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Protein Kinase Phosphorylatibn

Flemming Corneliusand Yasser A. Mahmmoud
Department of Biophysics, Institute of Physiology and Biophysicsydgsity of Aarhus, Aarhus 8000, Denmark
Receied October 30, 2006; Resed Manuscript Receed January 2, 2007

ABSTRACT. FXYD10 is a 74 amino acid small protein which regulates the activity of shark Na,K-ATPase.
The lipid dependence of this regulatory interaction of FXYD10 with shark Na,K-ATPase was investigated
using reconstitution into DOPC/cholesterol liposomes with or without the replacement of 20 mol % DOPC
with anionic phospholipids. Specifically, the effects of the cytoplasmic domain of FXYD10, which contains
the phosphorylation sites for protein kinases, on the kinetics of the Na,K-ATPase reaction were investigated
by a comparison of the reconstituted native enzyme and the enzyme where 23 C-terminal amino acids of
FXYD10 had been cleaved by mild, controlled trypsin treatment. Several kinetic properties of the Na,K-
ATPase reaction cycle as well as the FXYD-regulation of Na,K-ATPase activity were found to be affected
by acidic phospholipids like PI, PS, and PG. This takes into consideration thamdeK" activation, the
K*-deocclusion reaction, and the poise of thEEEconformational equilibrium, whereas the ATP activation

was unchanged. Anionic phospholipids increased the intermolecular cross-linking between the FXYD10
C-terminus (Cys74) and the Cys254 in the Na,K-ATPase A-domain. However, neither in the presence
nor in the absence of anionic phospholipids did protein kinase phosphorylation of native FXYD10, which
relieves the inhibition, affect such cross-linking. Together, this seems to indicate that phosphorylation
involves only modest structural rearrangements between the cytoplasmic domain of FXYD10 and the
Na,K-ATPase A-domain.

FXYD proteins are small, single membrane spanning its interaction with SERCA, but several studies using cross-
proteins defined by an invariant extracellular FXYD motif linking or co-immunoprecipitation imply that phosphoryla-
in the N-terminal partX). Seven mammalian species and tion of PLB does not interrupt completely physical interac-
one species from shark have been characterized so far andions with SERCA {0, 11). Other experimental evidence
have all been demonstrated to regulate the activity of the has demonstrated that the cytoplasmic domain of free PLB
Na,K-ATPase in various tissues (for reviews, see 2efd). acts as a conformational switch alternating between contacts
There seem to be two groups of FXYD proteins defined to the lipid head groups of the membrane surface and to
according to their capability to be phosphorylated by protein SERCA (2), but it is unclear how this relates to the
kinases. Indeed, phospholemman (FXYD1 or PLNH physiological regulation including phosphorylation. It was
heart and skeletal muscle, the shark rectal gland FXYD10 recently hypothesized from experiments demonstrating the
(PLMS), and possibly the brain specific FXYD7 all contain  binding of synthetic fragments of the cytoplasmic domain
phosphorylation sites for PKA and PK&-8) located within of phospholemman (FXYD1) to lipid membrane surfaces
the cytoplasmic (C-terminal) part of the molecule. Thus, it (13) that a similar mechanism could be operating in the
has been suggested that this group of FXYD proteins canFXYD regulation of Na,K-ATPase .

interact dynamically with Na,K-ATPase depending on  The work presented here investigates the effects of
the protein’s phosphorylation sta) (esembling the mech-  yaspholipids on the functional regulation of shark Na,K-
anism by which phospholamban (PLB) inhibition of the ATpase by FXYD10. To address the question of the
cardiac isoforms of the sarco(endo)plasmic reticului€a  mechanism of protein kinase phosphorylation further, we
ATPase (SERCAZa) is relieved by protein kinase phospho- haye reconstituted Na,K-ATPase with full-length or C-
rylation (9). It is unclear how PLB phosphorylation affects  terminal truncated FXYD10, in which the multisite phos-

T This work was supported by grants from The Danish Research phorylaan dor_naln has been re:'".‘o"ed by cpntr_olled trypsin
Council, the Aarhus University Research Foundation, The Novo Nordisk Cléavage into liposomes containing the zwitterionic DOPC
Foundation, and the A.P. Mgller Foundation. and cholesterol in the presence or absence of anionic

. ;2”9”;5@%%?3‘&% :gﬁ‘gk Tel+4589422926. Fax:+4586129599.  phospholipids. Several functional properties of Na,K-ATPase
1 Abbreviations: BMDB, 1,4-bismaleimidyl-2,3-dihydrobutane: DOPC, WeJ[e investigated including the apparent fiﬁ'n't'es_ for ATP,

