplemented with 0.5% Triton 
X-100 was then added. Aliquots (800 fit) of the resultant 
solution were used for immunoprecipitation. 

Results 
Lobeling of Kidney Microsomes or Partially Ptuised En- 

zyme. When suspensions of microsomes or partially purified 
enzymes were labeled with 20 fiCi (specific activity 200 
Ci/mmol) of iodinated lipophilic nitrene under the experi- 
mental conditions desctibed under Materials and Methods. 
27-2990 of the radioactivity was recovered in the pellet after 
centrifugation. Of this activity, 29% in the case of microsom*l 
and 34% in purified enzyme preparations were bound to 
proteins as assessed by precipitation with ethanol a t  -20 OC. 
That is, the remaining two-thirds of the membranebound 
radioactivity was probably associated with lipid. The overall 
incorporation of label into the membranes was not modified 
when the photoactivation was performed in the presence of 
15 mM glutathione. 

a b  c d  a b  
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FIGURE 3 Autoradiography of 5 1 3 %  NaDodSOrpolyacrylamidc 
gel electrophoresis of immunoprecipitates of nitrene-labeled 
(Na*,K*)-ATPase. (A) Nitrenc-labeled purified enzyme; indirect 
immunoprecipitation with anti-a-suhunit antisemm (lane a) or with 
anti-@-subunit antiserum (lane h). (E) Nitrene-labeled kidney mi- 
cxmmes: i n d i  immunoprecipitation with anti-a-subunit antiserum 
(lane a) or with anti-@-subunit antiserum (lane c). Control immu- 
noprecipitation with preimmune anti-a-subunit or anti-@-subunit 
antisera (lanes band d). 

The selectivity of the lipophilic probe for a restricted number 
of proteins was indicated by the labeling pattern obtained after 
NaDodS0,-polyacrylamide gel electrophoretic analysis of 
labeled microsomes (Figure 2a.b). 

In fact, among the numerous Coomassie Blue stainable 
hands of this fraction, only bands with apparent molecular 
weights of 96000,53000,47000, and 30000 and a region with 
molecular weights less than 10000 were detected with the 
lipophilic probe. 

Moreover, the sensitivity of the probe was emphasized hy 
the fact that none of the labeled bands was coincident with 
prominent Coomassie Blue stained bands with the exception 
of the 96000-dalton polypeptide and a group of less than 
30 000-dalton polypeptides. 

At least three major polypeptides of the microsomes with 
42000,48000, and SOOOO apparent molecular weights were 
not labeled. Labeling of the purified enzyme preparations 
(Figure 2c.d) revealed both the 96000-dalton (I subunit and 
the 60000-dalton 8 subunit. The latter glycosylated peptide 
was weakly stained by Coomassie Blue and could be detected 
upon overloading the gels as shown in Figure 1. An additional 
peptide of slightly less than 30000 daltons which always co- 
purified with the holoenzyme (Geering & Rossier, 1979) was 
also heavily labeled. In addition, about 25% of the lipophilic 
probe was bound to polypeptides of less than IOOOO daltons 
as asxssed by scanning of the autoradiograms. These possibly 
represent contaminants and/or degradation products of the 
enzyme preparation. 

Immunochemical Identification of Labeled (Na+fl)-AT- 
Pase. NitreneAabeled microsomes or purified enzyme prep 
arations were submitted to indirect immunoprecipitation by 
using antisera specific for each subunit. Results of these 
experiments are depicted in Figure 3. Both (I and 0 subunits 
precipitated from purified enzyme (Figure 3A), or micrawma 
(Figure 3B) were labeled by the hydrophobic probe. However, 
in the latter case, the a subunit seemed to react more readily 
with the nitrene than the 8 subunit, a result which is consistent 
with the labeling pattern of microsomes where only the 
96000-dalton subunit can be detected (Figure Zb). 

In order to ascertain whether the reaction of the nitrene 
occurred essentially with protein functional groups in a hy- 
drophobic environment, we performed the labeling of mi- 
soma1 fractions and purified enzyme in the presence of IS mM 
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RGURE 4 Autoradiograms of twc-dimensional d immunoa 
lcctmphorcsis of nitrene-labeled kidney microsoma: anti-a-subunit 
antiserum (pncl a); anti-@-subunit antiscrum (panel b). Nitrene 
labeled kidney microsomes run in the first dimension of a S-I% 
NaDodS0,-polyacrylamide gel and used as a source of antigen: 
Coomassic Blue staining (panel c); autoradiography after nitrcnc 
labeling (panel d). 

reduced glutathione. Immunoprecipitation from both types 
of preparations revealed that the total radioactivity inserted 
into the @ subunit was identical in the presence and abscnce 
of this water-soluble scavenger. 

