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ABSTRACT: The 8 subunit of Na,K-ATPase is required for stabilization and maturation of the catalytic
o subunits and is also involved in cell adhesion and establishing epithelial cell polarity. However, the
mechanism of cell adhesion effects and protein partners of § are unknown. We have applied fold recognition
methods to predict that a C-terminal domain of the § subunits of Na,K-ATPase and H,K-ATPase has an
immunoglobulin-like fold, which resembles cell adhesion molecules. Comparison of the predicted C-terminal
domain with a recently published structure of shark rectal gland Na,K-ATPase at 2.4 A in which a, 5, and
FXYD subunits were resolved confirms that the § subunit ectodomain contains an immunoglobulin-like
structure. Expression in Escherichia coli of a sequence corresponding to the C-terminal domain, followed by
its purification, refolding, and circular dichroism analysis, shows that the domain is independently stable with
prominent 5 sheet secondary structure, as predicted. Proteolytic digestion of the purified detergent-soluble
recombinant Na,K-ATPase (a.151) is also indicative of a stable C-terminal domain of 3 in the native complex.
The major conclusion of this work is consistent with prior evidence for a role of the § subunit in cell—cell
adhesion, and it attributes that function largely to the C-terminal lobe of the f ectodomain. In the light of
these findings, we discuss its role in cell adhesion and recognition of the 3 subunits of Na,K-ATPase, including

potential protein partners.

The Na,K-ATPase (Na,K-pump) belongs to the P-type AT-
Pase family of cation pumps. The Na,K-ATPase and related H,
K-ATPase consist of o and f subunits. The o subunits transport
the cations and couple active transport to hydrolysis of ATP. The
S subunit is necessary for the proper folding in the endoplasmic
reticulum, for routing and insertion into the plasma membrane,
and for structural and functional stabilization of the mature
o subunit. In addition, the £ subunit influences the K activation
kinetics and may be required for stabilization of the K-transport-
ing conformations of mature Na,K-ATPase and H,K-ATPase
(1, 2). Three isoforms of 8 (61—/3) of Na,K-ATPase are known.

Recently, an additional role of the $1 subunit of Na,K-ATPase
in epithelial cell—cell contact has been described. 1 has been
shown to be localized at the cell—cell contacts in polarized
epithelial cells, from the initial steps of their formation, coloca-
lized with E-cadherin at the sites of Adherens Junctions (AJ),’
and play an important role in epithelial cell polarization (3—35).
Overexpression of the f1 isoform in Maloney sarcoma virus-
transformed Madin Darby canine kidney cells has been shown to
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reduce cell motility (6). An antibody against the 1 ectodomain
specifically inhibits cell—cell contacts (5, 7). Normal glycosyla-
tion of the A1 subunit also appears to play an important role in
cell—cell contacts (3, &8). On the basis of this work, it has been
suggested that the A1 subunit mediates cell—cell contacts directly
or via interactions with other proteins (3, 9). The 52 isoform has
long been known to act as a cell adhesion molecule between
astrocytes and neurons in brain (/0), showing that this function
of B is not restricted to epithelia. However, the mechanism of
p-mediated cell adhesion or specific protein partners of § are not
known.

The /5 subunits of Na,K-ATPase and H,K-ATPase are type 11
membrane glycoproteins with a single transmembrane segment, a
short cytoplasmic tail (N-terminus), and a large extracellular
domain (ectodomain), with three conserved S—S bridges and
conserved glycosylation sites (/). Interactions between o and
S subunits are mediated by the transmembrane segments, ecto-
domains, and cytoplasmic parts (/). However, the ectodomain of
the 8 subunit suffices for assembly with a (/7). The SYGQ
sequence in the extracellular loop of a, L7/8, is a key region of
interaction with f (12).