1,2-dioleoylsn-glycero-3-phosphocholine; DOPG or PG, 1,2-dioleoyl- Na", and K as well as the EE, conformational poise and

sn-glycero-3-phosphoac-(1-glycerol); Pl,L-a-dioleoylphosphatidyli-  the K-deocclusion reaction. The structural interactions of

nositol; PS,L-a-dioleoylphosphatidylserine; Chol, cholesterol; PKA, ; _ ; ; A AR
cAMP ‘dependent protein kinase; PKC, Zand phospholipid de- FXYD10 with Na,K-ATPase in these different lipid environ

pendent protein kinase; PLB, phospholamban; PLM, phospholemman; MeNts were inve§tigatgd using intermolecular gross-linking
SERCA, sarco(endo)plasmic reticulum Ca-ATPase. with the homobifunctional sulfhydryl cross-linker 1,4-
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bismaleimidyl-2,3-dihydro-butane (BMDB), which links overnight at room temperature with primary antibody. The
Cys74 in the cytoplasmic domain of FXYD10 to Cys254 in  membranes were washed again with PBS and incubated with
the A-domain of Na,K-ATPaselfl). Several functional  goat anti-rabbit antibody for 2 h. After washing, the proteins
properties dependent on the FXYD interactions, including were detected using electrochemical luminescence (ECL)
the maximum turnover number, the apparent cation affinities reagents (Amersham Pharmacia). For the detection of the

for Na" and K*, and the K-deocclusion step, were found

o-subunit from the shark rectal gland, the C-terminal specific

to be influenced by the negative surface charge of liposomesantibody NKA1002-1016 was used (kindly provided by

containing anionic phospholipids. Cross-linking efficiency

Jesper V. Mgller, Department of Biophysics, University of

was used to probe significant changes in the spatial locationAarhus). For detection of FXYD10, an anti-FXYD10 anti-

of the cytoplasmic domain of FXYD10 following PKA and
PKC phosphorylation.

These observations provide the first direct evidence that
the cytoplasmic part of FXYD10 is responsible for the lipid-
dependent regulation of several kinetic properties of Na,K-
ATPase.

EXPERIMENTAL PROCEDURES

Materials.Highly purified phospholipids, 1,2-dioleoyr
glycero-3-phosphocholine (DOPQ)a-dioleoyl phosphati-
dylinositol (PI),L-a-dioleoyl phosphatidylserine (PS), or 1,2-
dioleoylsnglycero-3-phosphoac-(1-glycerol) (DOPG), were
obtained from Avanti Polar Lipids. Cholesterol was obtained

serum was used. The anti-FXYD10 antiserum was prepared
as previously describe@Q).

ReconstitutionFunctional reconstitution of shark Na,K-
ATPase was achieved as previously describ2t@3).
Initially membrane bound Na,K-ATPase was solubilized
using the non-ionic detergent4Es. The lipids of choice were
solubilized using the same detergent, and the two solutions
were mixed at a protein/lipid weight ratio estimated to give
a final ratio of 1:20. The detergent was subsequently removed
by the addition of hydrophobic bio-beads, and liposomes
containing reconstituted Na,K-ATPase spontaneously formed.
Careful control during enzyme solubilization ensured that
the reconstitution took place without loss of catalytic activity
or ion-transport capacity2(Q). Unless otherwise stated, the

from Sigma. ATP, purchased as the sodium salt from Roche, protecliposomes were produced in 30 mM NaCl, 2 mM

was converted to the Tris salt by chromatography on a
Dowex 1 column (Sigma)y-[*?P]-ATP was obtained from
Amersham, and nigericin was obtained from Molecular
Probes. The catalytic subunit of PKA was purchased from
Sigma. PKC was obtained from CalBiochem (La Jolla, CA)
and contained the G&dependent (conventional) isoforms
(o, Bi, Bu, and y). 1,4-Bismaleimidyl-2,3-dihydrobutane
(BMDB) was obtained from Pierce.

Na,K-ATPase Preparation and Hydrolytic Adty. In this
study, purified Na,K-ATPase-containing membranes from the
rectal gland ofSqualus acanthiagere used. Purification of

MgClz, 200 mM sucrose, and 30 mM histidine, pH 7.0.
Protein determination of reconstituted ATPase was per-
formed according to the Peterson modificatid®)( In this,
the reconstituted protein was quantitatively precipitated with
sodium deoxycholate and trichloroacetic acid followed by
re-suspension in water. SDS was included in the copper
tartrate solution to leave the lipid transparent and non-
interfering. BSA was run as the standard.
For each proteoliposome preparation, the hydrolytic activ-
ity of the inside-out oriented enzyme was measured in the
presence of nigericin (kM) to equilibrate the liposomes

membrane fragments was performed as previously describedyith external K after pre-incubation in MgPi (4 mM) and

(15). Protein concentrations, ranging from 3 to 5 mg/mL,
were determined using Peterson’s modificati@6) (of the
Lowry method (7), using bovine serum albumin (BSA) as
the standard. The specific activity was30 U/mg at 37°C
and 10.5 U/mg at 24C (1 U= 1 umol B/min). The ATPase

ouabain (1 mM) to inhibit the enzyme oriented with the
extracellular side exposed.

