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ABSTRACT. We have used epitope tag addition to analyze the transmembrane topology of the Na,K-ATPase
catalytic @) subunit. An antigenic peptide derived from the hemagglutinin (HA) of influenza virus was
inserted at 15 different positions within the rat Na,K-ATPadesubunit isoform. The functional integrity

of the tagged proteins was tested by their capacity to confer ouabain resistance upon human HEK 293
cells. Constructs with the tag at aa positions 119, 173, 318, 815, 881, 953, 987, and 1023 conferred
ouabain resistance, and the mutant proteins were detectable in the plasma membrane of transfected cells.
In contrastal subunits with insertions at aa positions 338, 797, 805, 868, 895, 910, and 921 were unable
to confer drug resistance. Immunofluorescence analysis of permeabilized and intact cells using a
monoclonal antibody specific for the HA epitope showed that double tags at positions 119 and 318 were
located extracellularly, whereas single or double tags at positions 173, 815, 881, 987, and 1023 were
cytoplasmically disposed. These results are consistent with an eight transmembrane domain arrangement
for thea subunit. Epitope insertion within TM4, and the region linking transmembrane segments TM6
TM7, caused the loss ef subunit function, suggesting that the integrity of these domains is essential for

the proper biosynthesis and/or maturation of ¢heubunit.

Na,K-ATPase is a membrane-associated enzyme thatN-terminal portion of the molecule (Jgrgenson et al., 1982;
catalyzes the translocation of Nand K" across the plasma  Ovchinnikov et al., 1988; Xie & Morimoto, 1995), and a
membrane of most animal cells. Na,K-ATPase has beenlarge cytoplasmic loop connecting TM segments 4 and 5
shown to consist of two subunits. The subunit is a (Farley et al., 1984; Ohta et al., 1985). However, the precise
polypeptide of\M; ~100 000 that contains the catalytic site number and location of TM domains in the C-terminal region
for ATP hydrolysis and serves as the cellular receptor for of the o subunit polypeptide have not been clearly estab-
cardiac glycosides such as ouabain and digitalis (Cantley,lished.

1981). Thef subunit is a glycosylated polypeptide of  gequence analysis of cloned cDNAs indicates that the
unknown function. Three separate genes, encoding threey, K ATPaseo subunit shares a high degree of structural

highly conserved subunit isoforms, have been identified 56109y with other cation-motive transporters including

in rodents (Kent et al., 1987b). The cDNA for the rodent sarcoplasmic reticulum €aATPase, the H,K-ATPase

al subunit isoform has been shown to be capable of ot mammalian stomach, and the plasmalemmaiATPase
conferring ouabain resistance upon ouabain-sensitive primate ¢ yeast and fungi. A 10 T™M model of the EaATPase
cells in DNA transfection experiments (Kent et al.,1987a; o< pheen inferred from image analysis of sarcoplasmic

Emanuel et al., 1988). reticulum (Toyoshima et al., 1993), while analysis of
Understanding the overall structure of the Na,K-ATPase microcrystals of detergent-solubilized Na,K-ATPase and
is a prerequisite for eIucidating the relationship between Cat-ATPase suggests that these enzymes share a similar

enzyme structure and function. However, the topographical three-dimensional structure (Taylor & Varga, 1994)-
arrangement of Na,K-ATPase within the plasma membrane Glycosylation site tagging has been used to localize TM
is still controversial. Based on hydropathy analysis of the domains in theNeurospora H*-ATPase. Analyses of
predicted amino acid sequence, several secondary structurguncated H-ATPase reporter molecules translateditro
models have been proposed in which ¢hgubunit has from  and translocated into microsomes have suggested a 4 TM
6 to 10 membrane spanning domains (Kawakami et al., 1985;topology for the N-terminal portion and a 6 TM topology
Shull et al., 1985; Herrera et al., 1987; Takeyasu et al., 1990).for the C-terminal region (Lin & Addison, 1995).