The structure at 3.5 A of the native renal Na,K-ATPase,
containing o, 3, and y (FXYD2) subunits, was published recently
(PDB entry 3B8E) (/3). The o subunit, the transmembrane helix,
and a short extracellular fragment of f and transmembrane
segment of the y subunit were resolved. The ectodomain of § was
not resolved. The f subunits of Na,K-ATPase and H,K-ATPase
have no closely related homologues with known structure.
Therefore, homology modeling was precluded. In this situation,
fold recognition structure prediction methods, which search for
distant homology between a target protein of unknown structure
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FIGURE 1: Sequence alignment between the S subunit of Na,K-
ATPase and H,K-ATPase and the structural templates predicted
by fold recognition methods. Human 1—/3 of Na,K-ATPase and
the 5 subunit of H,K-ATPase were aligned using ClustalW. Positions
of'identical amino acids in the four sequences are shaded in gray. The
cysteine residues participating in the S—S bridge formation are bold
and colored red. The asparagines of the predicted N-terminal glyco-
sylation sites are denoted with asterisks. The sequence of the trans-
membrane helix is bold. Secondary structure prediction for the
p subunit ectodomain from the Bioinfo.pl meta-server is shown
below the sequences of the isoforms (blue arrows for f strand and
red coils for o helix). The sequences of the template structures used
for the generation of the initial model of Na,K-ATPase 5 [1bp3 of the
prolactin receptor (PrP)] and models of the C-terminal domain of Na,
K-ATPase 1 and 2 [Ixau (B- and T-lymphocyte attenuator
(BTLA)] and of H,K-ATPase f {lepf [the N-terminal domains of
neural cell adhesion molecule (NCAM)]} are shown with the align-
ment predicted by the 3D-Jury meta-server. The cysteines of the
template structures corresponding to those of the 5 subunits are bold
and colored red. Arrows indicate the beginning and the end of the
modeled parts of the 1 isoform. The RGD motif in 1 is colored
pink. Sequences colored cyan were estimated to include residues in
contact with the o subunit (36). Two sequence boxes indicate
insertions in the template structures relative to the S sequence
according to the predicted alignment.

and proteins with known structure, can be invaluable (14, 15).
We have used the 3D-Jury fold recognition meta-server to pre-
dict a putative fold of the  subunit ectodomain. In general,
meta-servers for fold prediction and distant homology detection
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outperform individual autonomous servers, and 3D-Jury is one
of the best performing meta-servers (15). The fold of a C-terminal
lobe of the B subunits of Na,K-ATPase and H,K-ATPase
predicted by the 3D-Jury meta-server resembles the fold of
cell—cell adhesion and cell recognition molecules. We have also
tested and found support for this concept by two independent
biochemical approaches. At the time this paper was being
prepared, the structure of the f subunit ectodomain was not
known. In the meantime, a structure of shark rectal gland Na,K-
ATPase at 2.4 A has been published with details of the structure
of the 8 subunit ectodomain (16). The predictions of the modeling
and the actual structure are compared in Discussion. This
confirms the existence of an immunoglubulin-like fold in the
C-terminal half of the 8 subunit.

MATERIALS AND METHODS

Modeling. Sequences of human f isoforms of the Na,K-
ATPase (Swiss-Prot accession numbers P05026, P14415, and
P54709) and H,K-ATPase f (Swiss-Prot accession number
P51164), whole or only their ectodomains, were submitted to
the 3D-Jury Bioinfo.pl structure prediction meta-server (Www.
bioinfo.pl/meta). The models in Figures 3 and 4 were based
on one of the high-scoring structural templates for each sub-
mitted query (1xau for 1 and 2 and lepf for SHK). The
alignment from the Bioinfo.pl meta-server (see Figure 1) was
used to build the models using SWISS-MODEL or MODELER.
Ramachandran plots obtained using PROCHECK showed
that nearly all side chains were in allowed positions (for exam-
ple, for 51 69.9% in most favored regions, 25.8% in allowed
regions, 4.3% in generously allowed regions, and 0% in dis-
allowed regions, accounting for 100% of non-glycine and non-
proline residues). The model for the C-terminal lobe of 1 was
manually fitted to the 11 A electron density map of the Na,K-
ATPase (17), %nd the C-terminal lobe of H,K-ATPase was
fitted to a 6.5 A electron density map (/8), using the Chimera
UCSF program.

