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ABSTRACT: Spatial relationships among the transmembrane (TM) segments afid 5-subunits of the
Na,K-ATPase molecule have been investigated using oxidative induction of disulfide bonds. The catalytic
a-subunit contains 10 TM-helices (HX-H10) with 9 Cys residues located within or close to the membrane
moiety. There is one Cys residue in the single TM segmergi-sfibunit (H5). Previously, the cross-
linking products containing thg-subunit and two fragments a@f-subunit (the N-terminal containing
H1-H2 helices and the C-terminal containing HM10 helices) have been identified in experiments
with membrane-bound or detergent-solubilized preparations of the membrane moiety of trypsin-digested
Na,K-ATPase [Sarvazyan, N. A., Modyanov, N. N., and Askari, A. (19838iol. Chem. 27026528

26532 and Sarvazyan, N. A., lvanov, A., Modyanov, N. N., and Askari, A. (199Bjol. Chem. 272
7855-7858]. Here, we have shown thatCtphenanthroline treatment of digitonin-solubilized preparation
provides the most efficient formation of intersubunit cross-linked product that is predominantly a dimer
of B-subunit and a 22-kDa C-terminalfragment containing H#H10 helices. This cross-linked product

was isolated and subjected to CNBr cleavage. The resulting fragments were electrophoretically separated
and sequenced. A 17-kDa peptide composed of lle888t942a-fragment and Ala5Met56 5-fragment

was identified as a product of intersubunit disulfide cross-link between Cys44 @inid either Cys911

or Cys930, located in H8. This provides the first direct experimental evidence of the juxtapositigh of H
and H8 within the Na,K-ATPase molecule. The second detected cross-linked product was composed of
o-fragments Lys947Met963 and Tyr974 Tyr1016 linked by induced disulfide bridge between Cys964
(H9) and Cys983 (H10). The spatial proximity of these Cys residues defines the mutual orientation of H9
and H10 helices ofi-subunit.

Na,K-ATPasé,a P-type ATPase, is a ubiquitous ion pump complex and its targeting to plasma membrane and also
responsible for coupled active transport of Nend K™ across influences the holoenzyme’s enzymatic and transport func-
the cell membranel( 2). This enzyme belongs to the X,K- tions. Other animal P-ATPases such as sarcoplasmic reticu-
ATPase subfamily that also includes closely related gastric lum (SR) Ca-ATPase, for example, contain no subunits
and nongastric H,K-ATPases. Like other X,K-ATPases, the analogous tg-subunits of X,K-ATPasesl(-4).

Na,K-ATPase consists of two subunitsandf3, associated ~ Ajthough the Na,K-ATPase subunits are not linked by
in an equimolar ratio. (The renal enzyme contains also a third ¢oyalent bonds, intersubunit interactions are strong enough
componenty-subunit, 0f~6.5 kDa.) The catalytioc-subunit  that the complex remains stable upon solubilization in
(~112 kDa), a polytopic protein with 10 TM segments (H1  onjionic detergents, and subunits can be separated only using
H10), contains the ATP-hydrolyzing center on the large sps. Experimental data suggest that several protein regions
cytoplasmic protrusion, cation binding and occlusion sites |gcated in extracellular, intramembrane, and cytoplasmic

within the membrane, and receptor for cardiac glycosides gomains are involved in structurally and functionally essential

on the extracellular surface. Thigsubunit (-35 kDa), & jnteractions between- and -subunits —13). Thus, in
glycoprotein with a single TM segment @i plays a major gy dies of chimeras between the Na,K-ATPase and Ca-
role in formation of the mature functionally activef ATPase b), twenty-six extracellular residues from the loop
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poly(vinylidene difluoride); H, hydrophobia-helix forming trans- ~ f-ectodomain was shown to be within 63 amino acids
membrane (TM) segment; Tricine, N-[2-hydroxy-1,1-bis(hydroxy- adjacent to the A TM segment by using the yeast two-

methyl)ethyl]glycine; NEMN-ethyl-maleimide; CPM, 7-diethylamino- i i i
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1-propanesulfonic acid; TID, 3-(trifluoromethyl)-3-(met&ifiodophenyl)- are considered as a key StepQﬁ asse_mb|y % 6, 8-11). .
diazirine. Other data also suggest that interaction of the TM domain
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of the -subunit is also important for efficient and stable 45 mg of this preparation has been used in a large-scale cross-
assembly with thex-subunit (2, 13). linking experiment.