The available experimental data suggest the following
topology for the Na,K-ATPase. subunit: intracellular N-
and C-termini (Felsenfeld & Sweadner, 1988; Canfield &
Levenson, 1993; Thibault, 1993; Yoon & Guidotti, 1994),
four hydrophobic transmembrane (TM) domains in the

Biochemical and immunological methods have been used
to analyze the topological organization of the C-terminal
portion of the Na,K-ATPase. subunit. However, these
approaches have yielded contradictory results. For example,
tryptic digestion of microsomal vesicles revealed that a
segment of thex subunit containing Asn-838 is localized
" This work was supported by NIH Grants HL-39263 and GM-49023 intracellularly (Karlish et al., 1993). Similar results were
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antibodies and immunoelectron microscopy localized this encoding the 5 half-tag (3-GAGCTCGIACCCATAC -
domain (containing residues 81832) to the extracellular GACGTC-3) and the 3half-tag (-GACGTCCCAGAC

side of the plasma membrane (Mohraz et al., 1994). A
segment of the. subunit containing residues 89911 was 1 ACGCGAGCTC-3) were constructed so that the HA

also placed extracellularly, leading to novel predictions €pitope tag sequences (boldface) in the two plasmids overlap
regarding the localization of TM segments within the atacommorAatl site (underlined) and are flanked I8ad
C-terminus of the polypeptide (Mohraz et al., 1994). sites (double underline). ThéRalf- and 5 half-tag plasmids

At present, it is difficult to resolve some of the discrep- Were ligated separately to the@nd 3 segments of constructs
ancies obtained among studies of the membrane topologyc&TYing a single tag. The resulting plasmids were then
of Na,K-ATPase. Some of these discrepancies may resultioined at theSad site to generate double-tagged inserts. This
from the use ofn sitro systems that provide an incomplete Method was used to create double tags at aa positions 14,
or misleading picture of the native conformation of the 119,318, 815,881, and 953. Each single- and double-tagged
polypeptide within a cell. To help resolve these issues, we Mutant ol subunit was verified by dideoxynucleotide
developed a genetic approach to determine the topology ofS€duencing, and then subcloned into the eukaryotic expres-
TM domains within an integral membrane protein (Canfield Sion vector pCB6. _ .
& Levenson, 1993; Kast et al., 1995, 1996). This approach _Cell Culture and DNA TransfectionHuman embryonic
is based on the expression in mammalian cells of polypep- Kidney (HEK) 293 cells were used as recipients for trans-
tides carrying an antigenic tag at defined locations, and fection. Cells were grown in Dulbecco’s modified Eagle’s
determination of the intra- or extracellular location of the Medium (DMEM) supplemented with 10% fetal calf serum
tags by immunofluorescence analysis. The application of (FCS). Transfections were performed by the calcium
this method is particularly useful for the Na,K-ATPas# phosphate coprecipitation method as previously described
subunit, because the biological activity of the mutant protein (Kent etal., 1987a; Canfield & Levenson, 1993). For stable
can be easily measured by transfection. The ability of an transfectants, cultures were split 1:4 48 h after transfection,
epitope-tagged1 subunit to transfer ouabain resistance in and medium containing ouabain (Q1) was added 4 h
this assay demonstrates that the polypeptide can form alater. Colonies of transfected cells were picked n32
functional Na,K-ATPase, and provides confidence that the weeks and expanded into cell lines that were maintained in

structural integrity of the tagged protein has not been Medium containing 0.2M ouabain. For transient transfec-
compromised. tion, HEK 293 cells were plated on glass coverslips and

transfected under the conditions described above.
Membrane Preparation and Immunoblottin@rude mem-
brane fractions from stably transfected HEK 293 cells were
prepared as described previously (Shyjan & Levenson, 1989),
and protein concentrations were determined by the method
of Bradford (1976). Solubilized membrane fractions were

We have previously used epitope addition to determine
the location of the N- and C-termini of the Na,K-ATPase
subunit (Canfield & Levenson, 1993). Analysis of a series
of tagged constructs provided an initial picture of the TM
topology of theo subunit. Here we have used epitope

insertion to more accurately define the location of intracel- ) = i
lular and extracellular domains within teesubunit polypep-  fractionated on an SDS-containing 7.5% polyacrylamide gel

tide. Our data are most consistent with an 8 TM model of (20 #4g of protein/lane) and transferred to a nitrocellulose
o subunit topology. filter as described (Towbin et al., 1979). The filter was

guenched overnight in Tris-buffered saline (TBS) containing
EXPERIMENTAL PROCEDURES 5% dry milk and 0.1% Tween 20 and then incubated with
the HA-specific monoclonal antibody (mAb) 12CA5 (Wilson