Expression, Purification, and Refolding. C-Terminal frag-
ments of human 1 corresponding to resides 184—302, 186—302,
and 191—302, were expressed in the Escherichia coli BL21(DE3)
strain using the pET28-TEVH vector as described previously (19).
Bacteria were grown at 37 °C in LB medium containing 30 #g/mL
kanamycin. At an Ag of 0.7, protein expression was induced by
the addition of 0.5 mM IPTG. After 3 h, the cells were harvested
and resuspended in lysis buffer containing 50 mM Tris (pH 7.5),
150 mM NaCl, | mM EDTA, 100 ug/mL lysozyme, and 0.5 mM
PMSF. The overexpressed protein, found in the insoluble frac-
tion of the cell lysate, was separated by centrifugation. The
inclusion bodies were washed several times with 50 mM Tris (pH
7.5), 100 mM NaCl, and 0.5% Triton X-100 followed by a final
wash without Triton X-100. Washed inclusion bodies were
dissolved in 8 M urea or 6 M guanidine HCI and incubated
overnight at 4 °C. The denatured protein was purified using
TALON Co" beads and eluted at a concentration of 0.1 mg/mL
with 150 mM imidazole. For refolding, the denatured purified
protein was diluted 1:10 (v:v) dropwise into a buffer containing
50 mM Tris (pH 8.6), 0.4 M arginine, and 0.5 mM EDTA under
vigorous stirring at 20 °C and incubated at 4 °C for at least 20 h
with gentle stirring. The protein was filtered using Millipore
0.22 u filters and concentrated using Millipore Amicon Ultra
centrifugal filter devices. The concentrated protein was dialyzed
twice against 40 mM Tris (pH 8.5); insoluble protein was re-
moved by centrifugation (30 min at 16000g), and the supernatant
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FIGURE 2: Secondary structure alignment of the C-terminal domain of the Na,K-ATPase 1 subunit and template structures. Top line: sequence
of human 1 from residue Ile177. Lines 2—4: psipred, sam-t02-dssp, sam-t02-stride; secondary structure predictions for 51: E (blue) for § strand, H
(red) for ahelix, T (gray) for unordered. Lines 5—22: 3D-Jury predictions; blue for 3 strand, red for o helix, gray for unordered. Model: model ID
(specific server abbreviation with the number of the 10 best models). Jscore: 3D-Jury scores for different models in ascending order. Scop: SCOP
classification of the template structure. b.1.1-Immunoglobulin Superfamily belonging to the immunoglobulin-like 5 sandwich fold. PDB Hit:

template structure name from the PDB.

A  p1C-terminal domain

B B2 C-terminal domain

FI1GuURE 3: Models of the ectodomains of 51, 52, and SHK. (A and B)
Models for the C-terminal lobes of f1 and 52 based on template 1xau
[B- and T-lymphocyte attenuator (BTLA)]. (C) Model of SHK based
on lepf [the N-terminal domains of neural cell adhesion molecule
(NCAM)]. S strands are colored blue, loops gray, and cysteines
yellow; asparagine residues of predicted N-glycosylation sites are
depicted as spheres. The segment thought to include residues close to
o (36) is colored cyan. N- and C-termini are indicated. Cysteines are
numbered.

was used for further analysis. Size exclusion chromatography was
conducted using a Superdex 200 (Healthcare 10/300 GL) column.
The running buffer contained 40 mM Tris (pH 8.5) and 150 mM
NaCl. The identity of the purified protein was confirmed by
MALDI-TOF mass spectrometry.

FIGURE 4: Model of the C-terminal lobe of the 1 ectodomain
fitted into the 11 A resolution electron density map of the Na,K-
ATPase 1 model colored as in Figure 3A. In the 3B8E structure, the
o subunit is colored wheat, the transmembrane segment of 5 red, and
the extracellular fragment of f dark gray. The transmembrane
segment of y is colored pink. The subtilisin cleavage site is indicated
(see Figure 7).

Circular Dichroism Analysis. CD measurements were
performed in a Cirascan circular dichroism spectrophotometer
(Applied Photonics). The CD spectra of the refolded protein, at
0.4 mg/mL, were recorded in a 0.1 mm path length fused silica
cuvette. Spectra were averages from 10 runs, each measured
between 190 and 260 nm with a time constant of 0.5 s/point and a
spacing of 0.3 nm. Secondary structural estimations were per-
formed with an in-house fitting algorithm (20) as well as with the
Java Applet K2D2 (21).