The important aspects of spatial structure of the Na,K-  Proteolytic Digestion. Samples of the Na,K-ATPase
ATPase membrane moiety, such as intramembrane arrangemembrane moiety were prepared by extensive trypsin treat-
ment of TM segments, are unknown, and the available ment of purified enzyme as described previousty 32—
experimental data are rather limited. Our earlier spectroscopic34, 36). Briefly, initial preparations were suspended (0.5 mg/
studies of the enzyme membrane moiety deprived of extra-mL) in a solution containing 10 mM RbCI, 10 mM Tris-
and intracellular domains by trypsin cleavage have demon-HCI (pH 8.5), and 1.5 mM EDTA and incubated at 32
strated predominantlg-helical structure of TM segments for 1 h with trypsin (0.2 mg/mg of Na,K-ATPase). Soybean
(14, 15). These data combined with electron microscopic trypsin inhibitor was added (5 mg/mg of trypsin) to stop the
analysis of two-dimensional crystalslg), hydrophobic digestion, and samples were incubated an additional 5 min
photolabeling, and prediction of helix orientation with respect at 37 °C. The membrane-bound fragments were collected
to lipid (14, 17, 18) were used to calculate the first tentative by centrifugation and washed twice with 10 mM Tris-HCI
models of helix packing within the Na,K-ATPase membrane (pH 7.4). Trypsin, type Xlll from bovine pancreas, and the
moiety (19—22). Recently, a more detailed model of helix trypsin inhibitor were obtained from Sigma.

packing of related P-ATPase, SR Ca-ATPase, was proposed - solubilization Preparation of the Na,K-ATPase membrane
based on _spat|_al structure solved _at 8-A reso_lutlﬁﬁ).( moiety was suspended (1.35 mg/mL) in 10 mM Tris-HClI
However, in th|s model, the Iocatlon.s of partu:_ular TM  (pH 7.4) and solubilized by mixing with an equal volume
segments relative to each other are still hypothetical exceptof 6 mg/mL digitonin, stirred for 5 min at 24C, and
for the H4 and H6 TM helices whose direct contact was centrifuged for 30 min at 1000@0 The clear supernatant

determined by sulfhydryl cross-linking4). It should be  ¢ontaining the solubilized membrane moiety was collected.
mentioned that amino acid sequences of the Na,K-ATPase Cross-Linking Oxidative cross-linking of the above digi-

a-subunit and Ca-ATPase exhibit significant levels of . " : :
SO . tonin solubilized preparation was as done as described before
similarity in H4,H5-HE segments, but not in the other TM (7, 32, 33) by incubation for 15 min in a solution containing

segments. Therefore, the possibility cannot be excluded thatO 25 mM CuSQ and 1.25 mMo-phenanthroline (10 mM
TM segment packing in membrane moieties may be quite - ’

. . Tris-HCI, pH 7.4, 24 C). These conditions were chosen after
different and specific fo_r each.of thes_e P-ATPases. preliminary experiments using the approach described before
It was demonstrated in earlier studies of several labora- (37). The reaction was terminated by the addition of EDTA

tories that intersubunié.,5-dimer is the major product of  t5 a final concentration of 30 mM, followed by incubation
oxidative cross-linking of detergent-solubilized preparations for 5 min at room temperature.

of Na,K-ATPase catalyzed by €uor C/#*-phenanthroline
complex 5—31). In subsequent studies on identification
of contacts between intramembrane domains within Na,K-
ATPase molecule, we applied the oxidative sulfhydryl cross-
linking technique to the native and digitonin-solubilized
preparations of the canine kidney enzyme subjected to
different types of selective proteolysig, 32, 33). Analysis

of isolated intramembrane cross-linked products indicated
that the single TM helix ofs-subunit is in direct contact
with H8—H10 intramembrane domain afsubunit, and there

Modification of Free Cys Residudaee SH-groups of Cys
residues after cross-linking reaction were blocked by treat-
ment with NEM at room temperaturerfa h in thepresence
of 0.5% SDS and 10 mM Tris-HCI (pH 7.4). Equal amounts
of NEM were added with 30 min interval to a final
concentration of 30 mM. The sample was then precipitated
with 4 vol of methanol overnight at-20 °C. Membrane
pellets were collected by centrifugation and washed with 10
mM Tris-HCI (pH 7.4). Usually about 5/6 of the cross-linked

. . . ) products were treated in this way. Free Cys residues in the
is close intrasubunit contact between N-terminal {HHR) rest of the sample were labeled with fluorescent CPM

and C-terminal (H#H10) fragments ofx-subunit 7, 32, (Molecular Probes). Modification was performed in the

?3)' Thi resulr:sl_ofh fllj_rther fh?racterlzatlo;_oftho_llrect m; presence of 0.1 mM CPM and 0.5% SD@$ oh in thedark
ramembrane helixhelix contacts presented in this report  -." (- temperature.

establish the juxtaposition offHand H8. It should be noted . i
that after we had demonstrated through cross-linking studies 'Solation of Cross-Linked ProductBellets of NEM-treated
that H3 is in contact with the TM helices of the-subunit cross-linked products were dissolved by sequential adding