Determination of the phosphorylation site number of the
inside-out enzyme was determined as previously described
(19). Liposomes were pre-incubated with 1 mM ouabain as

activity was measured either by a radioactive assay (at sub-described above, and phosphorylation was conducted by the

saturating ATP) in a reaction mixture containing 30 mM
histidine, pH 7.4, 3 mM MgGl 0.06% BSA, 10% glycerol,
and :-1000uM ATP (containing 0.03uCi y-[3?P]-ATP)

or at saturating ATP (3 mM) by the method of Baginsky et
al. (18) and with variable concentrations of NaCl, KCI, and

addition of 25uM [3%?P]JATP in a mixture of 30 mM
imidazole, pH 7.4, 2.5 mM MgGJ 0.5 mM Pi, 72.5 mM
NaCl, 115 mM sucrose, and 1 mM ouabain. The reaction
time was 20 s at OC. Phosphorylation was terminated by
the addition of an acid stop-solution containing 10% TCA,

ATP as indicated in separate figure legends. The turnover 100 mM phosphoric acid, and 10 mM sodium pyrophosphate.

number of the enzyme (molar activitig,) was calculated
from the protein content, and the determined site number
(nanomoles per milligram of protein) was measured as the
maximum phosphorylation level attained in 281 ATP, 1

mM Mg?*, and 150 mM Na as previously described ).

Gel Electrophoresis and Immunoblottinghe phospho-

Radioactivity and protein were determined in the precipitate
after resuspensiomil M NaOH at 55°C. The turnover
number of the inside-out oriented enzyme is then calculated
by dividing the specific hydrolytic activity with the site
number.

Cross-Linking. BMDB is a soluble homobifunctional

rylated proteins were separated using tricine-based sodiumsulfhydryl cross-linker with a flexible spacer arm with an

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE; 3% loading gel, 8% intermediate, and 15% resolving
gels). Molecular weight standards were obtained from
BioRad (Hercules, CA). For immunoblotting, proteins were
transferred to poly(vinylidene difluoride) (PVDF) mem-

branes, then washedrfé h with phosphate-buffered saline

(PBS) buffer containing 5% Tween-20, and incubated

average span of10 A (24). Cross-linking was performed
essentially as previously describeldl). Cross-linking reac-
tions were performed with-912 ug protein in 20 mMN-(2-
hydroxyethyl)piperazin®¥-ethanesulfonic acid (Hepes) buffer,
pH 6.5 containing 2 mM ethylenediaminetetraacetic acid
(EDTA), 20% glycerol, and 0:20.4 mM BMDB (from a

20 mM stock solution in MeSg). The reaction was
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conducted at 24C for 25 min and terminated by adding a
cysteine solution to a final concentration of 2 mM. The
samples were incubated for 5 min at Z4. They were then
treated with SDS sample buffe2®) and briefly incubated
at 37°C before loading to SDS gels. Cross-linking products
were detected by immunoblotting with anti-FXYD10 anti-
serum or C-terminal specific Na,K-ATPase antibody.

Phosphorylation with PKA and PK®KA phosphoryla-
tion was performed in a reaction mixture containing 50 mM
Hepes, 10 mM MgGl 1 mM ethylene glycol bis(2-
aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA), 0.1
mM ATP (Tris salt) containing/-[32P]-ATP (3 uCi/pmol),

10 ug of reconstituted protein, and 2 mU of PKA. PKC
phosphorylation was performed in a typical assay mixture
containing 50 mM Hepes, 10 mM Mg£10.5 mM CaC},

20 uM L-o. phosphatidylserine, 1&M dioleoyl 1,2sn
glycerol, 1 mM ATP, 10ug of reconstituted protein, and
0.13ug of purified PKC. The phosphorylation reaction was
initiated by the addition of ATP, was allowed to proceed
for 30 min at 24°C, and was terminated by a fivefold dilution
of the phosphorylation products with the cross-linking assay
medium (see above).

FXYD Truncation by Trypsin Treatmei.order to obtain
cleavage of the C-terminus of FXYD10, the membrane-
bound enzyme was incubated with trypsin (1:1000 w/w
trypsin/protein) for 8-10 min on ice in the presence of 130
mM NaCl or 20 mM KCI and 1 mM EDTA. The reaction

was started by the addition of trypsin and was stopped by a

30-fold dilution in 200 mM KHCQ followed by centrifuga-
tion at 17000@ for 1 h. This effectively removes any
membrane associated trypsi@6f. The membranes were
washed with imidazole buffer (25 mM), centrifuged again,
then finally suspended in a 30 mM histidine buffer, pH 7.4
containing 25% glycerol, and stored at20 °C. All
procedures were carefully performed on ice.

Digital Imaging. Analysis of SDS gels and immunoblots
were performed using ImageQuant TL software (Amersham
Biosciences).