Proteolytic Cleavage. Human o151 was expressed in Pichia
pastoris, and the detergent-soluble, purified, and EndoH-degly-
cosylated alfl complex was prepared as described pre-
viously (22). The purified protein was used for proteolysis
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(10 min at 37 °C) with subtilisin, chymotrypsin, thermolysin,
and trypsin at a 1:1 (w:w) ratio (10—20 ug of the protein) in a
buffer containing Tris-HCI (pH 8.0) and 1 mM CaCl,. Proteo-
lysis was stopped with 10% (v:v) TCA, and the suspensions were
centrifuged for 10 min at 16000g and washed twice with cold
acetone. The final pellet was resuspended in 1x SDS—PAGE
loading buffer. For Coomassie blue staining of gels, the whole
pellet from 10 to 20 ug, and for immunoblots from 1 to 2 ug, was
loaded per lane. For N-terminal sequencing, proteolytic frag-
ments from 20 wug of protein were separated via 12%
SDS—PAGE, transferred to a PVDF membrane, and stained
with Coomassie blue.

RESULTS

Models of a C-Terminal Domain of f1, 52, and fHK. The
sequences of the three human Na,K-ATPase § subunit isoforms,
and the f subunit of H,K-ATPase (BHK), or the ectodomains,
were submitted to the 3D-Jury meta-server (/4), resulting in a
very similar secondary structure prediction for the three Na,K-
ATPase f isoforms and H,K-ATPase f (see Figure 1). The
majority of results for the 1 ectodomain (18 of 20) were based on
templates with the immunoglobulin fold, with prominent j
strand secondary structure (Jscore < 32, a relatively low score).
As seen in Figure 1, there is a reasonably good alignment with j3
strand segments of the templates. One significant difference is
that f is predicted to have a long o helical segment (S96—D118),
while the templates are almost devoid of a helices. Most of the
initial models, of the whole ectodomain, were based on the
extracellular domains of cytokine and peptide hormone recep-
tors, such as the prolactin receptor (1bp3), consisting of two lobes
connected by a flexible linker, and were relatively low-scoring.
However, it is significant that although eight predicted templates
covered the whole ectodomain, eight models covered only the
C-terminal half of the ectodomain (approximately from Ile177 to
Ser302), predicting this segment to have an immunoglobulin-like
fold.

The initial prediction that the ectodomain consists of two
domains led us to submit the sequences of two hypothetical do-
mains separately to the 3D-Jury meta-server (i.e., Val71—Leul79
and Ile177—Ser302). If these sequences correspond to two
independent lobes, this approach should lead to improved scores
of individual lobes and, in any case, test the initial hypothesis. No
high-scoring results of the N-terminal half of the ectodomain (up
to Leul79) were obtained, implying that this half of the ectodo-
main probably does not have an independent structure. By
contrast, the Jscores for the predicted C-terminal lobe (greater
than or equal to that of Ile177—Ser302) were much higher (<52)
than for the whole ectodomain (Jscore < 32). As described in
refs 15 and 23, experience shows that a Jscore of > 50 is highly
significant, predicting an overall fold that is structurally similar to
the corresponding experimental structures in more than 90% of
the cases. A remarkable alignment of the predicted f strand
segments of this part of f1 and of the f§ strand segments of the
templates was apparent (see Figure 1 for template 1xau and
Figure 2 for the 20 best templates for 51, with Jscores). These
results lead to the model in Figure 3A. Interestingly, all the
templates belong to structural families having the immunoglu-
bulin-like V-set or I-set fold, and the majority are cell—cell
recognition or adhesion molecules. The template structures have
two cysteines forming an S—S bridge, which are aligned with the
third conserved pair of cysteines of the 31 isoform known to form
an S—S bridge (Figures 1 and 2). Like the  ectodomain, the

Biochemistry, Vol. 48, No. 36, 2009 8687

templates are ectodomains of single transmembrane segment
proteins.

Homologous sequences of the 2 isoform of Na,K-ATPase
and the H,K-ATPase f subunit produced quite similar results
(Jscore for 52 < 52, and Jscore for SHK < 58) (see Figure 3B,C).
The alignment of the secondary structure of the C-terminal lobe
of the 2 and SHK ectodmain with the templates is quite similar
to that for f1, and again, nearly all templates are cell recognition
or adhesion molecules.

