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ABSTRACT: The proteolytic profile after mild controlled trypsin cleavage of shark rectal gland Na,K-
ATPase was characterized and compared to that of pig kidney Na,K-ATPase, and conditions for achieving
N-terminal cleavage of theR-subunit at the T2 trypsin cleavage site were established. Using such conditions,
the shark enzyme N-terminus was much more susceptible to proteolysis than the pig enzyme. Nevertheless,
the maximum hydrolytic activity was almost unaffected for the shark enzyme, whereas it was significantly
decreased for the pig kidney enzyme. The apparent ATP affinity was unchanged for shark but increased
for pig enzyme after N-terminal truncation. The main common effect following N-terminal truncation of
shark and pig Na,K-ATPase is a shift in the E1-E2 conformational equilibrium toward E1. The
phosphorylation and the main rate-limiting E2 f E1 step are both accelerated after N-terminal truncation
of the shark enzyme, but decreased significantly in the pig kidney enzyme. Some of the kinetic differences,
like the acceleration of the phosphorylation reaction, following N-terminal truncation of the two preparations
may be due to the fact that under the conditions used for N-terminal truncation, the C-terminal domain
of the FXYD regulatory protein of the shark enzyme, PLMS or FXYD10, was also cleaved, whereas the
γ or FXYD2 of the pig enzyme was not. In the shark enzyme, N-terminal truncation of theR-subunit
abolished association of exogenous PLMS with theR-subunit and the functional interactions were abrogated.
Moreover, PKC phosphorylation of the preparation, which relieves PLMS inhibition of Na,K-ATPase
activity, exposed the N-terminal trypsin cleavage site. It is suggested that PLMS interacts functionally
with the N-terminus of the shark Na,K-ATPase to control the E1-E2 conformational transition of the
enzyme and that such interactions may be controlled by regulatory protein kinase phosphorylation of the
N-terminus. Such interactions are likely in shark enzyme where PLMS has been demonstrated by cross-
linking to associate with the Na,K-ATPase A-domain.

In a series of studies, Jørgensen and co-workers demon-
strated that the∼30 N-terminal amino acids of kidney Na,K-
ATPase, including a lysine-rich cluster, are important for
the E1-E2 conformational equilibrium and suggested a
regulatory function of the N-terminus that could be specific
to the mammalian kidney enzyme (1-3). Thus, N-terminal
cleavage of these amino acids of kidneyR1 by mild trypsin
treatment (at the so-called T2 cleavage site) resulted in an
enzyme with reduced hydrolytic and transport capacity (Vmax)
and altered kinetic characteristics, including a reduced K+-
phosphatase activity, a defective K+-stimulated dephospho-
rylation, and a decreased sensitivity to vanadate (4-6).
Blostein and co-workers recently extended this work inves-
tigating the structural basis for isoform-distinct kinetic
behavior ofR1 versusR2 isoforms using either trypsinized

kidney enzyme (7), mutatedR1 enzyme (8, 9), or R1-R2

chimeras (10, 11). They showed that differences in the
primary sequence of the N-terminus cannot themselves
account for the kinetic differences betweenR1 and R2

isoforms and proposed an autoregulatory role for the A-
domain that is postulated to take place by interdomain
interaction of the N-terminus with the cytoplasmic TM2-
TM3 and TM4-TM5 loops (12).

The structure of the N-terminus is variable among species
and isoforms, suggesting that such autoregulation may be
species-specific, but it is unknown how such interactions take
place and if they are controlled. Recently, it has become clear
that the Na,K-ATPase is regulated by small single-trans-
membrane proteins of the FXYD family (13-15). At least
two of these regulatory proteins, the phospholemman (PLM
or FXYD1) in the myocardium (16) and the phospholemman-
like protein from shark (PLMS or FXYD10), contain a
C-terminal multisite phosphorylation domain for protein
kinases, which is likely to be important for the interaction
with the Na,K-ATPase (17, 18). In contrast, the kidney-
specific γ-subunit (FXYD2) does not contain a multisite
PKA/PKC phosphorylation domain, andγ is only phospho-
rylated by PKC in the presence of detergents (19). Thus,
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the γ-R interaction is apparently not controlled by protein
kinase phosphorylation or dephosphorylation reactions as
suggested for PLMS regulation of shark rectal Na,K-ATPase.
Recently, cross-linking results have demonstrated that the
interaction of the cytoplasmic part of theγ-subunit with the
R-subunit of Na,K-ATPase is among loop L6-L7, loop L8-
L9, and stalk segment S5 (20), whereas the cytoplasmic part
of PLMS interacts with the shark Na,K-ATPase A-domain
(21), which includes the N-terminus of theR-subunit. In the
shark enzyme, PLMS has been shown to inhibit maximum
Na,K-ATPase activity and to affect the catalytic phospho-
rylation reaction (17, 18, 22), whereas in the kidney Na,K-
ATPase, theγ-mediated regulation affects the cytoplasmic
Na+/K+ competition, the apparent ATP affinity, and the E1-
E2 conformational equilibrium (23-25).

Considering that the interaction of PLMS is with the
A-domain of theR-subunit and the different kinetic effects
found for N-terminal truncation of kidney and shark Na,K-
ATPase, we speculated if the N-terminus, which is part of
the A-domain, could be involved in PLMS regulation of the
shark Na,K-ATPase. Since the trypsin cleavage pattern and
the kinetic effects of N-terminal truncation have not previ-
ously been investigated in preparations from shark rectal
glands, and emphasizing the apparently very different modes
of Na,K-ATPase regulation accomplished byγ and PLMS
where the latter is modulated by protein kinases, we
compared the effects of trypsin treatment of shark rectal
gland and pig renal Na,K-ATPase, trying to clarify if the
variable N-terminus is involved in the differential FXYD
regulation in the two species. Initially, the primary sequence
of shark Na,K-ATPase was determined (GenBank accession
number AJ781093, manuscript in preparation) so that it could
be compared with pig kidney Na,K-ATPase. Subsequently,
we characterized the trypsin cleavage pattern and compared
several kinetic properties of kidney and shark Na,K-ATPase
before and after trypsin treatment. Finally, we investigated
by cross-linking if the molecular association between PLMS
and shark Na,K-ATPase was influenced by N-terminal
truncation ofR.

EXPERIMENTAL PROCEDURES

Na,K-ATPase Preparation and Hydrolytic ActiVity. In this
study, purified Na,K-ATPase-containing membranes from the
rectal gland ofSqualus acanthiasand from pig kidney were
used. Purification of membrane fragments from shark rectal
glands was as previously described (26). Na,K-ATPase from
pig kidney outer medulla was prepared essentially as
described by Jørgensen (27). Protein concentrations, ranging
from 3 to 5 mg/mL, were determined using Peterson’s
modification of the Lowry method (28), using BSA as a
standard. The specific activity of the two enzyme prepara-
tions was comparable [∼30 units/mg at 37°C and∼10.5
units/mg at 24°C (1 unit) 1 µmol of Pi/min)]. The ATPase
activity was measured either by a radioactive assay (at a
subsaturating ATP concentration) in a reaction mixture
containing 30 mM histidine (pH 7.4), 3 mM MgCl2, 0.06%
BSA, 10% glycerol, and 1-1000µM ATP (containing 0.03
µCi of [γ-32P]ATP) or, at a saturating ATP concentration (3
mM), by the method of Baginski (29), and variable concen-
trations of NaCl, KCl, and ATP as indicated in the figure
legends. The turnover of the enzyme (kcat, molar activity)
was calculated from the protein content and the determined

site number (nanomoles per milligram of protein) measured
as the maximum phosphorylation level attained in 25µM
ATP, 1 mM Mg2+, and 150 mM Na+ as previously described
(30). All kinetic measurements were performed at room
temperature, 23°C, except when otherwise stated.