(7, 32), Or et al. 84) confirmed this conclusion by similar ~ Of €qual volumes of 10 M urea, 10% SDS, and 125 mM
studies and based on indirect evidence suggested that thd 'S"HC! (pH 6.8) and combined with the CPM-labeled
Hp contact may be with the H8 of the-subunit. The present ~ PePtides. Cross-linked peptides were separated by electro-
studies provide direct evidence for the existence 6#H8 phoresis on 10% Tricine/SDS polyacrylamide g&ig)( For

interaction. A preliminary account of this work has been Preparative purposes, 180200 x 1.5 mm gels were run
presented35). overnight at 4°C at constant voltage (110 V). Small gels

(85 x 75 x 0.75 mm) were run at constant voltage (60 V)
EXPERIMENTAL PROCEDURES for 4—5 h at room temperature. Sulfhydryl reagents were
omitted from the buffers used for electrophoresis to preserve
The purified membrane-bound N& *-ATPase of canine  the cross-linked products. In case of preparative electro-
kidney medulla, with specific activity of 10601600xmol phoresis of CPM and NEM modified samples, bands of
of ATP hydrolyzed (mg of protein} h™* was prepared and interest were detected under UV light, cut out from unfixed
assayed as described before32, 33). The purified enzyme  and unstained gels, and eluted with 50 mM ammonium
was stored in 250 mM sucrose, 30 mM histidine, 1 mM bicarbonate containing 0.1% SDS and AW tryptophan,
EDTA buffer solution, pH 6.8, at-70 °C until used. Up to using Bio-Rad electroelution chamber overnight, 8 mA per
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tube. Collected samples were lyophilized. Lyophilization was

repeated twice.

Treatment with N-Glycosidase Eyophilized sample of
cross-linked product “Bs” was dissolved in 50 mM sodium
phosphate (pH 7.5) containing 1% NP-40 and 4
tryptophan. Deglycosylation was performed with N-glycosi-

dase F (PNGase F, New England BioLabs) for 24 h at room

temperature. After this, the reaction mixture was diluted with
water and lyophilized.
CNBr Cleavage and Isolation of the Peptide Fragments.

Lyophilized samples of cross-linked product (before or after

deglycosylation) were dissolved in 0.5 mL of 70% formic
acid containing 1«M tryptophan and cleaved with CNBr

Ivanov et al.
a b
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Ficure 1: Cw?™-phenanthroline induced oxidative cross-linking of

the membrane-bound (a) and digitonin-solubilized (b) preparations

of the Na,K-ATPase membrane moiety obtained after extensive

(~300-fold molar excess over Met residues in the sample) trypsin digestion. Membrane samples were prepared, cross-linked,

under nitrogen for 20 h in the dark at room temperature. To
remove excess acid, samples were diluted 10 times with

and resolved on 10% Tricine/SDS polyacrylamide gels as described

in Experimental Procedures.)(slembrane-bound preparation prior

to cross-linking (lane 1) and after cross-linking (lane 2). (b)

water and _Iyophilized.. LyODh”iZ_ation was repeated twice. pigitonin-solubilized preparation before cross-linking (lane 4) and
CNBr peptides were dissolved in 10 M urea/10% SDS/125 after cross-linking (lane 3). (See text for details.)

mM Tris-HCI, pH 6.8 (1:1:1), and separated by electro-

phoresis on 16.5% Tricine/SDS polyacrylamide gels (180 designated as “An” and “Bn” (Figure 1, lane 2). The product

x 200 x 0.75 mm) at constant current (30 mA) for-230
h at 5°C.

“An”, which consists of N-terminal (11 kDa) and C-terminal
(22 kDa) peptides adi-subunit, is a predominant product of

After electrophoresis was performed, peptide fragments cross-linking.reactions in these conditiqns. (Further struptural
from unstained gel were transferred to PVDF membrane by study of the intrasubunit 11,22 cross-llnke_d product W|I_I _be
electroblotting in 10 mM CAPS and 10% methanol, pH 11, Presented elsewhere). Under these experimental conditions,
detected on the membrane by brief staining with 0.1% ho_wever, the desired ||_1ter_subun.|t cross-lmked_product “Bn”
Coomassie brilliant blue R-250 in 50% methanol, destained (Figure 1, lane 2), which is a trimer gi-subunit and two
by washing several times with 50% methanol, rinsed with (11- and 22-kDa) fragments a&-subunit designated as

water, and dried as described befds6)( The peptide bands

11,225-trimer, comprises only a minor portion of cross-

were excised from the PVDF membrane and subjected tolinked products §2). Previously, we demonstrated that the
N-terminal amino acid sequencing. Immunoblot analysis was trimer of 5- anda-fragments of 11- and 22-kDa formed with

performed as described previousRk).(

RESULTS AND DISCUSSION

Isolation of Cross-Linked Product Composedebubunit
and a 22-kDa C-terminad-Fragment.The main aim of this

much higher yield upon Cu-induced cross-linking of
digitonin-solubilized preparation of Na,K-ATPase membrane
moiety (7). Evidently, some backbone flexibility induced by
detergent solubilization, is required for close juxtaposition
of the Cys44 off with one of the nearby intramembrane

study was to determine which particular TM segment of the cysteines ofx to allow the disulfide bridge formation.