DNA Constructs. (A) Single Tag&pitope-tagged Na,K- et al., 1984) (Babco Labs, Richmond, CA). The filter was
ATPasenl subunits were generated by introduction of a nine rinsed with TBS, 0.1% Tween 20, and then incubated with
amino acid (aa) peptide (YPYDVPDYA) from the hemag- horseradish peroxidase conjugated goat anti-mouse (second)
glutinin (HA) of influenza virus into rattl subunit cDNA. antibody for 1 h. Immunoreactivity was detected by
Two strategies were used for the insertion of a single epitopeenhanced chemiluminescence (ECL) using an ECL kit
tag. In the first, we generated a set of HA oligonucleotides (Amersham).
that could be introduced in-frame into any natural or  |mmunofluorescence and Confocal Microscopyran-
engineered blunt-ended restriction site in the cDNA (Canfield sjently transfected HEK 293 cells grown on coverslips were
& Levenson, 1993). Using this method, oligonucleotide tags examined 72 h after transfection. For experiments using
were introduced at aa positions 173, 318, 338, 921, 953, 987,permeabilized cells, HEK 293 cells were fixed in 4%
and 1023 as outlined in Table 1. The second approachparaformaldehyde in phosphate-buffered saline (PBS). Cells
involved the use of PCR mutagenesis as described by Nelsoryere permeabilized and blocked with 0.05% Nonidet P-40
and Long (1989). This method was used to insert a single in PBS, 5% goat serum, and 1% bovine serum albumin at
tag at aa positions 119, 797, 805, 815, 868, 881, 895, androom temperature for 15 min and then incubated in the same
910 (Table 1). Two variants of thel subunit cDNA  medium containing the 12CA5 mAb (diluted 1:500) for 1 h.
containing a tag at residue 119 were constructed. In the first Secondary antibody (Texas-Red-conjugated rabbit anti-mouse
(HA1191), the HA tag was inserted between aa 119 and 120, |gG) was diluted 1:200 and applied in the same buffer.
thereby increasing the size of the first predicted extracellular Nonpermeabilized HEK 293 cells were incubated with mAb
loop by nine aa residues. In the second (HA119R), the HA 12CA5 in DMEM, 10% FCS, and 20 mM HEPES, pH 7.2
epitope replaced aa residues $2A®8, thereby maintaining  at 4 °C, for 1 h. Cells were fixed, permeabilized, and
the size of the first extracellular domain. incubated with secondary antibody as described above.

(B) Double Tags.Double-tagged constructs were gener- Immunofluorescence microscopy was performed using stan-
ated from cDNAs carrying a single HA tag. Plasmids dard epifluorescence optics (Olympus Bmax 50) or by
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Ficure 1: Schematic representation of HA epitope insertions used to determine Na,K-AdBabenit topology. Hydropathy analysis of

the a1 subunit calculated by the algorithm of Kyte and Doolittle (1982). Predicted TM domains are indicated by open boxes numbered
1-10. Insertion sites of the HA epitope tag are identified by solid (epitope-tagged constructs capable of conferring ouabain resistance) or
open (epitope-tagged constructs that do not confer drug resistance) triangles. The phosphorylation (P), FITC-reactive (F), and FSBA-
reactive (A) sites are indicated by arrows. The scale (every 100 aa) is shown at the bottom.

confocal laser scanning microscopy using a Zeiss LSM 210 Table 1: Biological Activity ofal Subunits Carrying a Single
confocal microscope (Rh filter block, 543-nm excitation Epitope Tag

wavelength). mutant sequengée resistant colonié’s
HA14 Al4-V(tag)A-V15 +
RESULTS HAL19R R119-(tag)-D129 +

. . . d - -

Construction and Expression of Epitope-Tagged Na,K- HALL9I R119-(tag)-S120 +
HA173 R173-(tag)-N174 +
ATPaseal cDNAs. To ar_lalyze the TM topology of the HA318 L318-D(tag)AV-E319 +
Na,K-ATPase, we determined the intra- versus extracellular HA338 A338-V(tag)AA-T339 -
location of an HA epitope tag inserted at various sites within ~ HA797 AT796-(tag)-N797 -
the expressedl subunit polypeptide. As shown in Figure HAB05 V805-T(tag)TV-T806 N
. . ; s ) ; HA815 D815-(tag)D-M816 +
1, single epitope tags were inserted within the predicted first 4 agg1 F881-(tag)F-H882 +
and second extracellular domains at aa positions 119 and HA868 T868-(tag)-Y869 -
318, respectively. To determine the location of the predicted = HA895 1895-(tag)-N896 -
third extracellular domain, three separate tags were inserted HA910 Q910-(tag)Q-R911 -
iti 97, 805, and 815. A single tag was also | aoex 21 (tag)AMAF 922 N
at aa positions 797, 805, 15. A sing g\ also  Hags3 1953-(tag)Al-L954 +
introduced at aa position 953, a site predicted to reside within  Hag87 S986-(tag)A-W988 +
the fourth extracellular domain. An HA epitope tag was  HA1023 Y1023-C(tag) +

inserted in the first predicted intracellular loop (after TM2) a Mutations were introduced into the refl subunit at the amino
at aa position 173, and at aa position 338, a site within acid positions indicated (numbered from the initiating methionine). The
predicted TM4. To localize TM 7, epitope tags were inserted amino acid sequence flanking the HA epitope (tayPYDVPDYA)