Cloning and Sequencing of the Shark N-Terminus.Comple-
mentary DNA fragments of theSqualus Na,K-ATPase
R-subunit were amplified by RT-PCR essentially as described
in previous studies (18, 31, 32). In brief, the initial DNA
fragments were amplified from rectal gland mRNA using
degenerate, inosine-containing sense and antisense primers
and the 3′ and 5′ ends of the cDNA cloned using nested
gene-specific and Marathon RACE kit (Clonetech, Basing-
stoke, U.K.) primers. The initial degenerate primers amplified
an approximate 1 kb DNA fragment between the FITC and
FSBA binding sites (33). Specific nested 5′-RACE antisense
primers were then used with the kit AP1 and AP2 primers
to amplify the 5′ end of the cDNA. All amplified fragments
were cloned into the pCR4-TOPO vector using Invitogen’s
TA cloning kit (Invitrogen, Paisley, U.K.). DNA fragments
were sequenced in both directions using a Big Dye Termina-
tor sequencing kit (Perkin-Elmer Life Sciences Biosystems,
Warrington, U.K.) and sequences combined and analyzed
using GenJockey II software (Biosoft, Cambridge, U.K.) (31,
32).

Gel Electrophoresis and Immunoblotting.Proteins were
separated using Tricine-based SDS-polyacrylamide gel
electrophoresis (SDS-PAGE; 3% loading gel, 9% interme-
diate, and 16% resolving gels, unless indicated elsewhere).
Molecular mass standards were from Bio-Rad (Hercules,
CA). For immunoblotting, proteins were transferred to PVDF
membranes, then washed for 1 h with PBS buffer containing
5% Tween 20, and incubated overnight at room temperature
with the primary antibody. The membranes were washed
again with PBS and incubated with a goat anti-rabbit
antibody for 2 h. After being washed, the proteins were
detected using ECL reagents (Amersham Pharmacia). For
the detection of theR-subunit from shark rectal gland and
pig kidney, a C-terminal-specific antibody NKA1002-1016
was used (kindly provided by J. V. Møller, Department of
Biophysics, University of Aarhus). An N-terminal-specific
antibody to theR-subunit of shark Na,K-ATPase was raised
against the N-terminal amino acid sequence ASDKYEPAAT-
SENA (see Figure 1). The synthetic peptide containing a
C-terminal cysteine was conjugated to keyhole limpet
hemocyanin and antiserum raised in rabbits. The antibody
was affinity purified before use. The antigenic peptide (2.5
mg) was cross-linked to thiol-Sepharose according to the
manufacturer’s instructions (Amersham, Biosciences, Bucks,
U.K.). After being washed, the cross-linked Sepharose beads
were incubated with antiserum for 40 min at room temper-
ature, and then poured into a column. The serum was eluted
and the column washed in 50 mM Tris, 0.5 M NaCl, and 1
mM EDTA (pH 8.0). The bound antibodies were eluted with
0.1 M glycine (pH 2.5). Fractions were assessed for antibody
content by SDS-PAGE (34) and positive fractions collected,
combined, and stored at-20 °C. For detection of PLMS,
an anti-PLMS antiserum was used. Anti-PLMS antiserum
was prepared against purified PLMS as previously described
(18). The antibody epitope is on the cytoplasmic face of
PLMS near the membrane border and upstream from the
trypsin cleavage site Lys51, since C-terminally truncated
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PLMS (at Lys51) reacts with the antibody. PLM from the
myocardium also reacted with this antibody, indicating that
the epitope is C43RCKFNQ, since this is conserved in PLM
and PLMS. Theγ-subunit of the kidney enzyme was probed
using anti-γ antiserum kindly provided by S. J. D. Karlish
(Rehovot, Israel).

Proteolytic CleaVage of Na,K-ATPase.To obtain specific
cleavage of the N-terminus of pig renal and shark rectal gland
Na,K-ATPase, membrane-bound enzyme was incubated with
trypsin at a trypsin to protein weight ratio of 1:20 for the
shark and 1:50 for the kidney enzyme for 10-20 min on
ice in the presence of 20 mM histidine (pH 7.0), 130 mM
NaCl, and 1 mM EDTA. The lower trypsin concentration
for the pig kidney enzyme is used to correct partially for its
greater ATPase sensitivity. The reaction was stopped by
addition of soy bean trypsin inhibitor at twice the amount
of trypsin followed by washing. The trypsin activity was
estimated using the spectroscopic measurements of the
conventional esterase activity towardp-toluenesulfonyl-L-
arginine methyl ester (TAME) (35). The protein content and
maximum phosphoenzyme level were determined before and
after N-terminal truncation to calculate the specific hydrolytic
activity and molecular turnover (kcat) in controls and N-
terminally truncated enzyme.

To obtain specific C-terminal cleavage of PLMS at Lys51,
the membrane-bound shark enzyme was incubated with
trypsin at a trypsin-to-protein ratio between 1:200 and 1:1000
(w/w) for 1-10 min on ice in the presence of 20 mM
histidine (pH 7.0), 1 mM EDTA, and either 130 mM NaCl
or 20 mM KCl (18). The reaction was terminated by addition
of trypsin inhibitor and the mixture diluted 10-fold with 25
mM imidazole buffer (pH 7.0) and centrifuged at 170000g
for 1 h. After another wash, the membranes were suspended
in 30 mM histidine buffer (pH 7.4) containing 25% glycerol
and stored at-25 °C.

Isolation of PLMS.PLMS was isolated from shark Na,K-
ATPase preparations using the extraction procedure of
MacLennan (36). In brief, the microsomal fraction (ap-
proximately 10 mg/mL) was treated with 9 volumes of
methanol and the mixture centrifuged for 10 min at 1600g.
The supernatant was discarded, and the pellet was homog-
enized in 5 mL a chloroform/methanol mixture (2:1, v/v)
and the mixture centrifuged again. For PLMS solubilization,
the pellet from the second centrifugation was homogenized
in a chloroform/methanol mixture acidified with 20 mM HCl.
The mixture was centrifuged for 30 min at 48000g. The

supernatant containing soluble PLMS in an acidic chloroform/
methanol mixture was treated with 5 volumes of ethyl ether
and the mixture centrifuged at 1600g for 10 min. Precipitated
PLMS was again solubilized with an acidic chloroform/
methanol mixture. The ether extraction followed by solu-
blization was repeated at least three times. The final PLMS
precipitate was suspended in an acidic chloroform/methanol
mixture and kept at-20 °C. SDS-PAGE indicated a very
pure preparation with a single dominating band migrating
at 15 kDa that after blotting reacted with the anti-PLMS
antiserum. Before addition of purified PLMS to membrane
preparations, the chloroform/methanol mixture was removed
on a rotary evaporator and the protein suspended in 30 mM
histidine buffer (pH 7.4) containing 25% glycerol by
sonication.