The model for the C-terminal lobe of A1, based on the template
(Ixau), was manually fitted to an 11 A resolution electron density
(ED) map of Na,K-ATPase (17) (Figure 4). As a first step, the
published structure [3B8E (13)] was fitted to the ED map and the
extra density was assumed to correspond to the f ectodomain.
The question was whether the dimensions and orientation of the
model for the C-terminal lobe of f are compatible with the ED
map. As seen in Figure 4, the model fits nicely into the electron
density map, at a position corresponding to the most outer region
of the ectodomain. This position was assumed to be correct as it
leaves space for the N-terminal segment of the ectodomain in the
unassigned electron density, closer to the transmembrane seg-
ment of f. To choose an optimal orientation, the molecule was
rotated until the minimal mass protruded from the electron
density map. When the molecule was placed using this criterion,
the two N-glycosylation sites face away from the o subunit,
toward the extracellular medium. This provides some indepen-
dent support that the chosen orientation is optimal.

Biochemical Tests of the Model. (i) Expression, Purifi-
cation, Refolding, and CD Analysis of the C-Terminal
Lobe of 1. The model in Figures 3 and 4 predicts that the C-
terminal lobe is an independently stable globular domain, con-
taining a high proportion of 5 strand secondary structure. We
have tested this by expressing and purifying the protein and
analyzing its secondary structure. Since the exact boundaries
were not known, we selected three segments (residues 184—302,
186—302, and 191—302) of human f1 for expression in E. coli as
His-tagged fusion proteins (see Materials and Methods).
Figure 5A shows strong expression of residues 184—302 and
191—302 in the induced compared to the control bacteria (strong
expression of residues 186—302 was also observed but is not
shown). The expressed proteins were found only in insoluble
inclusion bodies, and thus, it was necessary to dissolve them in
8 M urea or 6 M guanidine, purify them, and then refold the
protein (see Materials and Methods). The electrophoretic mobi-
lity of fragment 191—302 in the absence of f-mercaptoethanol
showed no signs of protein dimerization or aggregates, and the
mobility was slightly faster, than in the presence of f-mercap-
toethanol (not shown). This suggested that nonspecific aggrega-
tion via intermolecular S—S bond formation is negligible, and
that the single predicted intramolecular S—S bridge is formed.
Therefore, subsequent purification and refolding were conducted
in the absence of reducing agents. Figure 5B shows a gel with the
soluble purified and refolded 191—302 fragment (PR) next to
unpurified protein in inclusion bodies (IB). Between 10 and 20%
of the initial insoluble material was retrieved as purified refolded
protein.

The refolded protein was applied to a size exclusion column
and was eluted at a volume corresponding to the monomer (with
a calculated mass of 13—15 kDa in different runs) (Figure 6A).
The secondary structure was then analyzed by CD spectroscopy,
which shows a weak negative signal at ~212 nm (Figure 6B). This
feature disappeared when the protein was heated at 95 °C in the
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B Purification
and refolding

IB PR
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FIGURE 5: Expression, purification, and refolding of the C-terminal
domain of B1. (A) Expression of recombinant fragments 191—302
and 184—302 in E. coli BL21(DE3) cells. Whole cell lysates unin-
duced (Ct) and after induction with IPTG for 6 h at 30 °C (In).
(B) Fragment 191—302 in inclusion bodies (IB) and the soluble, metal
affinity chromatography purified and refolded protein (PR): 1B,
32 ug of protein; PR, 12 ug of protein.
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FIGURE 6: Size exclusion chromatography and CD spectroscopy of
purified refolded fragment 191—302. (A) Size exclusion HPLC was
performed in a running buffer containing 40 mM Tris (pH 8.5) and
150 mM NaCl (170 ug of protein). (B) Smoothed CD spectra obtained
using 50 uL of 0.4 mg/mL protein in 40 mM Tris-HCI (pH 8.5).

presence of dithiothreitol (not shown). Calculations of secondary
structure by two different programs predicted 41—45% f strand
and 51—55% disordered protein. This agrees with 35% £ strand
(and the rest disordered) predicted by the model of Sl in
Figure 3A. Overall, the measured properties of the purified
C-terminal lobe suggest that the fragment is correctly folded
and are compatible with the proposed model.