The specific immunoprecipitation of the 6 subunit also re 
vealed a 120000-dalton band. This probably represents a 
dimer of the polypeptide, since the immunoprecipitation of this 
band can be inhibited by addition of a purified 60000-dalton 
glywsylated polypeptide (Figure 1A) to the solubilized mi- 
crosomes (K. Geering et al., unpublished results). 

In addition, when labeled micmsomes were used as a source 
of antigens, a faint 4500&50000-dalton radioactive band 
always coprecipitated with antisera against a or @subunits. 
The same material was found, although in barely detectable 
amounts, when preimmune sera were used as controls (Figure 
38). This probably represents radioactive material entrapped 
nonspecifically to an extent which depends upon the amount 
of immunoprecipitate formed. In control experiments, no 
labeling was obtained when the nitrene was inactivated by 
illumination prior to reaction with the purified enzyme. 

Further demonstration of the labeling of both subunits of 
(Na+,K+)-ATPase was clearly provided by the autoradiog- 
raphy of twc-dimensional NaDodSO,-polyacrylamide crossed 
immunoelectrophoresis of nitrenelabeled micrcsomal fractiom 
(Figure 4). However, due to the experimental conditions 
required for this type of method, the partial degradation of 
the a subunit could not be prevented, thus leading to the 
reduction of the amount of native polypeptide immunopre- 
cipitated and as a consequence an apparent decrease in the 
radioactivity inserted into the a subunit as compared to the 
@ subunit. 

Discussion 
The results presented here demonstrate that both subunits 

of the (Na+,K+)-ATPase are accessible to a hydrophobic ra- 
dioactive probe when inserted into membranes or in purified 
enzyme vesicles. An important consideration in the inter- 
pretation of the data is whether the antibodies uxd for the 
identification of both a and B subunits of (Na+,K+)-ATPase 
are indeed specific for these polypeptides. Both reagents have 
been raised by immunization with two of the major c o m p  
nents of purified enzyme preparations (Figure 1A) (Geering 
& Rossier, 1979; Girardet et al., 1981). Whereas the spe- 
cificity of the anti-a-subunit antiserum could be clearly dem- 
onstrated by its reactivity with the phosphorylated catalytic 
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polypeptide (Girardet et al., 1981; Geering et al., 1982b). it 
is conceivable that antibodies raised against the 60000-dalton 
band could be directed against degradation products of the 
96Wdal ton  subunit known to be particularly susceptible to 
protease. This can be ruled out since upon absorption with 
purified a subunit the antiserum reacts exclusively with the 
60000-dalton polypeptide (Figure 1B) (Girardet et al., 1981). 
Moreover, the following results provide further evidence that 
these antibodies are indeed directed against the glywsylated 
@subunit and not against a contaminant comigrating with the 
60000-dalton band of purified enzyme. When toad bladder 
cells are biosynthetically labeled for 15-50 min, this antiserum 
precipitates a 42000-dalton polypeptide which converts upon 
prolonged chase periods into a 60000-daIton component. This 
is typical of the maturation of a nonglycosylated or core- 
glycosylated polypeptide to a fully glycosylated component. 
Moreover, the biosynthesis rates both of this polypeptide and 
of the a subunit are identical. In addition, in all cases studied, 
the synthesis of these subunits is induced in parallel by aldo- 
sterone (Geering et al., 1982a.c). 
As anticipated from its known transmembranous orientation, 

the catalytic a subunit of (Na+,K+)-ATPase was labeled by 
the highly lipophilic probe hexanoyldiicdo-N-(4-azido-2- 
nitropheny1)tyramine. In fact, immunochemical identification 
of the a subunit from both purified enzyme preparations and 
kidney microsomes revealed strong labeling of this polypeptide, 
thus confirming results obtained with other photogenerated 
reagents (Karlish et al., 1977; Farley et al., 1980; Montecuun 
et al., 1981; Jsrgensen et al., 1982). 