Statistics.Results are expressed as the meastandard
error of the mean (SEM). A comparison between best-fit
values was performed using an F-test, gnet 0.05 was
considered significant.

RESULTS

Functional reconstitution was performed with the control
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Ficure 1: Immunoblot of reconstituted Na,K-ATPase containing
native or C-terminal truncated FXYD10 (t-FXYD). The left panel
shows proteoliposomes immunoblotted with Na,K-ATPase anti-
body, and the right panel shows proteoliposomes immunoblotted
with anti-FXYD10 antiserum. Lanes 1 and 2 are the FXYD-
truncated (t-FXYD) enzyme reconstituted into DOPC/Chol (lane
1) or DOPC/PI/Chol liposomes (lane 2). Lanes 3 and 4 are the
control enzyme reconstituted into DOPC/Chol (lane 3) or DOPC/
P1/Chol liposomes (lane 4). The phosphorylation site numbers for
the enzyme reconstituted into DOPC/Chol liposomes were 0.782
4 0.003 nmol/mg and 0.82% 0.006 nmol/mg for the control and
the FXYD-truncated enzyme, respectively. For DOPC/PI/Chol
liposomes the site numbers were 0.2418.012 nmol/mg and 0.775

+ 0.008 nmol/mg, respectively (meanstandard deviation for three
experiments). Data are representative of three independent experi-
ments using different proteoliposome preparations.
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FiGure 2: ATP activation of the control and FXYD-truncated
Na,K-ATPase reconstituted into liposomes without (A) and with
(B) PI. The curves represent best fit to the data using a one site
binding equation (simple hyperbola). The best-fit values &nd

enzyme and the enzyme treated with trypsin to obtain specific K'ate) in panel A are as follows: control, 1318 19 min* and

C-terminal cleavage of FXYD10 at Lys514). The lipid
composition of the liposomes were either DOPC/Chol (0.6:
0.4 mol/mol) or DOPC/Chol with 20 mol % anionic
phospholipid (PI, PS, or DOPG) replacing DOPC.

Figure 1 shows an immunoblot of the two enzyme

10.2+ 0.7 uM; and FXYD-truncated, 1512 21 min* and 14.6
+ 0.9 uM. Those in panel B include control, 1356 24 minm?
and 13.0+ 1.0 uM; and FXYD-truncated, 1694- 20 min* and
13.0 £ 0.7 uM. The calculated apparent ATP affinities were
independent of the presence of Pl both for contrpls=(0.054)
and for FXYD-truncated preparationg € 0.144).

preparations (control or FXYD-truncated) reconstituted into phosphorylation sites was also unaffected (typically 2.2
DOPC/Chol or DOPC/PI/Chol liposomes using a C-terminal nmol-mg™?) indicating that the Na,K-ATPase remained intact
specific antibody to the Na,K-ATPase or anti-FXYD10 after this mild trypsin treatment.

antiserum. As seen, the same pattern was observed for the In Figure 2, the turnover is measured versus the ATP

two lipid compositions used, including the expected shift in
the FXYD10 position toward a lower molecular mass (from
~15to~10 kDa, lanes 1 and 2 in the right panel) following
C-terminal cleavage at Lys52@). As seen from the left
panel, the mobility of theo-subunit was not changed;
furthermore, following FXYD truncation, the number of

concentration for the control and FXYD-truncated enzyme
reconstituted into two liposome preparations (DOPC/Chol
or DOPC/PI/Chol), and the apparent ATP affinik/are, is
calculated by fitting the data with a simple hyperbolic
function. The N4, K*, and Mg" concentrations were 95
mM, 10 mM, and 2 mM, respectively. The best-fit values
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Ficure 3: Na' activation of the control and FXYD-truncated Na,K-
ATPase reconstituted into liposomes without (A) or with (B) PI.
The curves represent best fit to the data using the Hill equation
= (keat — vo)/(1 + 1000%Kos™ ) + 15 where Kos is the Na
concentrationX in mM) that gives a turnovenrj halfway between
baseline {o) and maximum responsek§) and ny, the Hill
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FIGURe 4: K* activation of control and FXYD-truncated Na,K-
ATPase reconstituted into liposomes without (A) or with (B) PI.
The curves represent best fit to the data using the Hill equation.
The fitting parameters used in panel A are control enzyknes=
853+ 12 minm?, Ko5 = 0.37+ 0.03 mM, andhy = 0.95+ 0.04;

and for FXYD-truncated enzymég, = 11594 8 min1, Ko5 =

coefficient, is the steepness of the curve. The fitting parameters 0.31 + 0.01 mM, andny = 1.10 4+ 0.05. Those in panel B are

used in panel A are control enzymigg, = 10254+ 19 mim?, Ko 5
=21.94 0.2 mM, andny = 1.744+ 0.08; and for FXYD-truncated
enzyme Keat = 15144 46 mim?, Kos = 34.54+ 0.5 mM, andny
= 1.46+ 0.07. Those in panel B are control enzyrkg; = 1362
4+ 12 min!, Kgs = 19.6+ 0.1 mM, andny = 1.74 4 0.04; and
for FXYD-truncated enzymekea = 1525+ 19 mint, Ko 5= 19.2
+ 0.1 mM, andny = 2.01+ 0.08.

