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Abstract Chymotryptic cleavage of the Na,K-ATPase in NaCl

medium abolishes ATPase activity and alters other functional
parameters. The structure of this modified enzyme is uncertain
since only one product of selective proteolysis, the 83-kDa
fragment of the a-subunit (Ala?’—C-terminus) has been
identified previously. Here, we applied additional tryptic
digestion followed by oxidative cross-linking to identify the
products originating from the N-terminal part of the ¢-subunit.
These fragments start at Ala’? or Thr’'* and contain the
transmembrane H,-H, domain. Formation of cross-linked
product between o-fragments containing H.-H> and H;-H,,
demonstrate that the structural integrity of the membrane moiety
is preserved. We also determined that secondary cleavage of the
83-kDa fragment leads to the formation of C-terminal 48-kDa
o-fragments with multiple N-termini at [1e8%, Ser®83, Met5%4
and 11e°85,
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Na,K-ATPase is the intrinsic enzyme of the plasma mem-
brane responsible for coupled active transport of Nat and K*
in animal cells. The enzyme consists of a (~ 112 kDa) and J
(~ 55 kDa) subunits found in equimolar ratio. The catalytic
o-subunit contains the ATP-hydrolyzing center on the large
cytoplasmic protrusion, and cation occlusion sites within the
membrane moiety that most probably contains 10 transmem-
brane segments [1]. Limited proteolysis of native Na,K-ATP-
ase, along with other approaches, has been used extensively to
study the structural organization of the enzyme within the
plasma membrane [2-4]. Analysis of functional alterations
induced by selective proteolytic splits of the a-subunit which
are characteristic of different ligand-induced conformations:
Na'* form (El) and K* form (E2), has provided valuable
information on structure-function relationships [2,5-8]. Of
particular interest are the studies of Na,K-ATPase subjected
to controlled chymotryptic digestion in NaCl medium which
abolishes ATPase activity and substantially alters other func-
tional parameters [2,5,6,10]. For example, recently we showed
that the chymotrypsin-digested preparation exhibits a twice
higher capacity for phosphorylation by ATP than the native
enzyme, thus indicating that half of the o-subunits of the
native enzyme are dormant with respect to phosphoenzyme
intermediate formation [10]. Interpretation of this and other

*Corresponding author. Fax: (1) (419) 383-2871.
E-mail: NModyanov@Cutter.Mco.Edu

observations with respect to structure-function correlations is
complicated, however, due to the uncertainties about the
structure of the chymotrypsin-digested Na,K-ATPase. The
only product of this cleavage that has been well characterized
is the 83-kDa fragment of the o-subunit from Ala*7 to the
COOH-terminus [6,9]. Neither the expected 30-kDa N-termi-
nal fragment containing membrane segments H; and Hs nor
any other smaller products of its further digestion were de-
tected previously [9,10]. Based on these observations we sug-
gested that perhaps chymotrypsin splits the Na,K-ATPase
o-subunit not only at the Leu*%-Ala®" bond, but also at a
number of other peptide bonds within the 30-kDa N-terminal
region, leading to the formation of numerous heterogeneous
peptide fragments that are difficult to detect by standard
methods [11]. On the other hand, the possibility could not
be excluded that relatively short chymotryptic peptides con-
taining membrane segments H, and H, were released from the
postchymotryptic membrane moiety. Partial or complete re-
lease of some intramembrane peptides from the membrane
moiety of proteolytically dissected Na,K-ATPase has been
documented earlier [12-14].

To clarify these uncertainties, we aimed to elucidate the
peptide composition of the chymotrypsin-digested Na,K-
ATPase. According to the procedure developed in [11.15],
the chymotrypsin-digested Na,K-ATPase was subjected to ad-
ditional extensive tryptic digestion followed by oxidative
cross-linking in the presence of Cu?*-phenanthroline complex.
Analysis of the cross-linked products has allowed us to deter-
mine the structures of the N-terminal part of the Na,K-ATP-
ase o-subunit resulting from controlled chymotryptic diges-
tion. We also determined the structures of the relatively
stable products of the secondary digestion of the C-terminal
83-kDa peptide.