(it) Proteolytic Cleavage of 5 in the alfl Complex. If
the C-terminal lobe is an independent domain within the
intact a8 complex, it should be resistant to proteolytic cleavage,
except at selective positions, accessible from the medium. The
data in Figure 7 present proteolytic cleavages of the purified
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FIGURE 7: Proteolytic cleavage of 1 in the purified al1 complex.
(A) Proteolysis with protease [purified human o151 complex, 1:1,
w-w], subtilisin (Subt), thermolysin (Ther), chymotrypsin (Chy), and
trypsin (Try). Immunoblots were performed using anti-'**GERK
(anti-B1). (B) Coomassie blue stain of untreated control alf1 com-
plex (Ct) and subtilsin (Subt)-cleaved a1 complex.

detergent-soluble and deglycosylated human 151 complex (22),
using subtilisin, thermolysin, chymotrypsin, and trypsin. Very
high concentrations of subtilsin, thermolysin, and chymotrypsin
produced only three fragments, a, b, and ¢ with apparent masses
of 20.3, 17.5, and 13.5 kDa, respectively (Figure 7A). The 13.5
kDa subtilisin fragment was produced in sufficient quantity, and
separated from other fragments, for N-terminal sequencing,
which identified Tyr203 (YNPNVL sequence) (Figure 7B). The
major subtilisin cleavage site is located in an accessible loop near
the beginning of the C-terminal lobe (depicted in Figure 4).
Thermolysin and chymotrypsin presumably also cut at or near
the same site. The 20.3 and 17.3 kDa subtilisin fragments were
not produced in sufficient quantities for sequencing. Trypsin, at a
very high concentration, produced two fragments with apparent
masses of 21.4 and 33 kDa (Figure 7A). N-Terminal sequencing
was not possible due to overlap with fragments of the o subunit.
However, on the basis of previous work on renal Na,K-ATPase,
the N-terminus of the 21.4 kDa fragment can be assigned as at or
near G143 in the N-terminal half of the ectodomain (with a
predicted mass for G143—Ser303 of 18.6 kDa) (24).The 33 kDa
tryptic fragment is cut near the cytoplasmic N-terminus of
B. Overall, the proteolytic cleavages show that the ectodomain
of f in the whole o complex is a compact structure with few
accessible cleavable bonds.

DISCUSSION

This work presents a structure prediction for the C-terminal
part of the 8 subunit ectodomain (41, 52 and fHK), tests of the
predicted fold by independent expression and analysis of the
modeled fragment, and hypotheses about possible protein—pro-
tein interactions. As mentioned in the introductory section, since
this work was written an atomic-resolution structure of the
f subunit ectodomain has been published (/6). The newly
published structure of the shark Na,K-ATPase at 2.4 A includes
the resolved structure of the 5 ectodomain, which appears to be a
singe compact domain having a unique fold. The ectodomain
indeed contains an immunoglobulin-like structure similar to that
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FiGURE 8: Comparison of the predicted fold of the C-terminal
domain and the actual structure of the 5 subunit ectodomain: red
for the model and blue for the f subunit structure (2ZXE_B).
Positions of tryptic (24) and subtilisin cleavage sites and glycosylation
sites are indicated.

predicted by the fold recognition methods. Moreover, several of
the best template structures, predicted by the fold recognition
meta-server, appear within the results of the Dali server (25),
which predicts similarity to actual structures, in this case the 8
subunit (2zxe_B). These include Ineu (neural membrane adhe-
sion molecule P0), Ixau [B- and T-lymphocyte attenuator
(BTLA)], 1pko [myelin oligodendricyte glycoprotein (MOG)],
lagk (immunoglobulin FAB), 2rhe [1-type Bence-Jones protein
(RHE)], and 1fn4 (immunoglobulin FAB).