(maximum turnoverkes andK'atp) were 1310+ 19 min?

and 10.2+ 0.7 uM and 1356+ 24 min* and 13.0+ 1.0

uM for the control enzyme reconstituted in DOPC/Chol or
DOPC/PI/Chol liposomes, respectively. The same best-fit
values for the FXYD-truncated enzyme were 15221
min~t and 14.64+ 0.9uM and 16944 20 minm*and 13.04

0.7 uM. As previously demonstrated, FXYD truncation
activated the maximum hydrolytic activit27), in this case,
with 15% and 25% in DOPC/Chol or DOPC/PI/Chol

liposomes, respectively. The presence of Pl enhanced the

activation of maximum turnover of the FXYD-truncated
enzyme. The calculated apparent ATP affinities were inde-
pendent of the presence of Pl both for contrgs{0.054)
and for FXYD-truncated preparationp & 0.144). The
slightly lowerK’atp values found in the present investigation

using the reconstituted enzyme compared to previously
published values found for shark membrane preparations (cf

refs7 and20) are due to the sidedness of the system with a
lower extracellular K concentration (10 mM assuming that
nigericin fully equilibrates K) and a lower Na concentra-
tion inside the liposomes.

The Na and K" activations of the control and FXYD-
truncated Na,K-ATPase at 10@M ATP (sub-optimal
concentration) reconstituted into DOPC/Chol liposomes or
liposomes containing, in addition, Pl are shown in Figures
3 and 4 . In thecase of N& activation, bothk.,s andK'os
increased after FXYD truncation in the absence of Pl (Figure
3A). Thus, ks increased from 1025 to 1514 mih(48%),
andK'gsincreased from 22 to 35 mM. In the presence of PI
(Figure 3B), FXYD truncation increasdd,; slightly (12%
compared with 48%), an&'ys was unchanged (about 19
mM) and was similar to the control values in the absence of
PI. The fitting parameters used for the sigmoid fit (Hill
equation) are given in the legend to Figure 3.

In Figure 4, the K activation is shown. In the absence of
PI (panel A), turnover increased considerably (36%) after
FXYD truncation, as in the case of Neactivation. The
apparent K affinity was independent of FXYD truncation

control enzymekeas = 11584 19 mim?, Kos = 0.724 0.14 mM,
andny = 1.12 + 0.03; and for FXYD-truncated enzymk,,; =
12944 24 minm!, Kgs= 0.62+ 0.09 mM, andchy = 1.054 0.03.

and was about 0.35 mM. In the presence of Pl (panel B),
FXYD truncation increased maximum turnover only
slightly (12%), and the apparent™Kaffinity was identical
(about 0.65 mM), which is twice the value obtained in the
absence of PI. Interestingly, FXYD truncation increased the
Na' activity (i.e., the activity at zero [K]) exclusively in

the absence of PI.

At physiological conditions, ATP accelerates the-K
deocclusion reaction £K;) — E;ATP at the low-affinity
site. However, at micromolar concentrations of ATP suf-
ficient to saturate only the high-affinity site, this step becomes
rate-limiting in the overall reaction cycle, and"Knhibits
Na-ATPase activity. Therefore, at micromolar concentrations
of ATP, the response of Na-ATPase activity to increasing
concentrations of Kis a convenient way to assay changes
in the B(K2) — E; reaction step40, 28). We have previously
demonstrated that the "Kdeocclusion step is affected by
FXYD truncation @7). Accordingly, we investigated if this
step was sensitive to anionic phospholipids. Figure 5
demonstrates how Pl and PG affect theikhibition profile

‘for the control and FXYD-truncated Na,K-ATPase. For

DOPC/Chol liposomes (Figure 5A), the turnover number is
decreased by FXYD truncation, and the sensitivity of K
inhibition is a little increased following FXYD truncation;
however, the difference is not significant giClecreases from
~0.58 mM in the control enzyme t6-0.40 mM in the
FXYD-truncated enzymep = 0.053). However, for lipo-
somes with PI (Figure 5B), the pattern is the opposite; the
turnover is increased by FXYD truncation, and the sensitivity
to K* inhibition is decreased instead of increased following
FXYD truncation with 1Gg increasing from~0.40 mM in
DOPC/Chol liposomes te-0.94 mM when Pl is included
(p < 0.0001). For DOPG liposomes (Figure 5C), the pattern
is again different, whereas the control enzyme is inhibited
with an IGsp of ~0.41 mM; Kt initially activates enzyme
activity of the FXYD-truncated enzyme at low'kconcen-
trations, a pattern we have previously observed after FXYD
truncation in native membrane27).