2. Materials and methods

The purified membrane-bound Na*,K*-ATPase of canine kidney
medulla, with a specific activity of 1400-1600 umol ATP hydrolyzed/
mg protein/h, was prepared and assayed as described before [16].
Controlled chymotrypsin digestion was performed essentiaily as de-
scribed by Jorgensen and Petersen [5]. The enzyme (0.5 mg/ml) was
incubated at 37°C for 1 h in a solution containing 10 mM NaCl,
15 mM Tris-HCI (pH 7.4), and 25 pg/ml of a-chymotrypsin (Sigma,
type 11, bovine pancreas). The reaction was stopped by the addition of
soybean trypsin-chymotrypsin inhibitor (Sigma); 100 ug/25 ug of chy-
motrypsin. The chymotrypsin-dissected Na,K-ATPase was collected
by centrifugation at 160000X g for 1 h at 4°C, and washed with
10 mM Tris-HCI (pH 7.4). Samples were subjected to electrophoresis
on SDS polyacrylamide gels (7.5%) at pH 2.4 and stained with Coo-
massie [11]. For N-terminal sequence analysis peptide material from
the 48-kDa band was transferred onto a polyvinylidene difluoride
(PVDF) membrane.

Extensive trypsin digestion of native Na,K-ATPase or chymotryp-
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sin-dissected preparation was done according to Capasso et al. [4] as
described before [11,14,15].

For oxidative cross-linking, the postproteolytic membrane prepara-
tion was suspended (1.35 mg/ml) in a solution containing 10 mM Tris-
HCl (pH 7.4), 0.25 mM CuSO;, and 1.25 mM o-phenanthroline, and
incubated at 24°C for 15 min. These conditions were chosen after
preliminary experiments using the approach described before [17].
The reaction was terminated by the addition of EDTA to a final
concentration of 30 mM, followed by incubation for 5 min at room
temperature [11,15]. The samples were collected by centrifugation,
washed with 10 mM Tris-HCl (pH 7.4), and cross-linked peptides
were separated by electrophoresis on 10% tricine/SDS polyacrylamide
gels [11,15]. Sulfhydryl reagents were omitted from the buffers used
for electrophoresis to preserve the cross-linked products. Stained
bands of cross-linked peptides (five lanes) were cut out of the gel.
electroeluted with 100 mM NHyHCO; and 0.1% SDS, lyophilized
and subjected to additional purification using the same electrophoretic
system. Purified cross-linked peptides were transferred from the un-
stained gel onto the PVDF membrane, detected on the membrane by
brief staining with Coomassie and subjected to N-terminal amino acid
sequence analysis as described before [18].

3. Results

3.1. Identification of the N-terminal fragment containing the
transmembrane H;-H, domain

The primary aim of this study was to identify proteolytic
membrane-bound fragments originating from the N-terminal
part of the Na,K-ATPase a-subunit after selective chymotryp-
tic cleavage in NaCl medium [2,5,9]. A schematic structure of
Na,K-ATPase is shown in Fig. 1. The purified membrane-
bound Na* K*'-ATPase of canine kidney was incubated
with different chymotrypsin concentrations as described in
Section 2. Electrophoretic analysis of membrane-bound frac-
tion of the hydrolyzate is shown in Fig. 2. In agreement with
previous results [2,5,6,9,11], this digestion did not disrupt the
integrity of the -subunit, and resulted in almost quantitative
conversion of the a-subunit to the C-terminal 83-kDa frag-
ment whose N-terminal residue has been determined to be
Ala®®7 [6,9], as shown in Fig. 1. Also in agreement with pre-
vious observations, staining with Coomassie did not reveal the
presence of other well-defined polypeptide bands except the
barely detectable band with electrophoretic mobility corre-
sponding to a molecular mass of 48 kDa (Fig. 2, lanes 3-5).
No additional smaller peptides were detected when this prep-
aration was resolved on tricine gels (not shown). Peptides
present in the 48-kDa band have been identified as products
of the secondary digestion of the 83-kDa polypeptide by chy-
motrypsin as described below.

The above observations suggested the possibility that under
the conditions of selective chymotryptic digestion, the N-ter-
minal 30 kDa part of the o-subunit was converted to a num-
ber of heterogeneous peptides that were undetectable by Coo-
massie staining. To attempt the identification of any such

Table 1
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Fig. 1. Topology of Na,K-ATPase and patterns of limited proteo-
lytic digestion. Established (filled arrows) and postulated (shaded ar-
rows) sites of selective digestion of native Na,K-ATPase by chymo-
trypsin (C). The transmembrane products of extensive trypsin
digestion [4] are indicated by circled N-terminal amino acid residues.
Indicated intramembrane cysteines are those most likely to be in-
volved in cross-linking reactions of the transmembrane helices of o
and B [11,15]. Known sites of limited tryptic digestion of Na,K-
ATPase in the E2 conformation are indicated as Tl, T2 and T4
[2,9,21]. See text for other details.