" ; indicated using the single-letter amino acid code. Additional residues
at aa positions 868, 881, 895, 910, and 921. These reSIdue?pecific for each construct are shown flanking the fagEK 293 cells

are contained within a hydrophilic region situated between \yere transfected with mutant cDNAs and selected in the presence of
potential TM segments 7 and 8 (Figure 1) at positions852  0.54M ouabain.c HA epitope replaced residues 12028. 9 HA epitope

879 and 916936. Single HA tags were also inserted at aa added nine residues to the first extracellular lobphe tag in HA1023
positions 987 and 1023 to analyze the topology of the iS followed by a stop codon.

C-terminal segment of thel subunit.

To test biological activity, each of the epitope-tagged ouabain-resistant clones revealed the presence of epitope-
subunits was transfected into ouabain-sensitive HEK 293 taggedal subunits in all transfectants (data not shown).
cells, and transfected cells were tested for their ability to Constructs carrying the HA epitope tag at aa positions 338,
proliferate in 0.54M ouabain. We have previously shown 797, 805, 868, 895, 910, and 921 failed to confer ouabain
that this concentration of drug is cytotoxic to HEK 293 cells resistance in our assay (Table 1). The presence of epitopes
(Canfield & Levenson, 1993). Wild-type ratl subunit at these sites may interfere with the proper membrane
cDNA was transfected into HEK 293 cells as a positive insertion or folding of thexl subunit.
control. Constructs HA119l, HA119R, HA173, HA318, Localization of Epitope TagsThe membrane polarity of
HA815, HA881, HA953, HA987, and HA1023, containing the HA tags (cytoplasmic versus extracellular) was deter-
the HA tag at aa positions 119, 173, 318, 815, 881, 953, mined by immunofluorescence analysis of HEK 293 cells
988, and 1023, respectively, produced ouabain-resistanttransiently expressing epitope-tagged subunits. Stable
colonies (Table 1). In general, epitope-tagged constructsand transient expression of the epitope-tagged constructs gave
gave ouabain-resistant colonies with an efficiency similar identical patterns of immunoreactivity. However, transient
to that of the wild-type ratrl subunit. The ability of these  expression facilitates detection of the epitope-tagged con-
epitope-tagged constructs to confer ouabain resistance tostructs due to the higher levels of tagged protein produced
HEK 293 cells indicates that the mutauit subunit polypep-  compared to stably transfected cells (Canfield & Levenson,
tides are capable of forming a functional Na,K-ATPase. 1993). The orientation of the tag with respect to its
Immunoblot analysis of membrane fractions prepared from intracellular versus extracellular localization was determined
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Table 2: Biological Activity ofal Subunits Carrying a Double
Epitope Tag

mutant sequenée resistant coloniés
HA(2x)14 Al4-V(tag)SS(tag)AV-S15 +
HA(2x)119R R119-(tag)SS(tag)-D129 +
HA(2x)119I R119-(tag)SS(tag)-S120 +
HA(2x)318 L318-D(tag)SS(tag)AV-E319 +
HA(2x)815 D815-(tag)SS(tag)D-M816 —
HA(2x)881 F881-(tag)SS(tag)F-H882 +
HA(2x)953 1953-(tag)Al(tag)Al-L954 —

aMutations were introduced into the rafl subunit at the residues
indicated (numbered from the initiating methionine). Additional
residues specific for each construct are shown flanking the HA epitope
(tag)." HEK 293 cells were transfected with mutant cDNAs and
selected in the presence of & ouabain.

(Figure 2C,D), demonstrating the extracellular localization
of the HA epitope in this fusion protein. In HEK 293 cells
expressing the HA173, HA987, and HA1023 constructs, the
12CA5 mAb specifically detected each of the tagged proteins
in permeabilized but not nonpermeabilized cells (Figure 2E
J), suggesting the intracellular localization of these epitope-
tagged regions. However, epitope-tagged constructs HA119I,
HA119R, HA318, HA815, HA881, and HA953 were unde-
tectable in either detergent-treated or intact cells (data not
shown). Failure to detect the HA epitope by immunofluo-
rescence suggests that the tag is situated in a region of the
protein that is inaccessible to mAb 12CAb5.