The poise of the EE, conformational equilibrium of the
FXYD-truncated and control Na,K-ATPase reconstituted into
DOPC/Chol or DOPC/PI/Chol liposomes was estimated by
the sensitivity to vanadate inhibitio@7, 29), since vanadate
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Ficure 5: K inhibition of Na-ATPase activity at low ATP concentration gM). Results using proteoliposomes containing control and
FXYD-truncated Na,K-ATPase without anionic phospholipids (A), with 20 mol % PI (B), or with 20 mol % PG (C) are shown. In panel
A, the half-maximal inhibitor concentrations @ are 0.58+ 0.04 mM and 0.4Gt 0.03 mM for control and FXYD-truncated enzyme,
respectively. In panel B, I§is 0.38+ 0.03 mM and 0.94t 0.05 mM for control and FXYD-truncated enzyme, respectively; and in panel
C, IG5 is 0.41+ 0.05 mM for control enzyme.
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FIGURE 6: Vanadate inhibition of enzyme turnover measured at reconstituted into DOPC/Chol liposomes without (cont) or with 20

10 uM ATP. The curves represent best fit to the data using the M0l % PS, PG, or P, before and after BMBD cross-linking probed
Hill equation,v = (Keat — v0)/(1 + 10109~ VODn + 1o whereK, with anti-o. antibody (panel A) or anti-FXYD antiserum (panel B).

is the inhibitor concentration ([V€in «M) that gives a turnover ~ Data are representative of four independent experiments using
(v) halfway between baselinedj and maximum K.,) values and different proteoliposome preparations. The intensity of cross-linking

nw, the Hill coefficient, is the steepness of the curve. For DOPC/ IS clearly increased in the presence of anionic phospholipids,
Chol liposomes, th&; values are control, 6.4 0.2 uM; FXYD- especially by PS and PG. Densitometry of the bands gives a relative

truncated, 6.3 0.2M:; and DOPC/PI/Chol liposomes, 347 0.2 intensity per nanomole of the Na,K-ATPase sites (determined from
uM and 8.2+ O.ZZM. Only the two latter best-fit values are é‘gp phosphorylation) of control, 1.00; PI, 4.0; PS, 17; and PG,

significantly different p < 0.0001).

binds preferentially to the Fconformation. As indicated by ~ was different depending on the presence of anionic phos-
Figure 6, the poise of the,fE, conformational equilibrium  pholipids and depending on the phosphorylation of FXYD10,
differed between the control and the FXYD-truncated Sulfhydrylcross-linking was performed using BMDB, which
enzyme 0n|y in the presence of Pl. Thus, in DOPC/Chol has a rather narrow Cross-linking range between 9.5 and 13.2
liposomes, thé&; for vanadate was 6.4 0.24M and 6.3+ A (24). This cross-linker has previously been shown to cross-
0.2uM for the control and FXYD-truncated enzyme (Figure link Cys74, the C-terminal cysteine of FXYD10, to Cys254
6A), whereas in the presence of PI the equivalent values wereln the A-domain of then-subunit (4). Thus, cross-linking
3.7+ 0.2uM and 8.2+ 0.2uM, respectively p < 0.0001, is expected to decrease if the fluctuations between different
Figure 6B). Thus, in the presence of PI, FXYD truncation FXYD10 conformations (extended or closed, L-shaped) are
shifted the poise in the equilibrium toward thednforma-  shifted either by anionic phospholipids or by PKC phospho-
tion, as is also the case for PR, for vanadate was 4.3 rylation to stabilize a closed conformation, where the
0.2 uM for the control and 10.9 0.4 uM for the FXYD- cytoplasmic domain of FXYD10 instead of interacting with
truncated enzyme, not ShOWﬂ), for P (or vanadate was the Na,K-ATPase is interfering with the |Ip|d surface.
4.0 &+ 0.2 uM for the control and 10.1 0.4 uM for the Figure 7 shows a BMDB cross-linking experiment using
FXYD-truncated enzyme, not shown), and in native mem- Na,K-ATPase reconstituted into DOPC/Chol liposomes
branes 20). In all experiments, the Hill coefficient was found (controls) and DOPC/Chol liposomes with either 20 mol %
insignificantly different from—1. PS or 20 mol % DOPG. After termination of the reactions,
As previously demonstrated, protein kinase phosphoryla- samples were subjected to SDS-PAGE followed by immu-
tion of both native and reconstituted shark Na,K-ATPase noblotting with either ante. or anti-FXYD10 antiserum to
leads to activation a¥max conditions ¢, 30). Accordingly, detect FXYD10 cross-linked to Na,K-ATPase. As seen from
we hypothesized that the physiological regulation of Na,K- Figure 7, FXYDe cross-linking was increased in the
ATPase by FXYD10 was achieved by structural rearrange- presence of anionic phospholipids, most obvious when PS
ments of the FXYD10 interaction with thew-subunit and PG are present. Densitometry analysis of the intensity
following its phosphorylation in a mechanism resembling of the cross-linked bands revealed a significant effect of
the regulation of SERCA by PLB. In order to investigate if anionic phospholipids on cross-linking efficiency. Thus, in
the spatial location of the C-terminal domain of FXYD10 three independent experiments similar to the one depicted
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Ficure 8: Effects of protein kinase phosphorylation on cross-