peptides, we took advantage of the oxidative cross-linking
technique elaborated in previous studies [11,15]. In these stud-
ies we had applied this approach to study the structure of the
membrane moiety of the extensively trypsin-digested Na,K-
ATPase (Figs. 1 and 3, lane 4), and elucidated that two intra-
membrane Cys residues, which are located in the N-terminal
(H,-Hy) and in C-terminal (H;-H,() domains of the o-sub-
unit, are in close spatial proximity, and upon incubation with
Cu?*-phenanthroline complex form an easily detectable stable
disulfide cross-linked product. The cross-linked product was a
dimer of a 11-kDa a-fragment containing H;-H» helices and a
22-kDa a-fragment containing Hz-Hj, helices (Fig. 3. lane 3,
band a). Therefore, we used the same strategy to determine if
a similar cross-linked product could be obtained from a mem-
brane-bound preparation of chymotrypsin-dissected Na,K-
ATPase.

To simplify subsequent identification of expected cross-
linked product, the chymotrypsin-dissected Nat K*-ATPase
preparation (Fig. 2, lane 5) was first subjected to extensive
trypsin digestion in the presence of Rb* and EDTA according
to established procedures that convert the native Na,K-ATP-
ase to a set of well-characterized [4,11,15] transmembrane
fragments of the o-subunit and essentially intact B-subunit
(Figs. 1| and 3, lane 4). Electrophoretic analysis of mem-
brane-bound peptides obtained after sequential chymotrypsin
and trypsin digestions (Fig. 3, lane 1) revealed the presence of

N-terminal sequences of the cross-linked product of the chymotrypsin/trypsin-digested Na,K-ATPase

Sequence

Polypeptide chain region

Yield (pmol)

7 Ala-Leu-Thr-Pro-Pro-Pro-Thr-Thr-Pro-Glu-Xaa
"Thr-Pro-Pro-Pro-Thr-Thr-Pro-Glu-Xaa-Val-Lys
31 Asn-Pro-Lys-Thr-Asp-Lys-Leu-Val-Asn-Glu-Arg

o~subunit, HI-H2 20
o-subunit, H1-H2 9
a-subunit, H7-H10 32

The cross-linked product designated a* in Fig. 3, lane 2, was sequenced as indicated in Section 2. The sequences were followed for 11 cycles of
Edman degradation and were identical to the shown fragments of the canine kidney Na,K-ATPase og-subunit [19]). Xaa indicates amino acid
residues that were not identified upon sequencing and corresponds to Trp™ of the c-subunit. The yield of each sequence was estimated from the

average elevation of residues in cycles 2-10.
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Fig. 2. Selective chymotryptic cleavage of the El form of Na,K-
ATPase. The Nat ,K~-ATPase (lane 1) was incubated with chymo-
trypsin, resolved on SDS gels, and stained with Coomassie blue, as
described in Section 2. The digestion was done at chymotrypsin/sub-
strate ratios ranging from 1/50 (lane 2) to 1/20 (lane 5).

the prominent peptide band 11 kDa* which migrates below
the 11-kDa band of control sample (Fig. 3. lane 4).

After incubation of the membrane-bound chymotrypsin/
trypsin-digested Na,K-ATPase with Cu?*-phenanthroline
complex, the intensities of original 22-kDa and 11-kDa*
bands significantly decreased, and new bands representing
cross-linked products appeared (Fig. 3, lane 2). The most
prominent cross-tinked product, designated a*, has a slightly
higher mobility than the previously identified 11,22 cross-
linked product a [11,15] presented in the control sample
(Fig. 3, lane 3). Peptide material of band a* was isolated
and characterized by N-terminal amino acid sequencing (Ta-
ble 1).

Three sequences shown in Table | were identified based on
the known primary structure of canine Na,K-ATPase a-sub-
unit [19]. They were found to be identical to the 22-kDa
C-terminal o-fragment starting at Asn®! and to N-terminal
o-fragments beginning at Ala™ or at Thr™. The yield of the
C-terminal fragment was equal to the combined yields of
N-terminal fragments, thus indicating that cross-linked prod-
uct contained the C-terminal fragment and one of the two N-
terminal fragments in a molar ratio 1:1. Based on the appa-
rent molecular mass of the cross-linked product, it is evident
that the identified N-terminal fragments contain transmem-
brane segments H, and Ho.