Expression of Double-Tagged Constructfo visualize
tagged segments within tlel subunit where the HA epitope
may be masked from the 12CA5 antibody, we adopted a
strategy of introducing a second copy of the HA tag into
the mutant proteins. This strategy was based on the
assumption that a tandem duplication of the HA tag should
increase the immunoreactivity or accessibility of the tags to
mAb 12CAb, thereby improving the immunofluorescence
signal. This approach has been successfully used to detect
epitope-tagged P-glycoprotein (Kast et al., 1996). Double
HA tags were introduced into thel subunit at aa positions
14,119, 318, 815, 881, and 953, respectively (Table 2). Each
of the constructs was transfected into HEK 293 cells and
tested for the ability to transfer ouabain resistance. As shown

immunofluorescence. HEK 293 cells transiently expressing epitope- jn Table 2, double-tagged constructs HA(2x)14, HA(2X)-

tagged ratal subunit cDNAs were examined for 12CA5 mAb

reactivity 3 days after transfection. For each construct, representative

119R, HA(2x)1191, HA(2x)318, and HA(2x)881 conferred

fields of permeabilized (P, left column) or nonpermeabilized (NP, Ouabain resistance upon HEK 293 cells. In contrast,

right column) cells are shown. Cells expressing wild-typeorht
subunits (A, B) were not reactive with the 12CA5 mAb, whereas
an epitope-tagged mousadr3 P-glycoprotein was visualized in

both permeabilized and nonpermeabilized cells (C, D). The single

epitope tags in constructs HA173 (E, F), HA987 (G, H), and
HA1023 (I, J) were detected only in permeabilized cells.

by immunofluorescence microscopy on intact cells (extra-
cellular) or on cells permeabilized with Nonidet P-40

constructs HA(2x)815 and HA(2x)953 failed to transfer drug
resistance, suggesting that the presence of a double tag at
these positions abrogates the proper function of dlie
subunit. Western blot analysis of crude membrane fractions
prepared from stable ouabain-resistant colonies transfected
with constructs HA(2x)14, HA(2x)1191, HA(2x)318, and
HA(2x)881 showed the presence of a 12CA5 immunoreac-
tive band of~100 kDa which is absent from control cells

(intracellular). Representative examples of cells expressing(Figure 3). Immunofluorescence analysis of stably trans-

each tagged:1 subunit polypeptide are shown in Figure 2.
HEK 293 cells transfected with wild-type (untagged) At
subunit cDNA were not immunoreactive with mAb 12CA5
in either permeabilized or intact cells (Figure 2A,B). As a
positive control for detection of an extracellular tag, we
monitored immunoreactivity of an expressed P-glycoprotein
(mouse mdr3 carrying an HA epitope tag in the first
extracellular domain (Kast et al., 1995). The 12CA5 mAb
specifically detected the epitope-taggeuir3 polypeptide

in both permeabilized and nonpermeabilized HEK 293 cells

fected HEK 293 cells expressing each of the double-tagged
mutantal subunits is shown in Figure 4. As expected, the
HA(2x)14 double tag was only detectable in permeabilized
cells (Figure 4A,B). No apparent increase in immunofluo-
rescence was detected in the double-tagged polypeptide
compared to the single tag construct HA14 (Figure 4C).
Examination of HEK 293 cells expressing the HA(2x)119I
and HA(2x)318 constructs revealed 12CAb5 reactivity in both
permeabilized (Figure 4D,G) and intact cells (Figure 4E,H),
indicating an extracellular localization of the 12CA5 reactive
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* - laser microscopy. HEK 293 cells expressing the single tag construct
- —87 HA1023 (A) and the double-tagged constructs HA(2x)14 (B) and

. . HA(2x)881 (C) were fixed and permeabilized. The HA epitope was
Ficure 3: Immunoblot analysis of double-tagged. subunits detected using the 12CA5 mAb and Texas Red-conjugated anti-

expressed in HEK 293 cells. Crude membranes were prepared frommouse antibodies. Optical sections were scanned through-e2lls
stable HEK 293 cell clones transfected with double-tagged or wild- ,;m above the coverslip. Scale bar10 um.