Cross-Linking of PLMS andR. Cross-linking with the
homobifunctional thiol cross-linking agent bismaleimidohex-
ane(BMH,1 spacer arm length of 10.1 Å) was performed in
a mixture containing 20 mM Hepes (pH 6.5), 5 mM EDTA,
50 µg of protein, and 100µM BMH (37). The reaction was
allowed to proceed for 30 min at 24°C, and terminated with
the addition of SDS sample buffer (34). Samples (4µg) of
control and cross-linked proteins were loaded onto SDS gels.

PKC Phosphorylation.Phosphorylation of shark Na,K-
ATPase by PKC was performed essentially as previously
described (17). The enzyme was incubated for 25 min at 23
°C with PKC (5 µg/mg of protein) in a reaction mixture
containing 50 mM Hepes (pH 7.4), 10 mM MgCl2, 0.5 mM
CaCl2, 10% glycerol, 0.02 mM phosphatidylserine, 0.1µM
phorbol 12-myristate 13-acetate (PMA), and 3 mM ATP (Tris
salt). Following phosphorylation, control and PKC-phos-
phorylated enzyme were washed and homogenized in 20 mM
histidine (pH 7.4) containing 25% glycerol and kept at-20
°C until use.

RH421 Fluorescence Measurements.Time-resolved RH421
fluorescence was measured using a rapid mixing stopped-
flow spectrofluorimeter (SX.17MV, Applied Photophysics)
as previously described (38). The flow volume was 100-
300 µL. The excitation wavelength was 546 nm, and
fluorescence was measured at emissions ofg630 nm using
a cutoff filter. The dead time for the stopped-flow apparatus
was∼1.5 ms.

1 Abbreviations: BMH, bismaleimidohexane; SEM, standard error
of the mean.

FIGURE 1: Alignment of N-terminal sequences ofS. acanthiaswith that ofTorpedo californica(GenBank accession number P05025), rat
and pigR1 (GenBank accession numbers P06685 and P05024), and ratR2 (GenBank accession number P06686). Multiple alignment was
performed using Clustal W (55). Conventional PKC phosphorylation sites are predicted using the Prosite database. The N-terminal trypsin
cleavage site is indicated as T2. The predicted secondary helix structures (H1 and H2) using Predator (56) and PHD (57) are also indicated.
Note that at least in mammals the initial five amino acids are cleaved before targeting to the plasma membrane.
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Phosphorylation of the enzyme stabilized in either the E1

or E2 conformation was investigated by stopped-flow fluo-
rescence measurements using the membrane probe RH421
(38) as previously described (39, 40). In the first case, Na,K-
ATPase was initially stabilized in the E1 conformation in
one syringe containing 20µg of protein in 30 mM histidine
buffer (pH 7.4) with 50 mM Na+, 2 mM ATP, 0.1 mM
EDTA, and 0.4µg of RH421. The fluorescence increase
associated with phosphorylation was followed after addition
of Mg2+ from the second syringe containing 2.0 mL of 30
mM histidine buffer (pH 7.4) with 130 mM Na+, 0.1 mM
EDTA, and 5 mM Mg2+. ATP phosphorylation of the
enzyme initially stabilized in the E2 conformation was
assessed by omitting Na+ and Mg2+ from syringe 1. In this
case, the phosphorylation was initiated by ATP in the second
syringe containing 130 mM Na+, 0.1 mM EDTA, 5 mM
Mg2+, and 2 mM ATP.

Imaging and Digitizing.Scanning and intensity determi-
nation of gels were performed using ImageQuant TL image
analysis software (Amersham Biosciences).

RESULTS

N-Terminal Sequence Analysis ofR. In Figure 1, the
N-terminal sequence of the Na,K-ATPase from the sharkS.
acanthiasis shown compared to that ofTorpedo californica,
which is the closest relative with a known sequence, as well
as to pigR1 and ratR1 andR2.

As indicated, the Na,K-ATPase N-terminal sequences
contain a highly variable lysine-rich cluster just in front of
the first predicted helical segment (H1). In shark, this
sequence is extended by a four- to five-amino acid insert.
This is followed by a conserved stretch containing a
proteolytically sensitive lysine residue followed by the second
predicted helical segment (H2). As demonstrated by Jør-
gensen (1), the T2 site is sensitive to trypsin cleavage when
the enzyme is in the Na+ conformation (E1). In all five
sequences, the nonconventional PKC site (Ser11, or Thr11
in rat R2) is conserved, whereas the conventional N-terminal
PKC site, Ser18 in rat, is absent in pig kidney Na,K-ATPase
and replaced with glycine in the ratR2 isoform (41, 42).

CleaVage of the N-Terminus of theR-Subunit by Trypsin.
Jørgensen (1-6) originally characterized the cleavage pat-
terns of the kidney Na,K-ATPaseR-subunit in NaCl (E1)
and KCl (E2). In the E1 form, mainly two cleavage sites are
exposed: T2 which is∼30 amino acids from the N-terminal
end and T3 which is∼250 amino acids from the N-terminal
end at the TM3-A-domain interface. Following trypsin
cleavage in NaCl, the Na,K-ATPase activity decreased in a
biphasic manner in accordance with cleavage at these two
sites. The initial fast inactivation is caused by cleavage at
T2 in which the∼30 N-terminal amino acids are cleaved
producing the so-called N-terminally truncated enzyme. This
product can be difficult to resolve from the nativeR-subunit
on SDS gels, but under optimal conditions, this trypsin split
results in a band with a slightly increased mobility on SDS
gels. The subsequent slower inactivation is associated with
cleavage at T3, producing a fragment with an apparent
mobility on SDS gels of∼77 kDa.

In this study, only the initial cleavage of Na,K-ATPase in
the E1 form at T2 is investigated by employing a low trypsin:
Na,K-ATPase weight ratio, short exposure time, and low

temperature (0°C). In Figure 2, the proteolytic profiles after
trypsin treatment for 20 min of shark rectal gland and pig
renal Na,K-ATPase are compared using a trypsin:protein
weight ratio of 1:20 for the shark enzyme and 1:50 for the
pig enzyme to partially compensate for the faster inhibition
of the Na,K-ATPase activity of the pig enzyme than of the
shark enzyme. The weight ratio was dependent on the activity
of the trypsin preparation used, which was controlled by
spectroscopic measurements of the conventional esterase
activity toward TAME (35). Panels A and B of Figure 2
show immunoblots probed with C-terminal-specific and
N-terminal-specific anti-R antibodies, respectively, whereas
in Figure 2C, anti-PLMS or anti-γ antibodies were used as
probes.