Na,K-ATPaseoa-subunit contains the Cys residue forming
intersubunit disulfide cross-link with Cys 44 of the single
TM helix of the 8-subunit. Cross-linking experiments with

In the current study, the digitonin-solubilized preparation
of Na,K-ATPase membrane moiety (Figure 1, lane 4) was
cross-linked in the presence of €tphenanthroline complex.

Cuw?*-phenanthroline described here were performed using The reaction mixture was treated withethylmaleimide to
samples of the Na,K-ATPase membrane moiety deprived of block free SH-groups of Cys residues and resolved on 10%
intracellular domains by extensive trypsin digestion according Tricine/SDS gel (Figure 1, lane 3). Under these experimental

to established procedureg, (32—34, 36) as described in

conditions, the formation af—/ intersubunit cross-links was

Experimental Procedures. The resolution of the constituentvery efficient and provides a high yield of the major product
peptide fragments of the membrane moiety on Tricine/SDS of cross-linking reactions with molecular mass of about 80
gels is shown in Figure 1, lane 1. Major components of this kDa, designated as “Bs” in Figure 1. In contrast, low
well-characterized preparation are four fragments of the molecular weight cross-linked product “As”, which like

o-subunit, the large C-terminal 22-kDa fragment N831
Y1016 comprising H#H10, and three smaller fragments
containing membrane-spanning hairpins-H12 (11-kDa
peptide, N-terminal N68), H3H4 (9-kDa peptide, N-
terminal 1263), and H5H6 (10-kDa peptide, Q737R830),
and the polypeptide chain of tifesubunit beginning at Ala5,
part of which is cleaved at Arg142Gly143 (7, 32—34, 36).
This preparation also contains thesubunit 36, 40) and a
number of minor components including the C-terminal 32-
kDa fragment Q737Y1016 (Modyanov et al., unpublished
observations).

In agreement with previous resul® 33), the incubation
of this membrane-bound preparation with?Gphenanthro-
line results in the formation of two cross-linked products

product “An” (Figure 1, lane 2) consists of N-terminal (11
kDa) and C-terminal (22 kDa) peptides afsubunit (data
not shown), formed only in trace amounts under these
conditions, and therefore it was not further analyzed. The
peptide composition of the cross-linked product “Bs” was
determined by N-terminal sequencing (Table 1).

As shown in Table 1, the N-terminal sequences corre-
sponding to the 22-kDa C-terminal-fragment beginning
at Asn831 and the truncatgftsubunit polypeptide chain
starting from Ala5 were present in an equimolar ratio. The
approximate yield of these sequences was about five times
higher than that of the sequence corresponding to the
N-terminal 11-kDao-fragment, which starts at Asp68. The
second sequence derived from fheubunit starts at Gly143.
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Table 1: N-terminal Sequence Analysis of the Cross-Linked Prodifct Bs
sequence polypeptide chain region yield pmol
83IAsn—Pro—Lys—The-Asp—Lys—Leu—Val o-subunit, C-terminal domain (H7H10) 35
SAla—Lys—Glu—Glu—Gly—Ser-Xaa—Lys f-subunit, truncated at N-terminus 37
145Gly—Glu—Arg—Lys—Val—Xaa—Arg—Phe p-subunit, C-terminal half 17
68Asp—Gly—Pro—Asn—Ala—Leu—Thr—Pro o-subunit, HE-H2 6

a Cross-linked product designated as “Bs” in Figure 1, lane 3 was analyzed as indicated in Experimental Procedures. The sequences were followed

for eight cycles of Edman degradation and were identical with shown fragments of the dog kidney Na,K-&TBad@isubunits 41, 42). Xaa's
indicate amino acid residues that were not identified upon sequencing and correspond to Gys4®wfit and Trpll gB-subunit. The approximate

yield of each sequence was estimated from the average elevation of

amino acid residues in cycles 2 through 8.

M 1 2
79 kDa
53 kDa ‘

Ficure 2: Electrophoretic analysis of isolated intersubunit cross-
linked product “Bs” before (lane 1) and after (lane 2) deglycosy-
lation on 10% Tricine/SDS polyacrylamide gel. Treatment with

Several large scale experiments were performed to isolate
the intersubunit cross-linked product in amounts sufficient
for further structural analysis. To avoid fixation of preparative
gels and their staining with Coomassie, a small fraction of
the products of the cross-linking reactions were treated with
a fluorescent CPM, instead of NEM, before loading on
polyacrylamide gels. After electrophoresis, the bands of
interest were detected under UV light, excised from unfixed
and unstained gels, electroeluted, and lyophilized.