type ratal subunit cDNAs. Solubilized microsomal proteins (30

ugllane) were resolved on an SDS-containing 7.5% polyacrylamide . . . . .
gel, transferred to a nitrocellulose filter, and probed with the HA nikov et al., 1988; Mohraz et al., 1994; Yoon & Guidotti,

epitope-specific mAb 12CA5. Immunoreactivity was detected by 1994). In HEK 293 cells expressing the double-tagged
ECL. Positions of the molecular mass markers (in kDa) are shown construct HA(2x)881, 12CA5 mAb reactivity was detectable
at the right. only in permeabilized cells (Figure 4J,K), indicating that the
tag at residue 881 is localized intracellularly. The double
P NP tag gave a substantial increase in fluorescence compared to
- the single tag in construct HA881 (Figure 4L).

Confocal microscopy was used to more precisely deter-
mine the subcellular distribution of epitope-tagged
subunits. Results of these studies for the single tag construct
HA1023 and the double tag constructs HA(2x)14 and HA-
(2x)881 are shown in Figure 5. Examination of HEK 293
cells transiently expressing these constructs revealed in each
case bright staining at cell margins. These results are
consistent with a predominantly plasma membrane localiza-
tion of the expressed proteins.

HA (2x) 14

DISCUSSION

We have used epitope tag addition to investigate the
topographical organization of the Na,K-ATPask subunit.
The utility of this method derives from several consider-
ations. Localization of the epitope tag is performed on intact
cells expressing full-length protein. The biological assay is
dependent on the ability of the tagged subunit to confer
ouabain resistance, thus providing confidence that the
structural integrity of the tagged protein has not been
compromised. The assay is carried out in mammalian cells
which provide a normal physiological background where
proper posttranslational modification can take place, and
finally, the plasma membrane association of the tagged
protein can be demonstrated by confocal microscopy. The
rat Na,K-ATPasenl subunit therefore serves as a useful
model for testing computational predictions of membrane
topology.

L . . A model ofal subunit topology suggested by our epitope
FiGure 4: In situ immunofluorescence analysis subunits . . . g . .
carrying double HA tags. HEK 293 cells staybly t:gsfected with tagging experiments is shown in Figure 6. Direct examina-

double-tagged:1 subunit cDNAs were examined for mAb 12CA5  tion of cells expressing the double-tagged constructs HA-
immunoreactivity. The double-tagged constructs HA(2x)14 (A, B) (2x)1191 and HA(2x)318 shows that in each case the 12CA5

and HA(2x)881 (J, K) were detected only in permeabilized cells. mAb reacts with nonpermeabilized cells, whereas the mAb

Constructs HA(2x)1191 (D, E) and HA(2x)318 (G, H) were ; i ; ; _
visualized in both permeabilized (P) and nonpermeabilized (NP) reacts only with permeabilized cells expressing the single

cells. Permeabilized HEK 293 cells expressing the single-tagged tagged construct HA173. These results indicate thgt the
constructs HA14 (C), HA119I (F), HA318 (1), and HA881 (L) are  segments linking TM+2 and TM3-4 are extracellular while
shown for comparison. the segment linking TM23 is intracellular. The localization

of these epitope-tagged polypeptides therefore allows the
epitope at position 119. No detectable immunofluorescenceunambiguous positioning of one intracellular and two ex-
was observed in cells expressing the single tag constructstracellular loops and confirms the presence of four TM
HA119I (Figure 4F) or HA318 (Figure 4l). These results domains (TM%4) in the N-terminal region of thexl
are consistent with the proposed extracellular distribution of subunit. These results are in good agreement with previous
the loops situated between TM2 and TM3-4 (Ovchin- predictions of the transmembrane organization of the N-

HA [2x) 119 1 HA 1191

HA (2%} 318

HA (2x) 881 HA (2x) 881
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Ficure 6: Proposed membrane topology of the Na,K-ATPadesubunit. Topology is based on the immunolocalization of single and

double HA epitope tags. Epitope tagging experiments are consistent with the presence of eight TM segments, with the amino (N) and
carboxyl termini (C) disposed cytoplasmically. Insertion sites of the HA epitope are numbered and indicted by triangles. Solid triangles
denote constructs capable of transferring ouabain resistance whereas open triangles represent constructs that did not confer the drug-
resistant phenotype. Hatched triangles designate constructs that conferred ouabain resistance but were not visible by immunofluorescence.
The phosphorylation (P), FITC-reactive (F), and FSBA-reactive (A) sites are indicated. Folding of intracellular loops is for artistic purposes
only and does not imply secondary structural features of the molecule.

terminal portion of theo. subunit (Jgrgenson et al., 1982; (<19 aa in length), thus raising the possibility that TM
Ovchinnikov et al., 1988; Xie & Morimoto, 1995). segments 5 and 6 may not form typieahelical structures.