As seen in Figure 2A, the proteolytic profiles of the shark
rectal gland and pig renal enzymes after trypsin exposure
for 20 min resemble each other qualitatively, and in both,
the position of theR-subunit is shifted marginally to a smaller
molecular mass indicating a slightly increased mobility
following N-terminal truncation. However, the intensity of
the upper band is not significantly decreased, demonstrating
that cleavage outside T2 is limited. N-Terminal truncation
is, however, difficult to verify by the small shift inR
mobility, but can be easily detected by immunostaining using
N-terminal-specific antibodies (Figure 2B). As noted in the
immunoblot using the N-terminal-specific antibody, the shark
enzyme is cleaved faster at the T2 cleavage site than the pig
enzyme due to the uneven trypsin:protein conditions. This
is also apparent from the imaged and digitized blots depicted
in Figure 3B. In both preparations, a faint band representing
a degradation product migrating at a molecular mass of∼77
kDa, which is produced by trypsin hydrolysis at the T3 site
in the A-domain-TM3 border (3, 43), is also observed, as
well as a complex of low-molecular mass bands accumulated
around 30-40 and∼18 kDa representing secondary cleavage
of the 77 kDa fragment (4). No C-terminal cleavage products
migrating at∼58 kDa representing hydrolysis at the T1 site
in the E2 enzyme conformation (3, 43) are observed. As seen
from Figure 2A, the secondary cleavage patterns seem to be
different in pig and shark enzyme. Time-resolved experi-
ments (not shown) demonstrate that the secondary cleavage
of the 77 kDa fragment and the 30-40 kDa fragments is
appreciably faster in pig enzyme than in shark enzyme,

FIGURE 2: Immunoblots of shark rectal gland and pig renal Na,K-
ATPase after mild trypsin treatment. Panel A shows immunoblots
using shark and pig enzymes before (-) and after (+) trypsin
treatment probed with a C-terminal-specific antibody to the
R-subunit. In panel B, immunostaining with N-terminal-specific
antibodies was used. Panel C depicts immunoblots using anti-PLMS
(shark, left two lanes) or anti-γ antisera (pig, right two lanes).
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resulting in a more intense 18 kDa band in the former.
Moreover, the 77 kDa fragment is initially present as a single
band, but later becomes resolved as a doublet, as also
previously noted (43).

As demonstrated by the immunoblot probed with anti-
PLMS antiserum, PLMS is cleaved under these mild condi-
tions (Figure 2C, left panels). As previously shown, PLMS
contains a very labile C-terminal trypsin cleavage site
upstream of the multisite phosphorylation domain at Lys51
(18, 21). In contrast, the pig kidneyγ-subunit is resistant to
the mild trypsin treatment, as indicated in the immunoblot
using anti-γ antiserum by the persistence of theγ-doublets
after the mild trypsin treatment (Figure 2C, right panels). It
has previously been shown that the upperγ-band (γa) is
sensitive to trypsin but only during prolonged treatment in
the absence of K+ and presence of Mg2+ (44).

In Figure 3A, the hydrolytic activity as a function of
trypsin exposure at 0°C is shown for the two enzymes using
the standard trypsin:protein weight ratio of 1:20 for the shark
rectal gland and 1:50 for the pig renal enzyme. The rate
constants for the monoexponential inactivation are 0.10(
0.01 min-1 for the shark enzyme and 0.21( 0.04 min-1 for
the pig enzyme. Thus, the pig kidney enzyme activity is
significantly more labile than the shark rectal gland enzyme,
even considering the higher trypsin concentration used for
the shark enzyme. Using an identical trypsin:protein weight
ratio, the rate constant for inactivation at 0°C within the
first 30 min is∼10 times higher for the pig renal than for
the shark rectal gland enzyme. In comparing the primary
sequences of the N-terminus, we find it difficult to account
for such a difference (Figure 1). Indeed, the protection of
the T2 and T3 trypsin cleavage sites in the N-terminus and
A-domain of shark enzyme could be a result of a different
intrinsic folding or, more likely, due to shielding either by
other cytoplasmicR-domains or by the associated FXYD
regulatory protein, PLMS. Actually, in all experiments the
deactivation of shark Na,K-ATPase activity is preceded
initially by a small activation that is correlated with the
truncation of PLMS, which as previously demonstrated
relieves its inhibition of the enzyme (18). That this small

initial activation due to PLMS truncation is not the cause of
the subsequent different rate of inactivation in the two
preparations is demonstrated by the unchanged rate of
inactivation observed if the shark enzyme is pretreated with
a very small amount of trypsin to achieve selective PLMS
truncation before N-terminal cleavage of theR-subunit
(Figure 3A).

The decrease in hydrolytic activity seems not to be strictly
correlated with the speed of removal of the N-terminus of
the two enzymes, as seen by the imaged and digitized
immunoblots using N-terminal-specific antibodies depicted
in Figure 3B. Thus, although removal of the N-terminus is
associated with inhibition in both enzyme preparations as
previously demonstrated (7), the faster N-terminal cleavage
of shark enzyme than of pig enzyme is associated with a
slower inhibition rate in shark than in pig enzyme.

The steady-state levels of acid-stable phosphoenzyme (EP)
of Na,K-ATPase before and after N-terminal truncation under
standard conditions (1:20 and 1:50 trypsin:protein ratio for
the shark and pig enzymes, respectively) were measured in
the presence of 25µM ATP, 1 mM Mg2+, and 150 mM Na+.
For both shark rectal gland and pig renal enzymes, the
phosphoenzyme level was unaffected by the standard trypsin
treatment (typically 2.2 nmol/mg of protein for shark and
1.6 nmol/mg for pig enzyme), as previously demonstrated
for kidney enzyme (4), indicating that the measured level of
inhibition of hydrolytic activity is paralleled by a similar
decrease in the rate of turnover per phosphorylation site (data
not shown).

Functional Effects of N-Terminal CleaVage of theR-Sub-
unit. To compare functional effects associated with N-
terminal cleavage of theR-subunit of pig renal and shark
rectal gland Na,K-ATPase, several steady-state properties,
like alkali cation and ATP substrate dependence, or E1-E2

equilibrium, as well as some partial reactions such as
phosphorylation reactions were studied. For the shark
enzyme, a problem arises, since the mild trypsin treatment
used to induce N-terminal cleavage of theR-subunit will
also cleave off the C-terminal domain of PLMS (cf. Figure
2C). Therefore, the effects of N-terminal truncation of the
R-subunit were compared with effects of selectively cleaving
the C-terminus of PLMS (18, 22). A similar problem does
not exist with regard to N-terminal cleavage of the pig kidney
enzyme where theγ-subunit is intact after trypsin treatment.

ATP Substrate CurVe. In Figure 4, the hydrolytic activities
of native and N-terminally truncated enzymes of shark and
pig are shown as a function of the ATP concentration at 130
mM Na+ and 20 mM K+, which is optimal in the higher
concentration range of ATP ([ATP]> 100 µM). Controls
for the shark enzyme in which only PLMS is cleaved whereas
the R-subunit is left intact are included. The C-terminal
PLMS cleavage did not change the ATP activation, except
for an increase in maximum hydrolytic activity, whereas
N-terminal truncation ofR decreasedVmax slightly, but
significantly (p < 0.015). As seen from Figure 4, the effects
of N-terminal truncation ofR on the maximum hydrolytic
activity for the two enzyme preparations confirm the results
given in Figure 3 that whereasVmax is significantly decreased
for the pig kidney enzyme it is only slightly decreased in
the shark enzyme. Actually, in the lower range of ATP
concentrations (<100 µM), the shark Na,K-ATPase is
activated both by N-terminal truncation (∼15%), as also