Structural Analysis of Peptide Fragments Obtained after

N-glycosidase F was done as described in Experimental ProcedurescNBr Cleaage of the 2Z-Dimer. An optimal procedure
The amount of sample in lane 1 was about three times larger thanfor further fragmentation of isolated cross-linked product and

loading of deglycosylated sample in lane 2. M, molecular mass
markers.

Its presence indicated that a significant portion (about 50%)
of the cross-linked is also cleaved at Arg142Gly143. The
N- and C-terminal parts of this cleavegichain remain

separation of resulting peptides was developed in preliminary
experiments. Analytical experiments on tryptic digestion
resulted in a complex mixture of peptides, most of which
were products of incomplete cleavage. Attempts to isolate
individual tryptic peptides containing intersubunit cross-links

connected by an endogenous disulfide bridge Cysl125 were unsuccessful. Much better resolution of resulting
Cys148. Considered together, the data of Table 1 demonstratgeptide fragments was obtained by CNBr cleavage. This
that the isolated intersubunit cross-linked product consists experimental approach has a potential problem. To preserve

predominantly of a dimer of the 22-kDa C-termineafrag-
ment and thes-subunit polypeptide, partially cleaved at
Arg142—Gly143. Relatively low yield of the sequence of
11-kDa o-fragment indicates that the 11,B2yimer com-
prises only a minor fraction of the intersubunit cross-linked
product.

Thus, cross-linking reactions of digitonin-solubilized
preparation of Na,K-ATPase membrane moiety catalyzed by
Cw*-phenanthroline complex lead to the predominant for-
mation of the cross-linked 22-dimer, whereas Cti cata-
lyzes the formation of the 11,22trimer under these
conditions ¥). This difference most probably indicates that
the C#" ion has a higher ability to penetrate in close
proximity to Cys residues involved in formation of cross-
link between 11- and 22-kDa-fragments than the Ct-
phenanthroline complex. Because of more simple composi-
tion, the 223-dimer has an obvious advantage with respect
to structural analysis directed to the identification of inter-
subunit contacts.

It should be noted that due to the presence of the
carbohydrate moiety in thg-subunit, both products of
intersubunit cross-linking reactions, gajimer and 11,23-

trimer, migrate as one broad band upon electrophoresis in

10% Tricine/SDS gel (Figure 2, lane 1). As shown in Figure

the integrity of the cross-linked products, reducing sulthydryl
reagents must be omitted from the buffers used for electro-
phoresis and other experiments. This in turn increases a
probability of Met oxidation to sulfone or sulfoxide, whose
peptide bonds cannot be cleaved by CNBr. To overcome
this potential problem, we used buffers containing.Nd
tryptophan as a trap for oxidizing agents. Cyanogen bromide
cleavage of the isolated intersubunit cross-linked product
“Bs” (Figure 1, lane 3 and Figure 2, lane 1) was performed
as described in Experimental Procedures.

A schematic map of intersubunit cross-linked product
structure is shown in Figure 3. There are four Cys residues
in the 22-kDa fragment that may form a cross-link with
Cys44 of HB: Cys911 and Cys930 (H8), Cys964 (H9), and
Cys983 (H10). Taking into account all possible combinations,
the expected molecular mass of the intersubunit cross-linked
product after CNBr cleavage may be estimated to be either
9.3 or 11.9 or 17.1 kDa. Therefore, to provide better
resolution, resulting peptide fragments were separated on a
large (200 mm) 16.5% Tricine/SDS polyacrylamide gel. The
peptides were then transferred from unfixed gel onto PVDF
membrane and detected with Coomassie.

As shown in Figure 4, lane 1, four major peptide bands

2, lane 2, treatment with N-glycosidase F allowed the were visualized. Two lower bands of about 7 and 9 kDa
separation of the components of the cross-linked product have sharp and well-defined boundaries. In contrast, two
“Bs”. After deglycosylation, the main cross-linked product upper bands with mobilities of 22 and 17 kDa were rather
migrates as 56-kDa protein. This correlates well with the broad and slightly diffuse, typical for peptides containing
expected molecular mass of the protein moiety of thg22, carbohydrate chains. The results of N-terminal sequence
dimer. A barely detectable upper band of about 63 kDa analysis of CNBr peptides from bands-4 are shown in
represents the minor cross-linked product 1328mer. Table 2.
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in band 1 is 7.79.3 kDa. The electrophoretic mobility of
band 1 corresponds to an apparent molecular mass2af

Y1016

o kDa (Figure 4, lane 1), due to the presence of two
carbohydrate chains at Asn157 and Asn192 (Figure 3).
o e We suspected that the rather broad and slightly diffuse
B 3 g E g 88 band 2 of about 17 kDa may contain more than one product
Y

of CNBr cleavage. These might be not only the glycosylated
peptide of the5-subunit but also the,5-cross-linked product,
which may be about 17 kDa as mentioned above. Therefore,
this band was divided into three portions, and the central
part containing the major amount of the peptide material was
sequenced first. Two sequences in practically equimolar ratio
were identified in band 2 (Figure 3 and Figure 4, lane 1,
Table 2). These data indicated that this part of band 2
contains two CNBr peptides originating from two consecutive
regions of the C-terminal domain of tifesubunit, Lys202
Met268 and Asp269Ser302, which remain covalently
bound after CNBr cleavage by the endogenous disulfide
bridge Cys212Cys275. This product contains a carbohy-
drate chain at Asn264; therefore, its electrophoretic mobility
is less than expected from the molecular mass of the protein
moiety (11.8 kDa)