Hydropathy analysis of thel subunit sequence identifies Alternatively, TM segments 5 and 6 may form a hairpin
a long hydrophobic segment (38 residues) situated betweeniVithin a proteinaceous portion of the membrane. Such an
residues 787 and 824. Current models @f subunit ~ arrangement has been proposed for the pore region of
topography have assigned two TM domains to this segmentVoltage-activated K channels (Jan & Jan, 1992).

(Canfield & Levenson, 1993; Yoon & Guidotti, 1994),  Hydropathy analysis of thexl subunit identifies two
although this topographical arrangement has not been firmly potential TM domains situated between residues-8529
established. The positioning of the third extracellular loop and 916-936. However, our previous localization studies
and predicted TM domains 5 and 6 was attempted by (Canfield & Levenson, 1993) indicated an odd number of
introduction of HA tags at aa positions 797, 805, and 815. TM segments in this region. To localize TM domains in
However, insertion of the HA tag at positions 797 and 805 this region, epitope tags were inserted at residues 868, 881,
resulted in nonfunctional proteins that could not be analyzed. 895, 910, and 921. Mutamtl subunits carrying the tag at
Introduction of a single tag at residue 815 produced a mutantaa positions 868, 895, 910, and 921 were nonfunctional and
al subunit that was capable of transferring ouabain resis-could not be analyzed. The single-tagged HA881 construct
tance. Unfortunately, we were unable to visualize the single- Produced a functionabil subunit which could not be
tagged HA815 polypeptide by immunofluorescence, and Visualized with the 12CA5 mAb. Howevenl subunits
introduction of a double tag at residue 815 produced a Containing a double tag at residue 881 transferred ouabain
nonfunctionalal subunit. Thus, we have been unable to resistance, and the tag was localized intracellularly by
directly determine the position of TM segments 5 and 6 or immunofluorescence microscopy. The intracellular localiza-
verify the presence of an extracellular loop linking these TM tion of the tag at aa 881, coupled with the extracellular
domains. However, our demonstration that it is possible to localization of residue 941 (Canfield & Levenson, 1993),
introduce a single tag at position 815 without the losstof ~ would then position TM7 between residues 881 and 941.
subunit function strongly suggests that residue 815 is not To further characterize the C-terminal segment ofdfie
embedded within the lipid bilayer. Epitope mapping using subunit, single epitope tags were inserted at aa positions 953,
a monoclonal antibody indicates that a portion of the segment987, and 1023. Each of the mutant polypeptides was capable
spanning residues 8+B32 is situated extracellularly (Mo-  of transferring ouabain resistance, and the tags at residues
hraz et al., 1994). Since the region in the vicinity of residue 987 and 1023 were situated intracellularly. These results
832 has been mapped intracellularly (Canfield & Levenson, confirm the cytoplasmic disposition of the C-terminus of the
1993; Karlish et al., 1993; Yoon & Guidotti, 1994), these al subunit and suggest the presence of one TM segment
results taken together are most consistent with an extracel-between aa 941 and the C-terminus of the polypeptide.
lular localization for residue 815. Regardless of whether Taken together, our mapping studies are most consistent with
residue 815 is disposed extracellularly or intracellularly, the an eight transmembrane segment modelodf subunit
bridge between TM segments 5 and 6 would have to be topology.

relatively short in order to accommodate two membrane- A comparison of various models of subunit structure is
spanning segments in this region. This type of arrangementdepicted in Figure 7. Hydropathy and biochemical analysis
also predicts that TM segments 5 and 6 are relatively shorthas suggested that the Na,K-ATPasgubunit contains either
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Ficure 7: Proposed models of Na,K-ATPagesubunit topology. Transmembrane segments are represented by ovals, while the remainder