Extensive labeling was also found on the apparent M, 30000 
peptide which always wpurifies with (Na+,K+)-ATPase. The 
exact structural and functional relationship of this component 
with the holoenzyme is not yet clear. However, its strong 
reactivity with the nitrene confirms its tight association with 
the membrane phospholipids as previously reported (Geering 
& Rossier, 1979). Moreover, the possibility that this com- 
ponent represents a proteolytic fragment of the ",-terminal 
region of the catalytic subunit cannot be ruled out. In fact, 
such a segment of lower molecular weight (M, 12000) has 
bcen shown to interact strongly with the membrane and to be 
labeled with the lipophilic adamantylidiene (Castro & Farley. 
1979; Farley et al., 1980). 

Our recent immunochemical studies strongly suggested that 
the @ subunit of (Na+,K+)-ATPase spans the lipid bilayer 
(Girardet et al., 1981). Further evidence in support of such 
a transmembranous orientation of the glywsylated polypeptide 
is provided by the reactivity of this ATPase subunit with the 
lipophilic nitrene when either purified enzyme or microsomal 
fraction was labeled. Moreover, the same result was obtained 
when epithelial cell suspensions from the toad bladder were 
labeled (M. Girardet et al., unpublished results). 

Similar photogenerated nitrenes (Karlish et al., 1977) or 
carbenes (Farley et al., 1980) have been used to label 
(Na+,K+)-ATPase subunits from purified enzyme preparations 
only. In these earlier experiments, the @ subunit was always 
only barely labeled. The extensive labeling of the @ subunit 
observed here is probably a result of the marked hydropho- 
bicity of the lipophilic reagent used (Owen et al.. 1980). In 
order to exclude that the labeling resulted from a reaction of 
the nitrene with protein functional groups in a hydrophilic 
environment, we labeled microsomes or partially purified en- 
zyme in the presence of 15 mM reduced glutathione. The 
presence of this water-soluble scavenging reagent did not 
modify the incorporation of label into the @ subunit, thus 
indicating that the labeled domains of this polypeptide are 
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buried in the lipid matrix. This confirms the results recently 
obtained with photoreactive phosphatidylcholine derivatives 
that suggested the existence of hydrophobic domains of the 
glycoprotein subunit of purified (Na+,K+)-ATPase from pig 
kidney and from the electric organ of Electrophorus electricus 
(Montecucco et al., 1981). 

In the present study, it is interesting to note the unequal 
reactivity of both subunits in microsomes. In fact, as suggested 
by the labeling pattern of microsomes (Figure 2b), the nitrene 
seemed to insert more readily in the a than in the p subunit. 
This was confirmed when the subunits were directly precip- 
itated from labeled microsomes under conditions preventing 
the proteolytic degradation of the particularly labile a subunit 
(Figure 3B). The following explanations can account for these 
results. When both subunits are embedded in the membrane, 
the larger intramembranous segment of the catalytic subunit 
might have more nitrene reactive groups than the glycosylated 
polypeptide. Alternatively, the a subunit might shield the p 
subunit from reaction with the lipophilic probe. Both these 
possibilities are supported by the model of the path of the 
a-subunit polypeptide chain with multiple traverses across the 
bilayer (Jargemen et al., 1982). These explanations are also 
consistent with the fact that both subunits are probably tightly 
associated in the membrane since drastic dissociating condi- 
tions are required in order to achieve independent immuno- 
precipitation of each subunit (Girardet et al., 1981). A similar 
unequal distribution of the same lipophilic probe has been 
observed between the two polypeptides of HLA-DRw antigens 
(Owen et al., 1980) and between glycophorin and band 3, two 
transmembranous proteins of erythrocytes (C. Bron and M. 
J. Crumpton, unpublished results). 

In contrast, comparable heavy labeling of both a and /3 
subunits was obtained when purified enzyme vesicles were 
reacted with the nitrene (Figure 2d). This could be a con- ~ 

sequence of the higher nitrene/protein ratio used in the labeling 
of these preparations as compared to microsomes. Alterna- 
tively, the purification of the enzyme is known to result in the 
destruction of its oligomeric structure (Hansen et al., 1979). 
This might render the glycosylated subunit more accessible 
to the lipophilic probe. 

In conclusion, the high specific activity of the radioactive 
probe used in this study in conjunction with specific immu- 
nochemical methods enabled us to identify clearly the glyco- 
protein labeled from within the membrane of kidney micro- 

somes. This indicates that this protein is indeed embedded 
in the lipid bilayer and might therefore play a role in the 
transmembrane organization of the monovalent cation channel 
or carrier. 
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