The only amino acid sequence identified in band 4
corresponds to the CNBr peptide fragment of fhsubunit
Leu57—Met120. Its apparent molecular weight is very close
to the calculated weight of 7.6 kDa.

N-terminal sequencing of band 3 revealed the presence
of two consecutive CNBr peptides from C-terminal domain

3

T‘"T

s S

Ficure 3: Schematic map of the structure of the intersubunit cross-
linked product. Locations of the CNBr fragments derived from the
C-terminal 22-kDao-fragment and3-subunit are marked by N-
and C-terminal residues. TM segments-H¥10 and HB are shown

as filled rectangles. Cu-phenanthroline-induced disulfide cross-
links: intersubunit between Cys44 ofgHand either Cys911 or
Cys930 of H8u and intrasubunit disulfide bridge between Cys964
(H9) and Cys983 (H10) are shown by wide gray lines. The inner
endogenous disulfide bonds of tifiesubunit between Cys125
Cys148, Cys158Cys174, Cys212Cys275 are indicated as (S
S-). Residues N157, N192, and N264 indicate N-glycosylation sites.
G143 marks the point of partial tryptic cleavagebubunit at
R142-G143.

M201
D269

a—1. N192
$302

A MW

H (kDa)
1—>
2—>

—17-.<—*5

4.2 of the a-subunit (Figure 3 and Figure 4, lane 1; Table 2).
3—> One peptide (Lys943Met973) represents the major portion
4—> —6.5 of the TM segment H9, containing the single Cys964. The

second peptide (Tyr974Tyr1016) includes the TM segment

H10 with the single Cys983. The electrophoretic mobility
FiGURE 4: Electrophoretic separation of the CNBr fragments of of band 3 corresponds to the combined molecular mass of
the intersubunit cross-linked product “Bs”. Cyanogen bromide {na identified peptides it is composed of (8.2 kDa). The

cleavage of the intersubunit cross-linked product “Bs” before (lane tid fi imol tio. Th data clearl
A) and after deglycosylation with N-glycosidase F (lane B) was PEPUAES are present in equimolar ratio. Ihese data clearly

done as described in Experimental Procedures. The resulting peptidélemonstrate that oxidative cross-linking induces a disulfide
fragments were resolved on 16.5% Tricine/SDS polyacrylamide bridge between Cys964 (H9) and Cys983 (H10xafubunit.
gels, transferred onto PVDF membrane, and stained with Coo- The formation of this intrasubunit cross-linked product

massie. In experiments with the deglycosylated sample, only part; . ; S ;
of the gel containing peptide bands of-125 kDa were transferred indicates a close spatial proximity of these Cys residues.

onto PVDF membrane. Peptide bands marked 1 to 5 were excised 1h€ above sequencing did not reveal the presence of
from the membrane and subjected to N-terminal sequencing. intersubunit cross-linked product but allowed the prediction

(Results are presented in Table 2.) of the composition of the missing CNBr product: the Cys
44-containings-fragment (Ala5-Met56) and thex-fragment
On the basis of known primary structure of the dog Na,K- (lle853—Met942), containing Cys911 and Cys930 from H8.
ATPase 41, 42), three sequences, all derived from the The total molecular mass of this cross-linked product is 17.1
p-subunit, were identified in band 1. They represent two kDa. The presence of this product was detected upon
consecutive regions of the polypeptide chain: the short sequencing of the upper part of band 2, where it was in a

octapeptide lle122Met128 and the long Pro12Met201

mixture with glycosylategs-fragments (data not shown).

fragment (see scheme in Figure 3). The latter region contains To isolate the desired product, the second large-scale

the trypsin-sensitive bond Argl4Zly143, which was
partially cleaved upon the preparation of Na,K-ATPase
membrane moiety7 32—34, 36). Thus, the third identified
sequence corresponds to the Glyt48et201 fragment. All
these three fragments of thsubunit remain covalently

experiment was performed, in which the sample of inter-
subunit cross-linked product “Bs” (Figure 1, lane 3) was
deglycosylated prior to CNBr cleavage. Separation of the
resulting peptides was performed as in the first experiment.
As shown in Figure 4, lane 2, observed resolution of peptide