FIGURE 3: Inactivation of Na,K-ATPase activity by mild trypsin
treatment. (A) Time course of hydrolytic activity as a function of
trypsin treatment at 0°C for shark (O) and pig (0) enzymes. The
trypsin:protein ratio was 1:20 and 1:50 (w:w) for shark and pig
enzymes, respectively. Monoexponentials with observed rate con-
stants of 0.10( 0.02 (shark) and 0.21( 0.04 s-1 (pig) were fitted
to the data. Also shown are results where PLMS of the shark
enzyme is initially cleaved by incubation with trypsin at a trypsin:
protein ratio of 1:200 followed by N-terminal truncation using the
standard 1:20 trypsin:protein ratio (4). In panel B, the intensity of
the immunostaining using N-terminal-specific antibodies toR is
shown (cf. Figure 2B). Rate constants for the monoexponential
decays were 0.08( 0.01 and 0.33( 0.01 s-1 for pig and shark
enzymes, respectively.
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previously demonstrated for the kidney enzyme (9), and by
PLMS truncation (∼40%). When the activation curve for
the shark enzyme is fitted with hyperbolic curves considering
only one (low-affinity) binding site, the apparent ATP
affinities (K′ATP) for the native and N-terminally cleaved
shark rectal gland enzyme were identical (184( 9 and 188
( 8 µM, respectively). For the PLMS-truncated enzyme, the
K′ATP was also similar, 194( 8 µM. For the pig kidney
enzyme, the corresponding values were 508( 28 and 341
( 24 µM, respectively. The two latter values were signifi-
cantly different (p < 0.001). The decrease inK′ATP for the
pig kidney enzyme is almost paralleled by the decrease in
Vmax from 197 to 145µmol mg-1 h-1, indicating that the
change in the apparent ATP-affinity is conformation-de-
pendent rather than due to a change in the interaction of ATP
with the enzyme (45). The values for the pig kidney enzyme
confirm previous results from rat kidney, where a similar
increase in the apparent ATP affinity was found after
N-terminal truncation (9).

Na+ and K+ ActiVation of Na,K-ATPase ActiVity. The Na+

activation of the shark Na,K-ATPase activity at 20 mM K+,
3 mM Mg2+, and a saturating ATP concentration (3 mM)
was only slightly affected by either N-terminal truncation
of R or C-terminal PLMS truncation (not shown). For both,
a small but significant decrease (p < 0.0001) in the apparent
Na+ affinity is observed. Thus, following N-terminal trunca-
tion or PLMS truncationK′ATP increases from 12.9( 0.1
mM in controls to 14.9( 0.1 mM following N-terminal
truncation, and to 14.2( 0.2 mM following PLMS trunca-
tion.

Also, the K+ activation of the Na-ATPase activity of the
shark enzyme at saturating Na+ (130 mM) and ATP (3 mM)
concentrations was only slightly affected by N-terminal
cleavage ofR, or C-terminal PLMS truncation. In both cases,
the apparent K+ affinity decreased (p < 0.0001) withK′K
being 0.84( 0.13 mM for the native enzyme, 1.11( 0.17
mM for the N-terminally cleaved enzyme, and 1.09( 0.14

mM for the PLMS-truncated enzyme. The effects of PLMS
truncation on apparent Na+ and K+ affinities are comparable
to the ones previously described (18).

For the pig kidney enzyme, the same pattern of Na+ and
K+ activation is found as for the shark enzyme (not shown)
and only small changes in the cation affinities are found as
a result of N-terminal truncation.

E1-E2 Equilibrium.Vanadate is a transition-state analogue
of inorganic phosphate that binds preferentially with the E2

conformation of the enzyme. Therefore, the enzyme sensitiv-
ity to vanadate inhibition can be used as an indication of
the steady-state distribution of E1 and E2, as previously
described (9). The vanadate inhibition curves for shark Na,K-
ATPase before and after cleavage of the N-terminus, and
after selective cleavage of PLMS, are shown in Figure 5.
As seen, N-terminal truncation and PLMS truncation both
right-shifted the vanadate inhibition curves, and more for
the N-terminally truncated enzyme than for the PLMS-
truncated enzyme. Thus, the vanadate inhibition constant,
KI, is increased∼10 times for the shark enzyme after
N-terminal truncation, from∼2 µM in control to ∼18 µM
in the N-terminally truncated enzyme, and∼3 times to 5.5
µM in the PLMS-truncated enzyme, indicating in both cases
a shift in the E1-E2 poise toward the E1 conformation.
Similar effects of N-terminal truncation have previously been
demonstrated in mutagenesis studies using ratR1 (9, 12).
We have also previously shown that PLMS truncation in
itself also stabilizes the E1 conformation as indicated by a
shift in theKI for vanadate inhibition by a factor of 3 (cf.
Figure 11 in ref18). These changes in the steady-state E1-
E2 equilibrium are also likely to affect other conformation-
dependent steady-state properties of the enzyme like the
apparent Na+ and K+ affinities.

Phosphorylation Reaction and E2 to E1 Transition.The
phosphorylation reaction of the shark rectal and pig renal
enzyme was investigated by stopped-flow fluorescence
measurements using the membrane probe RH421 (38, 46).
This styryl dye partitions into the membrane containing
Na,K-ATPase and is sensitive to the formation of E2-P.

In the phosphorylation reactions, the formation of E2-P
was assessed starting the reaction from either the E1 or E2

conformation (38, 39). Since the E2 f E1 reaction rate-limits

FIGURE 4: ATP substrate curves of shark (A) and pig Na,K-ATPase
(B) before (O, native enzyme) and after N-terminal cleavage ofR
by trypsin (0). Also shown in panel A is the ATP substrate curve
of the shark Na,K-ATPase preparation containing truncated PLMS
(], PLMS-truncated). The hydrolytic activity was measured at 130
mM Na+, 20 mM K+, and 4 mM Mg2+ in 30 mM histidine buffer
(pH 7.4 and 23°C). The curves are calculated by fitting a one-site
binding equation hyperbola to the data using the fitting parameters,
Vmax and K′ATP (low affinity). The fitted parameters for shark
enzyme are as follows:Vmax ) 553( 7 µmol mg-1 h-1 andK′ATP
) 184( 8 µM for the native enzyme,Vmax ) 529( 6 µmol mg-1

h-1 and K′ATP ) 188 ( 8 µM for the N-terminally truncated
enzyme, andVmax ) 583 ( 6 µmol mg-1 h-1 andK′ATP ) 194 (
8 µM for the PLMS-truncated enzyme. The fitted parameters for
pig enzyme are as follows:Vmax ) 197 ( 4 µmol mg-1 h-1 and
K′ATP ) 508 ( 28 µM for the native enzyme andVmax ) 145 ( 3
µmol mg-1 h-1 and K′ATP ) 341 ( 25 µM for the N-terminal
truncated pig enzyme. The data points are means( SEM of
triplicate determinations.

FIGURE 5: Vanadate inhibition of native, N-terminally truncated
shark Na,K-ATPase, and PLMS-truncated enzymes. Hydrolytic
activity is measured at 10µM ATP, 125 mM Na+, 5 mM K+, and
1 mM Mg2+. A sigmoid dose-response curve was fitted to the
data. The inhibitor constantsKI for half-maximal inhibition of
control, N-terminal truncated, and PLMS-truncated shark enzymes
are 2.18( 0.01, 18.3( 0.2, and 5.51( 0.04 µM, respectively.
The Hill coefficients were all insignificantly different from 1.0.
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the subsequent reactions, the rate of this transition can be
estimated from the rate of phosphorylation when the enzyme
is stabilized in the E2 conformation prior to phosphorylation.
When the reaction is started from the E1 conformation, the
phosphorylation step is rate-limiting (47, 48), except at low
temperatures where the E1∼P f E2-P reaction may become
partially rate-determining, at least in the shark enzyme (46).
Stabilization of the E1 conformation of the enzyme is
achieved by incubation of the enzyme in Na+ and ATP prior
to phosphorylation, which is initiated by subsequent addition
of Mg2+, and thus represents the E1Naf E1NaATPf E1∼P
f E2-P reactions. Stabilization of the enzyme in the E2

conformation is achieved by incubation in histidine buffer
in the absence of alkali cations or Mg2+, and the fluorescence
increase after subsequent simultaneous addition of Na+ and
MgATP represents the E2 f E1NaATP f E1∼P f E2-P
reaction.