Structural superimposition between the model of the human
B1 C-terminal lobe and the structure of the shark 51 ectodomain
is shown in Figure 8. As can be seen, the overall fold of the model
for the C-terminal part of the ectodomain was correctly pre-
dicted. However, although six of the seven strands in the
immunoglobulin-like domain were identified, the threading of
the sequence was incorrect for the first four strands and was only
exact within the last three of the seven strands characterizing the
fold. This is the consequence of the fact that the immunoglobulin-
like structure consists of strands from two different regions of the
ectodomain; in particular, the first strand is not part of a
continuous sequence with the other six strands. Table 1 docu-
ments the actual and predicted strands. Note, in particular, that
the first of the seven f3 strands is localized near the beginning of
the ectodomain (residues Glu88—Phe91) and approximately 85
amino acids separate it from the six remaining 8 strands of the
fold. By contrast to the structure, the first § strand in the model is
predicted to be located approximately on the sequence segment
corresponding to the second 3 strand of the fold in the structure.
This shift of one strand continues for the second and third strands
of the model (see Table 1). The fourth strand of the model, close
to the YYPYY conserved motif, corresponds to a loop in the
structure. The threading of the last three strands of the fold, the
fifth, sixth, and seventh, was correctly predicted. The seventh
strand was predicted to exist previously on the basis of mutation
work (26). It may affect the a—f assembly as observed in ref 26
by stabilizing the  ectodomain, since it is not in direct contact
with the o subunit.

Opverall, it is clear that the fold recognition servers identified
the presence of an immunoglobulin-like fold within the ectodo-
main of the  subunit and pointed to the longest continuous
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Table 1: Comparison of § Strands Found in the Structure of the § Subunit
Ectodomain and Predicted by the Fold Recognition Servers

Structure (shark betal) Model (human betal)
Strand 1 88 EISF 91 ~180-186
Strand 2 178 VAK 180 208 LPVQCTG 214
Strand 3 210 VLPLRCA 216 227 EYFG 230
Strand 4 229 IEYF 232 245 YGKLLQ 250
Strand 5 260 LLAIQF 265 L, 256 PLLAVQF 262
Strand 6 274 LRIECKV 280 273 IECKAY 278
Strand 7 299 VKIEV 303 296 VKIEV 300

>

(C-terminal) fragment containing six of the seven f strands of the
fold. The resemblance of the immunoglobulin-like fold, found
mostly within the C-terminal lobe of the 5 subunit, to cell—cell
adhesion molecules fits well with prior knowledge of the role in
cell—cell adhesion of both 1 and 2 ectodomains. In addition,
the modeling served to identify the region of the ectodomain that
may be independently stable when expressed separately from the
whole ectodomain. The expression, purification, and refolding of
fragment 191—302, containing five strands, and CD experiments
are consistent with this idea, as are the proteolytic digestion
experiments. Expression of a somewhat longer segment
(176—302), containing six of the seven strands of the fold, is also
being planned.

We now discuss briefly possible functional implications of the
observation that the C-terminal lobe of f resembles cell—cell
adhesion or cell recognition molecules. According to the fold
recognition results, one of the high-scoring structural templates is
the V domain of nectin-like molecule 1 (necl-1), a cell—cell
adhesion molecule, specifically expressed in neural tissue (27).
necl-1 belongs to the necls family, sharing a common domain
organization with nectins, which are Ca®-independent Ig-like
cell adhesion molecules (CAMs). These proteins form homo-
philic cis dimers and homophilic or heterophilic trans dimers
between neighboring cells involved in cell—cell adhesion (28).
Nectin-based cell—cell adhesion is involved in many types
of cell—cell junctions independently and cooperatively with
other CAMs. necl-1 can interact with nectin-3 and nectin-1 at
Junctia Adherina in neural cells. Nectin-1 and nectin-3 are
ubiquitously expressed in various tissues and are important for
the formation of AJ’s in epithelial cells (29). The f ectodo-
main could be similarly involved in homodimerization with
f subunits, and/or heterodimerization with other molecules
such as nectins, at the sites of AJ. This hypothesis of an
interaction with nectin(s) is compatible with knowledge of
common localization of nectins, E-cadherin, and the Na,K-
ATPase at AJ. In particular, nectins and Na,K-ATPase are
found in cell—cell contact sites from the initial stages of forma-
tion (5, 28). necl-1 is the only member of the necls and nectin
families with partially known structure (30), but it is conceivable
that the V domains (the outermost domains) of other nectin-like
and nectin molecules have a similar structure. As a test of the
hypothesis about possible interactions with Na,K-ATPase in AJ,
the sequence of the V domain of nectin-3, with unknown
structure, was submitted to the 3D-Jury meta-server. Indeed,
several of the highest-scoring predicted templates for nectin-3
(Jscore < 82) were the same as found for §1: lneu (neural
membrane adhesion molecule P0), 2icc (CRIg), 2pnd (CRIg),
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Ipy9 (autoantigen in multiple sclerosis), and Ipko (myelin
oligodendrocyte glycoprotein).