of the polypeptide is represented by a solid line. The large cytoplasmic domain is omitted. In order to facilitate comparison of models,
corresponding hydrophobic segments of the polypeptide are numbefd] Panel A10 transmembrane segment hydropathy-based model
(Takeyasu et al., 1990; Yoon & Guidotti, 1994; Karlish et al., 1993; Mohraz et al., 1994). Solid arrowheads indicate the positions of HA
epitope insertions (Yoon & Guidotti, 1994), while open arrowheads indicate antibody-reactive epitopes (Mohraz et al., 1994). Panels B and
C, 10 and 8 transmembrane segment models of Mohraz et al. (1994). Arrowheads indicate antibody-reactive epitopes.8Panel D
transmembrane segment model of Karlish et al. (1993). The arrowhead indicates the position of the trypsin-sensitive site 8Panel E
transmembrane segment, hydropathy-based model of Shull et al. (1985). Panel F, 8 transmembrane segment model predicted by HA epitope
insertions (Canfield & Levenson, 1993; this study). Positions of HA insertions are indicated by arrowheads. Hydrophobic segments 7 and
10 are not membrane-spanning in this model.

8 (Shull & Lingrel, 1985; Figure 7E) or 10 (Takeyasu et al., has been proposed to be extracellular (Mohraz et al., 1994;
1990; Figure 7A) transmembrane segments. However, Figure 7B,C) and may constitute a site afg subunit
experimental localization of segments of thesubunit has interaction (Lemas et al., 1994). However, we have been
appeared to support several alternative models containingunable to precisely localize this region since epitope tags
10 TM segments (Figure 7A, Karlish et al., 1993; Figure inserted at positions 895, 910, and 921 produzetibunits
7A, Yoon & Guidotti, 1994; Figure 7AB, Mohraz et al., that failed to transfer ouabain resistance. Independent
1994) or 8 TM segments (Figure 7C, Mohraz et al., 1994; methods for verifying the intra- versus extracellular localiza-
Figure 7D, Karlish et al., 1993; Figure 7F, this paper). The tion of these regions will clearly be required to resolve these
demonstrated intracellular localization of the N- and C- discrepancies.
termini of the Na,K-ATPase.l subunit indicates that there Epitope tagging has proven to be a useful method for
must be an even number of transmembrane segments withimanalyzing the transmembrane organization of the Na,K-
the a subunit polypeptide. The intracellular localization of ATPase. An important feature of this method is the ability
the HA tags at residues 978, 987, 1013, and 1023 (Canfieldto generate a tagged protein that retains biological activity.
& Levenson, 1993; data presented here) appears to beThis property allows topographical analysis of a polypeptide
incompatible with the presence of the potential 10th trans- whose overall structure has not been significantly altered.
membrane segment (situated between residues 9@@1) In some cases, however, addition of the epitope tag abrogates
predicted by hydropathy. This localization of the carboxy the proper function of the polypeptide. In such cases, the
terminus is compatible with the models depicted in Figure topology of the tagged domains cannot be accurately
7D—F but not with those shown in Figure 7C. To determined since insertion of the tag may lead to production
accommodate an even number of transmembrane segment®f a polypeptide that is incorrectly folded or improperly
an additional hydrophobic segment must not span the processed. Thus, this method may not be applicable to all
membrane. The intracellular localization of tags inserted at intracellular or extracellular domains of a polypeptide.
residues 832 and 881 (Canfield & Levenson, 1993) suggestsAlternative approaches, such as cysteine replacement (Loo
that the seventh hydrophobic segment situated between& Clarke, 1995), may provide a useful and complementary
residues 849 and 874 is intracellular and not membrane-strategy for determining the polarity of membrane segments
spanning (Figure 7F). that do not tolerate epitope tag insertion. On the other hand,
The eight-transmembrane model @fsubunit topology the epitope tag insertion protocol has proven useful for
presented in this study is based on the intra- versusidentifying regions of the protein in which structural integrity
extracellular localization of immunoreactive HA epitope tags is absolutely essential for proper enzymatic function. For
inserted into an expressed Na,K-ATPask subunit. We example, we have previously shown that insertion of the HA
assigned residue 941 to an extracellular segment ofithe epitope within the second intracellular loop of thie subunit,
subunit based on the visualization of the HA tag in in proximity to sites implicated in ATP binding, produces
nonpermeabilized cells (Canfield & Levenson, 1993). In polypeptides that fail to transfer ouabain resistance (Canfield
contrast, an HA tag inserted at residue 944 was localized & Levenson, 1993). Here we show that insertion of the HA
intracellularly (Yoon & Guidotti, 1994) as shown in Figure epitope directly into TM4, and the loop linking TM&, also
7A. Our eight-transmembrane segment model also assigngproduced nonfunctionall subunits. Further scanning with
residues 894921 intracellularly (Figure 7F). This segment additional epitope insertions may help to more precisely
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