As seen from Figure 6A, the phosphorylation rate at 23
°C when the enzyme was initially in the E1 conformation
increases after N-terminal truncation from∼156( 8 s-1 (n
) 5) to 204 ( 6 s-1 (n ) 4) (p < 0.0001). We have
previously found a similar increase in the rate of the
phosphorylation reaction of∼30% as a result of specific
PLMS truncation (18). Thus, the increase in phosphorylation
rate associated with cleavage of theR N-terminus is probably

the result of the concomitant cleavage of the PLMS C-
terminus.

When the phosphorylation reaction is assessed using
enzyme initially stabilized in the E2 conformation, the phos-
phorylation reaction is slower than if phosphorylation is ini-
tiated from the E1 conformation, and also is accelerated after
N-terminal truncation from a rate of 58( 1 s-1 (n ) 3) to
a rate of 107( 4 s-1 (n ) 4) (p < 0.0001) (Figure 6A).

A somewhat different pattern is observed for the pig
kidney enzyme (Figure 6B). Phosphorylation initiated from
E1 (rate constant of 115( 8 s-1, n ) 4) is also faster than
that from E2 (95 ( 5 s-1, n ) 4) as found for the shark
enzyme. However, N-terminal truncation decreased signifi-
cantly (p < 0.0001) the rate of the phosphorylation reaction
both for the enzyme initially stabilized in E1 (rate constant
of 42 ( 6 s-1, n ) 4) and for the enzyme stabilized in E2

(28.7 ( 0.6 s-1, n ) 4).
Interaction of PLMS with Na,K-ATPase Membranes.In a

recent investigation using covalent cross-linking (21), we
demonstrated interaction of PLMS with the A-domain of the
R-subunit using the thiol cross-linker 1,4-bismaleimidyl-2,3-
dihydroxybutane (BMDB, spacer arm length of 12 Å). The
site of cross-linking was identified to be Cys254 in the
A-domain of theR-subunit and the C-terminal Cys74 of
PLMS (21). The same results were obtained with the
homobifunctional thiol cross-linking agent bismaleimidohex-
ane (BMH) with a slightly shorter spacer arm length of 10
Å. As seen from Figure 7, treatment of shark Na,K-ATPase
with BMH cross-links endogenous PLMS andR as demon-
strated by the appearance of a new band above theR band
detected with anti-R or anti-PLMS antibodies in the immu-
noblot (Figure 7, lane 2of panel A and lane 2 of panel B).

As seen from panels A and B of Figure 7, cross-linking is
absent after N-terminal truncation ofR, or after C-terminal
truncation of PLMS, as previously found (21). This is due
to removal of the C-terminal Cys74 on PLMS by trypsin
cleavage at Lys51. Thus, it is difficult to assess directly in
such cross-linking experiments whether N-terminal truncation
influences the interaction between endogenous PLMS and
the R-subunit per se since the conditions used to obtain
N-terminal truncation ofR also cause C-terminal cleavage
of PLMS (cf. Figure 2). Since PLMS is very hydrophobic,
however, added purified (exogenous) PLMS will partition
into the membrane preparations. Therefore, to investigate
whether the N-terminus ofR affected the PLMS-R interac-
tion, cross-linking was performed under conditions where
purified PLMS was added to either PLMS-truncated shark
Na,K-ATPase preparations, where endogenous PLMS is
cleaved, or after N-terminal truncation where both PLMS
and the N-terminus are cleaved. Thus, the former serves as
a positive control indicating whether exogenous PLMS can
cross-link withR, since interaction with endogenous PLMS
is prevented by C-terminal cleavage, whereas the latter
experiment tests if the N-terminus ofR is important for
PLMS interaction. As seen from panels C and D of Figure
7, where the fraction of PLMS specifically associated with
the R-subunit was probed by immunostaining with anti-R
or anti-PLMS antiserum after incubation with BMH, cross-
linking of exogenous PLMS toR is observed in the PLMS-
truncated enzyme preparation, whereas it is absent in the
N-terminally truncated preparation. Also noted (panel D) is
PLMS-PLMS cross-linking under these conditions, indicat-

FIGURE 6: Rate constants for phosphorylation of native and
N-terminally truncated shark enzyme (A) or pig kidney enzyme
(B) when phosphorylation is initiated from enzyme initially
stabilized in either the E1 conformation (30 mM histidine, 50 mM
Na+, and 2 mM ATP) by addition of Mg2+ or the E2 conformation
(30 mM histidine alone) by addition of NaCl and MgATP. For the
native shark enzyme stabilized in E1 and E2, the rate constants were
156( 8 and 58( 1 s-1, respectively. After N-terminal truncation,
the rate constants increased to 204( 6 and 107 ( 4 s-1,
respectively. For the native pig enzyme stabilized in E1 and E2,
the rate constants were 115( 8 and 95( 5 s-1, respectively. After
N-terminal truncation, the rate constants decreased to 42( 6 and
28.7 ( 0.6 s-1, respectively.

FXYD Regulation of Na,K-ATPase Biochemistry, Vol. 44, No. 39, 200513057



ing PLMS oligomerization in the membrane phase, as
previously demonstrated (17).

Next, the effects of exogenous PLMS on Na,K-ATPase
activity of native and N-terminally truncated enzymes was
investigated. Thus, if purified PLMS was added to native or
PLMS-truncated shark membrane preparations, the hydrolytic
activity measured at 100 mM Na+, 10 mM K+, and 20µM
ATP was markedly changed, but not when added to the
N-terminally truncated enzyme. As seen from Figure 8A,
the hydrolytic activity increased and saturated when native
Na,K-ATPase was used, whereas activity was inhibited in
the case of the PLMS-truncated enzyme.

The amount of added PLMS giving maximum activation
(0.5 µg of PLMS) corresponded to a PLMS:Râ molar ratio

of ∼17:1, assuming that all added PLMS partitions into the
membranes. Paradoxically, the amount of immunostained
PLMS cross-linked to native Na,K-ATPase decreased with
an increasing level of addition of purified PLMS, as indicated
from Figure 8B (see Discussion).

We have previously shown that PLMS can also associate
with the pig renal enzyme since added purified PLMS is
immunoprecipitated together with the pig kidneyRâ-complex
(17). However, contrary to the findings with the shark
enzyme, addition of purified PLMS to the pig kidney enzyme
did not affect the hydrolytic activity (not shown).