The segments of the f subunit oriented to the extracellular
medium, and not in direct contact with the o subunit, are
candidates for interactions with other proteins. It is known that
much of the ectodomain is not absolutely essential for assembly
of 5 with o and trafficking to the plasma membrane (37), but it is
also known that mutations within the ectodomain preclude
formation of functional pumps, implying that an intact ectodo-
main is necessary for function (26, 32). The structure of shark
rectal gland Na,K-ATPase shows that there are four segments of
the ectodomain in direct contact with the extracellular loops of a,
primarily L7/8, including segments of residues Leu62—Lys86,
Lys180—Tle185, Tyr247—Lys250, and Lys290—Phe293 (16).
Much of the surface of the ectodomain, including the majority
of the immunoglobulin-like structure, is not in direct contact with
the o subunit and could interact with other proteins. As an
example, the segment between the second and third strand of the
immunogobulin-like fold of 1, corresponding to the loop
containing the subtilisin cleavage site (see Figure 8), is an
insertion in f1 relative to all the other isoforms (see Figure 1).
This loop is exposed to the extracellular space, making it a
candidate for 51- selective interactions with proteins in AJ, where
P1 is localized, but not other f§ isoforms. An antibody which
recognizes a sequence in this loop has already been shown to
interfere with adhesion of MDCK cells (5).

As mentioned in the introductory section, 52 (but not 51) has
long been known to mediate cell adhesion between neurons and
astrocytes in rat brain (10, 33). Thus, it is possible that the 52
ectodomain undergoes interaction with cell adhesion molecules
that are expressed in the nervous system, for example, necl-1 (27),
which is one of the high-scoring template structures. Since 52
lacks the loop unique to the 1 isoform, one could speculate that
other segment of 2 is responsible for interactions between
astrocytes and neurons. In cases where 32 is expressed on the
apical side of some epithelia (34), it may be involved in protein—
protein interactions on the same cell, i.e., cis interactions.

In the case of the gastric H,K-ATPase, there is no specific prior
information about a protein—protein interaction function of the
p subunit. A new structure of the H,K-ATPase at 6.5 A
resolution, based on cryoelectron microscopy, reveals a modular
organization of the 5 subunit ectodomain, including a lobe that
appears to be relatively independent of the o subunit (/8). A fit of
the model of the C-terminal lobe (see Figure 3C) into the electron
density map shows that the dimensions of the model fit rather
well with this relatively independent lobe of the electron density
map (not shown). Thus, it is reasonable to identify this density
with the C-terminal lobe of SHK. Because the predicted fold of
this domain is so common to cell adhesion and cell recognition
molecules, and the lobe does not appear to be in direct contact
with the o subunit, it is possible that this domain of SHK is also
involved in protein—protein interactions. Since SHK at the apical
surface of the gastric mucosa should not act as a cell—cell
adhesion molecule, it is possible that it is involved in cis
interactions on the same cell.

Although it is not strictly relevant to the structural predictions
in this paper, it is worth pointing out that the human /1
ectodomain contains an RGD motif in a loop facing the

>The Leu62—Lys86 and Lys180—Ile185 sequences are close to two
sequences inferred to contain residues in contact with the o subunit by
Cu-mediated oxidative cleavage (36).
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extracellular space. This motif might mediate an interaction with
an RGD motif binding integrin av/33 found in AJ (28). Interest-
ingly, 52 and /33 isoforms that do not localize at AJ do not have
the RGD motif. However, the RGD sequence is not fully
conserved in 1. Most species have either an RGD or RGE
[that was also shown to bind integrins (35)] sequence, but it is
RGP in chicken and Torpedo.

CONCLUSIONS

The major conclusion of this paper is that there is a structural
analogy of the C-terminal lobe of the f ectodomain with cell—cell
adhesion molecules. The purified, refolded C-terminal part of the
f subunits may, therefore, provide an experimental tool for
identification of proteins interacting with 5 in the extracellular
space, including a search for specific regions involved in pro-
tein—protein interactions, and study of its physiological role in
cellular adhesion.
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