The N-termini of identified peptides were formed due to
cleavages at Asn”'-Ala™ and Leu™-Thr™, both of which cor-
respond to chymotrypsin specificity, thus indicating that the
peptides are products of primary chymotryptic digestion. In
addition, it should be noted that digestion of native Na,K-
ATPase by trypsin alone generates an analogous a-fragment
beginning at Asn® [4,11,15]. We did not detect the presence of
such a peptide upon sequencing of the cross-linked product:
therefore, additional tryptic digestion did not affect the N-
termini of chymotryptic fragments but evidently eliminated
variability in the length of the C-terminal parts located be-
yond the H, segment.

Thus, we have identified the major products originating
from the N-terminal part of the Na,K-ATPase o-subunit
upon controlled chymotryptic digestion. These start at Ala™
or Thr’' and contain membrane segments H, and H, (Fig. 1).
It is obvious that chymotrypsin cleaves the E1 form of the o-
subunit not only at the Leu?®-Ala?" bond, but also partially
or completely at several other peptide bonds within the 30-
kDa N-terminal region. Evidently, the H;-H, transmembrane
domain in this preparation was not detected in previous stud-
ies [2,6,9] because it is present in multiple fragments generated
upon partial chymotryptic cleavage of numerous peptide
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bonds located between the C-terminal boundary of H, and
Len206

It should be noted that in addition to product a* we also
detected another cross-linked product designated b* (Fig. 3,
lane 2) with a mobility similar to that of 11,22 3 cross-linked
product b from the control sample (Fig. 3, lane 3), which was
identified previously [15]. Formation of the cross-linked prod-
uct between two pairs of Cys residues from N- and C-terminal
o-domains and the B-membrane segment demonstrates that
selective chymotryptic digestion does not disrupt the structur-
al integrity of the Na,K-ATPase membrane moiety.

3.2. Secondary chymotryptic cleavage of the 83-kDu
polypeptide; identification of the C-terminal
48-kDa fragment

As indicated above, when membrane-bound Na*® K*-ATP-
ase was subjected to selective chymotryptic cleavage, a small
amount of the polypeptide band with electrophoretic mobility
corresponding to a molecular mass of 48 kDa was detected, in
addition to the well-characterized 83-kDa fragment (Fig. 2). It
was noted that the relative amount of the 48-kDa band in-
creased in parallel to the increasing ratio of chymotrypsin/
ATPase (lanes 2-5 of Fig. 2). To test the possibility that the
48-kDa band reflects the secondary digestion of the 83-kDa
polypeptide by chymotrypsin, the 48-kDa polypeptide band
was transferred onto PVDF membrane and subjected to
10 cycles of Edman degradation. The results obtained are
shown in Fig. 4. Several overlapping N-terminal sequences
were revealed. Detection of approximately equal amounts of
the same amino acid residue in four consecutive steps of Ed-
man degradation (for example, Asp in cycles 2-5, Arg in 5-8,
etc.) allows us to identify reliable sequences of four individual
components of this rather complex mixture. These peptide
fragments originated from the partial chymotryptic cleavage
of each peptide bond within the sequence “* Leu-lle-Ser-Met-
11e™ of the a-subunit (Figs. 1 and 4). Thus, the 48-kDa frag-
ment has a cluster of highly chymotrypsin-sensitive bonds at
the N-terminus and represents, most probably, the entire
C-terminal part of the a-subunit, since its electrophoretic mo-
bility correlates well with the calculated molecular mass of

*

a —» iy
A - s GIlS «— 22 kDa

11 kDa * —» 44 <—11kDa

Fig. 3. Cu®*-phenanthroline induced oxidative cross-linking of the
membrane-bound preparations of the Na'/K'"-ATPase obtained
after controlled chymotrypsin cleavage followed by extensive trypsin
digestion, or after extensive trypsin digestion alone. The membrane
samples were prepared, cross-linked, and resolved on 10% tricine
gels as described in Section 2. The membrane-bound preparation of
chymotrypsin/trypsin-digested enzyme prior to cross-linking (lane 1),
and after cross-linking (lane 2). Control sample of enzyme digested
by trypsin alone, before cross-linking (lane 4), and after cross-link-
ing (lane 3).
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582]e-Ser-Met-Ile-Asp-Pro-Pro-Arg-Ala-Ala
83Ser-Met-Ile-Asp-Pro-Pro-Arg-Ala-Ala-Val
%“Met-Ile-Asp-Pro-Pro-Arg-Ala-Ala-Val-Pro

585Tle- Asp-Pro-Pro-Arg-Ala-Ala-Val-Pro-Asp

Fig. 4. Amino acid sequences identified upon N-terminal analysis of
the peptides contained in the 48-kDa product of secondary chymo-
trypsin cleavage of the Na,K-ATPase o-subunit. The coordinates of
the N-terminal residues in polypeptide chain are indicated (see text
for details).

about 48 kDa. Absence of any detectable polypeptide bands
in the region of about 35 kDa which should correspond to the
expected N-terminal part of the 83-kDa polypeptide indicated
its more extensive digestion at secondary steps of chymotryp-
sin action.