Protein Kinase Phosphorylation.To test whether the
interaction of the shark N-terminus with PLMS was affected
by PKC phosphorylation, we compared the sensitivity of
shark Na,K-ATPase activity to trypsin treatment before and
after phosphorylation by PKC. A typical result is shown in
Figure 9 where the shark enzyme is preincubated with ATP
in the presence or absence of PKC followed by washing and
trypsin incubation. Under these conditions, PLMS is phos-
phorylated by PKC at the C-terminal multisite phosphory-
lation domain (17, 18, 22) and theR-subunit is phosphory-

FIGURE 7: Cross-linking of endogenous and added PLMS to shark
R-subunit. Cross-linking was achieved using BMH. Panels A and
B show immunoblots of cross-linking of endogenous PLMS to
native (lane 2), N-terminally truncated (N-tr, lane 3), or PLMS-
truncated (lane 4) Na,K-ATPase compared to untreated enzyme
(lane 1) as detected using either a C-terminal-specific anti-R
antiserum (A) or an anti-PLMS antibody (B). As seen in lane 2 of
panel A, cross-linking of PLMS and nativeR is indicated by the
presence of a band with increased molecular mass detected by the
anti-R antibody. The same band is detected in lane 2 of panel B
using the anti-PLMS antibody. However, after N-terminal trunca-
tion, cross-linking products are absent as detected by immuno-
blotting with the anti-R antibody (panel A, lane 4) or anti-PLMS
antibody (panel B, lane 4). Cross-linking ofR and PLMS is also
absent after truncation of endogenous PLMS (panel B, lane 3).
Panels C and D show cross-linking experiments with exogenous
PLMS. In panels C and D, immunoblots are shown where purified
PLMS (3 µg/mg of enzyme) is added to native (lane 1), PLMS-
truncated (lane 2), or N-terminally truncated (lane 3) enzymes before
cross-linking and SDS-PAGE. In panel C, the anti-R antiserum is
used, and in panel D, the same experiments are shown using anti-
PLMS antiserum. As seen, cross-linking of exogenous PLMS is
observed using PLMS-truncated enzyme preparations (lanes denoted
2) but not when PLMS is added to N-terminally truncated enzyme
(lanes denoted 3). In lane 1 of panel D, endogenous PLMS is
detected. In lanes 2 and 3, the 10 kDa C-terminally truncated PLMS
(t-PLMS) is detected together with the added exogenous PLMS
(15 kDa). The faint bands running at slightly higher molecular
masses represent cross-linked PLMS-PLMS.

FIGURE 8: Functional interaction of shark Na,K-ATPase and
exogenous PLMS. Panel A shows the effects of addition of PLMS
on the Na,K-ATPase activity of native (O), PLMS-truncated (3),
or N-terminally truncated (0) shark enzyme preparations. Purified
PLMS was added to the enzyme preparations (∼0.5 µg) in
increasing amounts up to 2µg corresponding to a PLMS:Râ molar
ratio of approximately 70:1. Hydrolytic activity was measured at
20 µM ATP, 100 mM Na+, and 10 mM K+. The temperature was
23 °C. In panel B, an immunoblot using anti-PLMS antiserum of
the cross-linked product of the native enzyme preparation and after
addition of increasing amounts of PLMS is shown, as indicated in
the figure, followed by cross-linking using BMH. The area intensity
of the immunostaining of the cross-linked product is shown below.

FIGURE 9: PKC phosphorylation and effects of trypsin cleavage at
0 °C on optimal Na,K-ATPase activity. The hydrolytic activity
measured at 23°C following trypsin cleavage (1:20 trypsin:protein
weight ratio) was compared for shark Na,K-ATPase incubated with
or without PKC in the presence of 3 mM NaCl, 15µM EDTA, 15
µM EGTA, and 3 mM ATP. Incubation was followed by washing
in imidazole buffer. After the initial activation, the hydrolytic
activity decreased exponentially with rate constants of 0.10( 0.02
(control) and 0.58( 0.01 min-1 (PKC).
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lated both at the N-terminal PKC site (cf. Figure 1) and by
ATP at the catalytic site. As demonstrated, the subsequent
inactivation associated with N-terminal truncation of the
R-subunit is appreciably faster in the PKC-treated preparation
than in the control (rate constants of 0.58( 0.01 and 0.10
( 0.02 min-1, respectively), indicating that PKC phospho-
rylation exposed the N-terminal T2 trypsin cleavage site.
Since the observed accelerating effect on trypsin inactivation
is only observed in the presence of PKC, phosphorylation
at the catalytic site in theR-subunit is not the reason for the
increased trypsin sensitivity. This is also confirmed by the
identical inhibition rates for the enzyme inhibited without
ATP (cf. Figure 3A) and with ATP (Figure 9).

DISCUSSION

The N-terminal segment of the kidney Na,K-ATPase
R-subunit, consisting of∼30 amino acids with a sequence
highly variable among species and isoforms (Figure 1), has
previously been shown to affect enzyme turnover and
conformational equilibrium (1-12). Different attempts have
been made to pinpoint which steps in the reaction cycle are
affected by various manipulations affecting the N-terminus
such as truncation using trypsin cleavage, or using deletion
mutants, andR1-R2 chimeras. The two main findings
resulting from such manipulations are that N-terminal
truncation ofR shifts the conformational equilibrium toward
E1 and that the maximum turnover rate is decreased.
Moreover, several effects of N-terminal truncation on
intrinsic enzyme kinetics have emerged, like changes in the
K+ deocclusion step measured at low ATP concentrations
and low temperatures (7-11), perturbed cation interaction
and translocation (49-51), or changes in the transport
stoichiometry (52). From mutagenesis studies with various
deletions of N-terminal residues of theR-subunit, it was
suggested that the N-terminal domain of the kidneyR-subunit
play an autoregulatory role in controlling the E1-E2 con-
formation of the enzyme by interaction of the N-terminus
TM2-TM3 loop with the large catalytic domain (11).

Another line of evidence suggesting a complex function
of the N-terminus is the finding in this investigation that
although progressive inhibition of enzyme activity results
in increasing exposure to trypsin in both the shark and pig
enzymes, the rate of inactivation varies inversely with the
rate of deletion of the N-terminus in the two preparations
(Figure 3). The different rate of inhibition following N-
terminal cleavage in shark and pig cannot be due to variable
secondary cleavage at the T3 cleavage site, which is
insignificant in both preparations under the conditions
described herein (cf. Figure 2). Alternatively, secondary
cleavage of the N-terminally truncated enzyme outside the
T3 cleavage site leading to enhanced inhibition could be more
pronounced in the pig enzyme than in the shark enzyme,
although such secondary cleavage sites different from the
T3 site have not been previously described in the native
kidney enzyme. From mutagenesis studies, it has been
shown, however, that the hydrolytic activity is critically
dependent on the number of N-terminal amino acids that are
cleaved (12). From Figure 1, five potential trypsin cleavage
sites, including T2, can be identified in the shark N-terminal
sequence. In rat kidney the split at position Lys40 leads to
enhanced inhibition compared to that with the Lys32 split
in kidney enzyme deletion mutants (12). A variable cleavage

pattern in the N-terminal part of the shark and kidney
preparations is difficult to invoke as an explanation for the
different inhibition pattern in the two preparations since all
potential trypsin splits of the shark enzyme are conserved
in pig R1.