linking of FXYD10 to native and reconstituted Na,K-ATPase

o-subunit. Panel A shows the effect of PKA and PKC phospho-

rylation on FXYD10-Na,K-ATPase cross-linking of native Na,K-

ATPase. Panels B and C shows the effects of PKA phosphorylation

(B) and PKC phosphorylation (C) on cross-linking of Na,K-ATPase

after reconstitution into DOPC/Chol/PS (lanes 1 and 2), DOPC/ M'DPEGPDNDERmvwm*chcgmm_mec"
Chol/PG (lanes 3 and 4), or DOPC/Chol (lanes 5 and 6) liposomes. i ) )

In the immunoblots, Cross_“nking was probed using an anti-FXYD FicUrRe 9: Model Sketchln_g the |_nteractlon between FXYD10 and
antiserum. In panels B and C, lanes 1, 3, and 5 are controls withoutthe Na,K-ATPase. The figure illustrates, on the one hand, the
PKA/PKC phosphorylation. Lanes 2, 4, and 6 are PKA/PKC treated interaction between anionic phospholipids (PI, orange), but not
samples. The lower very intense bands represent the 15 kDabetween zwitter-ionic phospholipids (blue), and basic FXYD
FXYD10. Above that, cross-linked FXYDHFXYD10 is detected, ~ residues+, Lys42, Arg44, Lys46) positioned near the lipid surface
and at the top, FXYD10 cross-linked to taesubunit is observed stabilizing a conformation where the modulation of the Na,K-
at about 100 kDa. Data are representative of three independentATPase is changed, but Cys74 of FXYD (green) is in a more
experiments using different preparations. favorable position for cross-linking to Cys254 in the Na,K-ATPase
A-domain (light brown). Protein kinase phosphorylation, on the
. . . . . other hand, is assumed to induce formation of salt bridges between
In FlgL!re_7B, nor_mallzed FXYDx band intensities after phosphorylated serines in the FXYD phosphorylation domain (red)
cross-linking relative to the controls were 4:00.3 (PI), 17 and argenines three amino acids downstream (see sequence below).
+ 0.9 (PS), and 32 0.7 (PG), respectively. This stabilizes the helical structure and constrains the overall

; : dimension of the cytoplasmic domain relieving the Na,K-ATPase
In Figure 8, the effects of PKA and PKC phosphorylation inhibition. However, the C-terminal Cys74 still remains within the

on BMDB cross-linking were compared for enzymes recon- g 5_15 & cross-linking distance of BMDB. The sketched mech-
stituted in either DOPC/Chol liposomes (controls) or DOPC/ anism for phosphorylation induced relief of inhibition resembles

Chol liposomes with either 20 mol % PS or 20 mol % DOPG the model proposed for PLB regulation of SERC#2,43), but
and with a native membrane bound enzyme before recon-any model in which salt bridge formation leads to distortions of

A . f the FXYD domain that interacts with the Na,K-ATPase, like local
stitution. As readily observed by comparing the FXYD- helical unwinding 44), but retains the spatial organization of Cys74

bands before<t) and after ¢) protein kinase phosphory-  rejative to Cys254 is equally plausible. Below the sketch, the amino
lation, neither PKA phosphorylation (panel B) nor PKC acid sequence of the mature FXYD10 is given (GenBank accession
phosphorylation (panel C) seriously affected or disrupted the number AJ556170).

FXYD10-a cross-linking of the reconstituted enzyme at any
of the lipid compositions used. The case is the same for the
enzyme before reconstitution (panel A), indicating that the
position of the C-terminus of FXYD associated with the
Na,K-ATPase is not shifted to a position outside the cross-
linking range of 9.5-13.2 A by protein kinase phosphory-
lation.