4. Discussion

Although the chymotrypsin-digested enzyme has no ATP-
ase or ATP-dependent ion transport activities, it retains the
ability to be phosphorylated [5.6], catalyzes ADP-ATP ex-
change activity [5,6], occludes Nat and Rb* [5,20], and is
responsive to ouabain [6]. However, there are significant dif-
ferences between the properties of the remaining activities of
the chymotrypsin-digested enzyme and the corresponding ac-
tivities of the native enzyme. For example, while the phos-
phorylation of the native enzyme by ATP is dependent on
Na™, the chymotrypsin-digested enzyme can be phospho-
rylated in the absence of Na* [6]; and while the phospho-
rylation by ATP and ADP-ATP exchange activity of the na-
tive enzyme are inhibited by ouabain, these activities of the
chymotrypsin enzyme are stimulated by ouabain [6]. Also, our
recent studies have established that the dormant half of the
phosphorylation sites of the native enzyme are unmasked
upon cleavage of the o-subunit by chymotrypsin [10]. Clearly,
the determination of the structural basis of these contrasting
properties of the native and the chymotrypsin-digested prep-
arations is important to the clarification of the relation of the
enzyme’s structure to its reaction mechanism.

In the past, the functional changes induced by chymotryp-
sin digestion have been ascribed to the single cleavage of the
o-subunit at Leu?%-Ala®7 [59]; and in spite of the failure to
detect the 30-kDa N-terminal fragment of the o-subunit re-
sulting from this cleavage, the assumption has been made that
the altered properties of the chymotrypsin-digested enzyme
are due to the disruption of domain-domain interactions
caused by this single cleavage [5,9]. That this assumption is
not justified is clearly established by the present data showing
that the structural changes induced by chymotrypsin are more
extensive than a single cleavage. Also ruled out is the possi-
bility considered before [11] that the H;-H, transmembrane
domains of the o-subunit may be released from the membrane
after chymotrypsin digestion. The present findings clearly in-
dicate that the digested preparation retains these transmem-
brane domains, and that H,-H, continue to interact with H-
H,y transmembrane domains as they do in the native enzyme
[11,15]. To explain the different properties of the native and
the chymotrypsin-digested enzymes. therefore, it is necessary
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to consider the following three structural changes: (1) cleav-
age at Leu?%-Ala®"; (2) cleavage at Asn”'-Ala™ and Leu®™-
Thr’'; (3) partial cleavage of several peptide bonds located
between Leu?® and the point of exit of Hy from the mem-
brane. At this time, it is not possible to say which one of the
above changes, or which combination of changes, accounts
for the interesting properties of the chymotrypsin-digested en-
zyme.

Formation of the relatively stable C-terminal 48-kDa frag-
ment of the o-subunit upon selective chymotrypsin digestion
of the El conformation of Na,K-ATPase is of interest with
respect to the spatial structure of the enzyme molecule. First,
a similar relatively stable C-terminal 48-kDa fragment of the
o-subunit with N-terminus at Ala®™" has been detected upon
limited tryptic digestion of Na,K-ATPase in the presence of
K* (E2 conformation) [21,22]. Second, this highly protease-
sensitive region is located at the N-terminal boundary of the
highly conservative part of Na,K-/H,K-ATPases and other
P-type ATPases extending to the transmembrane segment
H; (Fig. 1). Third, this conservative sequence contains a num-
ber of amino acid residues such as Asp”’ and Asp’?, which
are involved in the formation of high affinity ATP-binding
sites [1,23].

Taken together, the above observations indicate that part of
the large central cytoplasmic loop of the Na,K-ATPase «-
subunit located between the protease-sensitive region (I1e%%2-
Ala®"y and the membrane moiety (GIn™7) exists in both El
and E2 conformations as a relatively stable, compactly folded,
globular nucleotide-binding domain whose N-terminal boun-
dary is marked by a highly protease-sensitive region which is
exposed on the surface of the enzyme molecule in both El and
E2 conformations.
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