Also, the kinetic effects resulting from N-terminal trunca-
tion of the two enzyme preparations seem to differ. Some
of these effects could be related to the fact that N-terminal
cleavage of the shark enzyme also leads to cleavage of
PLMS, whereas in the kidney enzyme, theγ-subunit is intact
after N-terminal cleavage (Figure 2C). Therefore, to separate
these effects, controls incorporating data on C-terminal
truncation of PLMS are included in all the kinetic investiga-
tions of the N-terminally truncated shark enzyme. Thus,
whereas N-terminal truncation shifted the conformational
equilibrium between the two main conformations, E1 and
E2, toward E1 (Figure 5) for both shark and pig kidney
enzymes, the two preparations exhibited different patterns
with regard to the effect of N-terminal truncation onVmax or
the maximum rate of turnover (kcat) (Figures 3 and 4): in
the pig renal enzyme N-terminal truncation significantly
decreasedVmax, whereas in the shark enzymeVmax was only
moderately decreased by 5-15%. The effect of N-terminal
truncation onVmax and kcat has previously been measured
for both trypsin-treated rabbit and rat kidney enzymes (1-
3, 7) and using the recombinant N-terminally deleted enzyme
(9). In the former, the maximum activity was only slightly
decreased, when expressed per milligram of truncated
enzyme, whereas in the latter, a 50% decrease inkcat was
found. The apparent affinity of the shark enzyme for ATP
was unaffected by N-terminal truncation or C-terminal PLMS
cleavage, whereas the apparent ATP affinity increased for
the N-terminally truncated pig kidney enzyme (Figure 4),
in accordance with results using the rat kidney enzyme (9).
These results using the shark enzyme also confirm previous
results with the kidney enzyme (7, 8) that N-terminal
cleavage only marginally changed the apparent affinities for
Na+ and K+.

The E2 f E1 reaction has been demonstrated to be the
major rate-limiting step in the Na,K-ATPase reaction cycle
not only at low ATP concentrations but also under physi-
ological conditions (39, 53). As seen from Figure 6,
N-terminal truncation increases the rate of both the E2 f E1

reaction and the phosphorylation reaction for the shark rectal
gland enzyme at saturating ATP concentrations, whereas for
the pig kidney enzyme, the rates of the E2 f E1 reaction
and the phosphorylation reaction both decrease after N-
terminal truncation. Thus, the lower maximum rate of
turnover of the pig kidney enzyme after N-terminal truncation
could be due to a decrease in the rate of the E2 f E1 reaction.
It has previously been found that the rate of the E2(K2) ff
E1 reactions in kidney enzyme increases after N-terminal
truncation under nonphysiological conditions of a low ATP
concentration (1µM) and a low temperature (10°C) (7-
11). The increased phosphorylation rate after N-terminal
truncation of the shark enzyme is probably the result of the
simultaneous PLMS cleavage, since specific cleavage of the
C-terminal domain of PLMS increases the rate of phospho-
rylation (14). However, the different effect of N-terminal
truncation on the E2 f E1 reaction in shark and pig enzymes
is probably not the result of the simultaneous cleavage of
PLMS, which has previously been shown to increase the rate
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of deocclusion of K+ at low ATP concentrations such as in
the pig kidney enzyme (7-11, 14), but not the E2 f
E1NaATP reaction at saturating ATP concentrations (14).
Therefore, the different kinetic effects of N-terminal trunca-
tion between shark rectal and pig renal enzymes could be
due to effects from the presence of different FXYD proteins
in the two preparations and their different interactions at the
cytoplasmic face of the enzyme. Thus, the recently discov-
ered difference in the spatial localization of the two associ-
ated FXYD proteins, where PLMS interacts with the
A-domain near the N-terminus (21) and the γ-subunit
interacts withR-domains further from the N-terminus near
the L6-L7 and L8-L9 loops (20), could be important for
the different kinetic effects observed in the two preparations
after N-terminal truncation.

To test more directly whether the different effects of
N-terminal truncation in shark and pig enzymes could be
related to interactions by the FXYD proteins, the effects of
N-terminal truncation on covalent cross-linking ofR and
PLMS were investigated (Figure 7). The results that N-
terminal truncation prevented the cross-linking of exogenous
PLMS with shark R, but not with the PLMS-truncated
enzyme (Figure 7), demonstrate that exogenous PLMS does
interact with theR-subunit and strongly indicate that the
N-terminus of sharkR is involved in the regulation of the
interaction ofR with PLMS. The absence of cross-linking
of innate PLMS with both N-terminally truncated and PLMS-
truncated Na,K-ATPase as detected by immunoblotting is
not due to removal of the antibody-specific epitope on PLMS
upon trypsin treatment, since this is retained after trypsin
treatment (cf. Figure 2C); rather, the C-terminal Cys74 of
PLMS (18) necessary for cross-linking is removed by the
trypsin treatment (21).

Moreover, functional interactions between PLMS and the
N-terminus of theR-subunit are indicated by the effects on
the hydrolytic activity resulting from addition of purified
PLMS to the native and PLMS-truncated shark Na,K-
ATPase, but not of the N-terminally truncated enzyme
(Figure 8A). The observed inhibition of the PLMS-truncated
enzyme by exogenous PLMS is in accord with previous
results showing that inhibition is due to interaction with the
cytoplasmic domain of PLMS (18, 22). The activation
observed by addition of PLMS to the native enzyme could
indicate that exogenous PLMS interacts differently withR
than endogenous PLMS (17). Another explanation is sug-
gested, however, by the cross-linking experiments using an
increasing level of purified PLMS (Figure 8B), which
indicate that purified PLMS competes at the transmembrane
level with native Na,K-ATPase in such a way that an
increasing level of exogenous PLMS decreases rather than
increases the fraction of PLMS associated with Na,K-
ATPase. Functional effects of exogenous transmembrane
peptides caused by interaction with endogenous transmem-
brane domains have previously been demonstrated for a range
of plasma membrane transporters, including the dopamine
transporter (54).

As seen from Figure 9, the inactivation following N-
terminal truncation by trypsin is considerably accelerated by
initial PKC phosphorylation. This exposure of the T2 trypsin
cleavage site following PKC phosphorylation could be due
to conformational changes induced by phosphorylation at the
PKC sites located at the N-terminus (cf. Figure 1), or due to

PKC-induced abrogation of the protection from trypsin attack
provided by association of PLMS with the Na,K-ATPase
R-subunit. Thus, the N-terminal PKC sites on the Na,K-
ATPase could be involved in regulation of the PLMS-R
interaction, as previously suggested (17, 18, 22).

To conclude, the data presented in this study suggest that
the N-terminus ofR is important for the functional interac-
tions of PLMS with the sharkR-subunit. Cross-linking
experiments and kinetic investigations (14, 21) both indicate
that it is quite conceivable that PLMS contacts may be within
the same A-domain area of the N-terminus postulated to be
important for autoregulation (12). Such PLMS-R interaction
could be controlled via protein kinase phosphorylation.
Indeed, both PLMS and the N-terminus include highly
charged domains and several protein kinase phosphorylation
sites that could be important in regulation of electrostatic
interactions. However, the possibility that PLMS may also
interact and affect theR N-terminus more indirectly via its
interactions with other regions of the A-domain cannot be
ruled out. The conformational transitions of Na,K-ATPase
involve large movements of the A-domain, and these
movements probably involve complex interactions between
the N-terminus and cytoplasmic TM2-TM3 loop with the
catalytic TM4-TM5 loop (12). Thus, interaction of PLMS
with the N-terminus is optimal in achieving complex
regulation of Na,K-ATPase activity.
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