bound by the native endogenous disulfide bridge Cys125 bands in the 17 kDa zone was significantly improved due to
Cys148. The second inner disulfide bridge connects Cys158changes of the electrophoretic mobility of glycopeptides after
and Cys174. As estimated from the sequence data (Tablereatment with N-glycosidase F. The strongest and the most
2), the N-terminal fragment, lle12iMet128, is in equimolar  clearly defined peptide band 5 with a mobility of about 17
stoichiometry with the sum of C-terminal peptides, Prot29 kDa was subjected to N-terminal sequence analysis. As
Met201 and Gly143Met201. Thus, the total molecular mass shown in Table 2, two sequences were revealed in equimolar
of the protein moiety of the CNBr peptide fragments present ratio, indicating that the 17-kDa product is composed of an
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Table 2: N-terminal Sequences of Isolated CNBr Fragments of the Cross-linked Product Bs

peptide appareri, peptide moiety  yield
band (kDa) sequence polypeptide chain region mol mass (kDa) pmol
1 22 12%|e—Phe-Glu—Asp—Xaa—Gly S-subunit, lle121-Met128 0.9 54
12Pro-Ser-Glu—lle—Lys—Glu f-subunit, Pro129-Met201 8.4 30
145Gly—Glu—Arg—Lys—Val—Xaa f-subunit, Gly143-Met201 6.8 19

2 17 20 ys—Tyr—Ser/Asfi—Pro-Tyr—Val p-subunit, Lys202-Met267 7.7 68
268Asp—Thr—Glu—Ille—Arg—lle S-subunit, Asp268-Ser302 4.1 58

3 9 943 ys—Asn—Lys—lle—Leu—Ile o-subunit, H9, Lys943Met967 2.8 29
968Tyr—Pro—Leu—Lys—Pro—Thr o-subunit, H10, Tyr974 Tyr1016 5.4 24

4 7 SLeu—Leu—Thr—Ille—Ser-Ser f-subunit, Leu57Met120 7.6 45
5 175 853le—GIn—Ala-—Leu—Gly—Gly—Phe-Phe  a-subunit, H7-H8 1le853—-Met942 10.6 22
SAla—Lys—Glu—Glu—Gly—SerXaa—Lys [-subunit, Ala5-Met56 6.5 24

aThe peptide bands markee-5 in Figure 3 were analyzed as indicated in Experimental Procedures and in the legend to Table 1. The approximate
yield of each sequence was estimated from the average elevation of amino acid residues in cycles 2 through 6 or 8. These values are shown only
to illustrate ratios between the components of a particular band. Yield of sequences present in different bands cannot be compared because different
portions of each particular band have been sequefidadctically equal mixture of Asn and Ser was identified on fourth cycle of Edman degradation.

There is a Ser residue in this position in the published structure ofsgdegbunit ¢1), while 5-subunits from other species contain Asn at this
position @). Our data indicate variability of this position in Na,K-ATPg$eubunits from kidneys of different canine strains supplied.

l1e853—Met942a-fragment of 10.6 kDa and an Aladvet56
pB-fragment of 6.5 kDa. Thus, the isolated peptide is a product
of oxidative cross-linking reactions that induced an inter-
subunit disulfide bridge between Cys44 offtnd either
Cys911 or Cys930, located in H8 ofsubunit (Figure 3).
The data obtained provide the first direct experimental
evidence of the juxtaposition of fHand H8 within Na,K-
ATPase membrane moiety, indicating that thedd8egment

is an essential element of intramembrane docking site for
the5-subunit. To date, due to insufficient amount of the 17-
kDa cross-linked peptide available, we have been unable to
perform its further chemical or proteolytic fragmentation
needed to determine which particular Cys residue of H8
forms the intersubunit cross-link with Cys44 gfsubunit.

In the above two experiments, practically all the expected
CNBr fragments of cross-linked product “Bs”, with the
exception of three smatl-fragments (N83£M845, Ala846-
Met852, and Gly968Met973), were isolated and identified
by N-terminal sequencing. No products of incomplete CNBr
cleavage were detected. These results have demonstrated th
CNBr cleavage is a more efficient approach to the fragmen-
tation of hydrophobic polypeptides than proteolytic digestion.
Finally, no cross-linked products that might be considered
as products of random collisions (random unspecific-€ys

Ficure 5: Proposed scheme of the packing of the transmembrane
segments in the Na,K-ATPase membrane moiety. Contours of the
#Hodel proposed for SR Ca-ATPag&d) were used as a framework.

Scheme represents extracellular view of the TM segments- of

and -subunits arranged to accommodate results from this study
and other currently available data (See text for details). Intramem-
brane cysteines are indicated. Solid double lines represent extra-
cellular connecting loops, and dotted double lines correspond to

Cys interactions) were detected. These observations conshort cytoplasmic loops. Direct hetshelix contacts determined

firmed that our approach based on solubilization with
digitonin preserved the integrity of Na,K-ATPase membrane
moiety and that the identified cross-links represent specific
native helix-helix interactions between pairs of TM seg-
ments H8-HB and H9—H10.

Implication for Spatial Arrangement of the Membrane
Domains. The main result of this study is the direct
demonstration that the H8-segment is an essential element
of intramembrane docking site for thg-subunit. The
distances betweent carbon atoms of the half-cystines
forming the disulfide bridges in proteins with high-resolution
structure range from 3.84 to 6.8 A3, 44). Thus, formation
of the intersubunit disulfide bridge indicates a close spatial
proximity of particular residues (Cys44 @fand Cys911 or
Cys930 ofa) and the tight intramembrane contacts between
the corresponding TM segments ldnd H8 ofc.. Detection
of the second induced cross-link between Cys964 and
Cys983 of theo-subunit defines the mutual orientation of
H9 and H10 TM helices.

in this study are marked by arrows.

The experimental results from this study and other
currently available data are used to propose the updated
version of the scheme of the packing of the TM segments
in the Na,K-ATPase membrane moiety (Figure 5). Contours
of the model proposed for SR Ca-ATPag3)(are used as
a framework. As in previous model constructidi¥,(19—

22), we assume that TM segments @fsubunit linked by
short extracellular loops (i.e., H1 and H2, H3 and H4, H5
and H6, and H9 and H10) are associated in pairs forming
hairpin structures. Cytoplasmic connection between H8 and
H9 is also short enough to consider these TM segments as
associated in pair. Therefore, H10, H9, and H8 are shown
on the scheme as a chain of contacting TM segments.

Our earlier experiments on the topography of the in-
tramembrane moiety by photolabeling with TID demon-
strated that most, but not all, of the TM segments of
o-subunit (H1 and/or H2, H3 and/or H4, H5 and/or H6, as
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well as H7, H9, and H10, but not H8) are accessible to the a high degree of similarity in their spatial intramembrane
hydrophobic reagent and, therefore, are in direct contact with structure. Therefore, we anticipate that data on the arrange-
the lipid bilayer @4, 17, 18). This indicates that H8 TM  ment of the Na,K-ATPase TM segments determined in this

a-segment is located in the central part of membrane moiety study are applicable to all X,K-ATPases.

and encircled by other TM helixes, one of which is the TM
helix of the 5-subunit.
The TM helix of 8 is placed on the periphery of thg3-
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of -subunit have demonstrated that about one-third to one-
half of its surface is exposed to the lipid bilayerd( 17,

18). This in turn suggests that at least two, but most likely
three, TMo-segments are involved in the formation of the
intramembrane docking site for the TBAhelix. We assume
that H7 is a second component of the docking site because
results obtained in experiments with mutant constructs
showed that the truncated Na,K-ATPassubunit containing

TM segments H+H8 can permanently associate with the
pB-subunit and form a stable compleS)( Currently, direct
interactions between the C-terminal end of the extracellular
H7—H8 loop and theg-ectodomain are considered as a key
step inoB assembly %, 6, 8—11). This also argues in favor

of H7 placement in close proximity with fHand H8.

H1—H2 hairpin is placed as shown because the close
spatial proximity between Cys964-Cys983 determined in this
study argue that tight interaction of H8 with either H1 or
more probably H2 is responsible for formation of 11,22
cross-linked product?; 22, 23).

Recently, we have made another set of cross-linking
experiments that revealed the formation of an intrasubunit
disulfide bridge between Cys 802 and either Cys911 or
Cys930, indicating that there is a direct interaction between
H8 and H6 TM segments (lvanov, A., and Modyanov N.,
manuscript in preparation).

Three TM segments (H4, H5, and H6) are placed together
because a number of amino acid residues with oxygen-
containing side chains were identified in these segments by
site-directed mutagenesis and chemical modifications as
components of a core region for cation binding and occlusion
(for review see refgl5 and46). Direct contact between H4
and H6 TM segments in SR Ca-ATPase was determined by
sulfhydryl cross-linking 24). As mentioned above, H3 should
be located next to H4. Obviously, this tentative scheme of
TM segments disposition within Na,K-ATPase membrane
moiety is only one of several possible arrangements.

Thus, analysis of the spatial structure of the digitonin-
solubilized Na,K-ATPase membrane moiety using zero-
length cross-linking resulted in identification of points of
direct contact between several TM helices. Among these,

the H8 segment plays an essential role as a bridge between,q

the S-subunit and the N-terminal domain of tlesubunit.
In this regard, we should emphasize that the ability to form
disulfide bridges upon Cti or Ci#*-phenanthroline treatment
is not a common feature of intrinsic membrane-buried Cys
residues of P-type ATPases. For example, when the mem-
brane moiety of wild-type SR Ca-ATPase, containing seven
Cys residues, was treated with®tphenanthroline, no cross-
links between intramembrane Cys-residues were detected
(Zhao, H., Mgller, J. V., and Modyanov, N., unpublished
observations).

Finally, it should be noted that the level of structural
homology between distinct Na,K- and H,K-ATPases implies
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