been demonstrated to support near-maximum activity of
purified shark Na,K-ATPase3(), and inclusion of acidic
phospholipids like PS or PI further increased the Na,K-
ATPase activity 21). Also, in native shark membrane
preparations, spin-labeling experiments have demonstrated
a larger specificity of interaction for anionic phospholipids
(reviewed by Esman and MarsB2)). Here, we demonstrate
DISCUSSION that Pl (and PS or PG) affected several kinetic steps in the
reaction cycle of Na,K-ATPase in a way that depended on
In the present study, the effects of anionic phospholipids the presence of the C-terminal domain of FXYD10. This
(PI, PS, or PG) on FXYD10 regulation of Na,K-ATPase were region contains the multisite protein kinase phosphorylation
investigated. Specifically, the lipid effects on the interaction domain and is implicated in the interaction with the very
between the C-terminal domain of FXYD10 and the shark flexible A-domain of the Na,K-ATPase-subunit (4). As
Na,K-ATPase were explored. This was achieved by recon- seen from Figure 2, FXYD truncation enhanced the maxi-
stituting native Na,K-ATPase or Na,K-ATPase where the mum turnover by 15% in the absence of PI but enhanced
C-terminal domain of FXYD10 was cleaved by a mild the maximum turnover by 25% in its presence. The apparent
trypsin treatment into liposomes of defined lipid composition ATP affinity was similar at all conditions, ranging from 10
(cf. Figure 1). Such a specific cleavage of FXYD10 at Lys51 to 15uM. Similar results have previously been found with
(see FXYD sequence in Figure 9) can be achieved by trypsinnative membrane preparations where FXYD10 truncation
treatment under controlled and mild conditions (low trypsin/ also did not affecK'atp (27). Also, the PI effect on cation
protein ratio, short incubation time, and low temperature) activation was different for the native and FXYD-truncated
without affecting thex-subunit 7), as seen from Figure 1.  enzymes (Figures 3 and 4). The changes in apparent ion
DOPC, together with 40 mol % cholesterol, has previously affinities are more difficult to evaluate since bdtlys and
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keat change with conditions. However, in the case offNa the intensity of thiol cross-linking of Cys74 of FXYD10 with
activation, the ratioKos/ke.o: was independent of FXYD  Cys254 in the A-domain of the Na,K-ATPagesubunit was
truncation in both the absence and the presence of Pl,measured in the presence and absence of anionic phospho-
whereas for K activation this ratio increased in both lipid lipids. As seen from Figures 7 and 8, the cross-linking
conditions, indicating that the K affinity has changed intensity is increased in the presence of anionic phospholipids
(decreased) following FXYD truncatior88). like PI, PS, or PG, indicating that the interaction between
The K"-deocclusion step ;) — E; can be measured FXYD10 and the Na,K-ATPase-subunit is stabilized. Thus,
as the sensitivity of Na-ATPase for*Kinhibition at low either the average spatial distance between the C-terminal
concentrations of ATP. As shown in Figure 5, the effect of domain of FXYD10 and the Na,K-ATPase A-domain could
FXYD truncation on this step is strongly dependent on the be more favorable in the presence of anionic phospholipids,
specific phospholipid composition. In the presence of PI, or the fraction of FXYD associated with Na,K-ATPase is
turnover is increased by FXYD truncation, andsd@r K* increased. In any case, it definitely does not indicate an
inhibition is increased by a factor of almost three, from 0.32 increased separation between the FXYD10 C-terminus and
to 0.95 mM p < 0.0001); however, in the absence of Pl, the A-domain caused by FXYD alternating between interact-
the turnover is decreased, and;d@ independent of FXYD ing with Na,K-ATPase and interacting with the lipid surface
truncation (IGo is decreased from 0.58 to 0.40 mid,= containing anionic phospholipids. It is possible, for example,
0.053). Surprisingly, in the presence of PG, FXYD truncation that electrostatic interactions with the phospholipid head
also resulted in inhibition, but now Kinitially activated the groups of anionic phospholipids and a cluster of basic
enzyme. Actually, the 16 values are very similar for the residues (Lys42, Arg44, Lys46, see Figure 9) in FXYD10
control enzyme at all phospholipid conditions, and the main positioned close to the cytoplasmic membrane face stabilize
difference is between FXYD-truncated preparations. the cytoplasmic FXYDB-Na,K-ATPase interaction and favor
We have previously shown that the"Kleocclusion step  cross-linking, as depicted in Figure 9. Alternatively, inter-
is affected by FXYD10 interactions in native Na,K-ATPase molecular interaction at the transmembrane level of FXYD10
membrane preparation27) and that this step is the main could be transmitted from the transmembrane to the cyto-
rate-determining step in the overall reactioB4,( 35). plasmic domain of FXYD10 via interactions at the trans-
Together, these results indicate that regulation of this stepmembrane level in the bilayer. In both cases, long-range
in the reaction cycle is pivotal in the FXYD10 regulation of coupling between the transmembrane domain and the
Na,K-ATPase activity. Finally, anionic phospholipids are also cytoplasmic domain would be operating. In the latter case,
shown to affect the effect FXYD truncation has on the poise such long-range coupling could be initiated by changes in
of the B/E, conformational equilibrium (Figure 6). Thus, the helical packing in the transmembrane domain initiated,
in the presence of anionic phospholipids, FXYD truncation for example, by the lateral pressure induced by the lipids
shifts the B/E; poise toward g whereas this is not the case (37). Such a mechanism would be in accord with the Na,K-
in the absence of PI. It seems, therefore, that the variousATPase activation observed after the addition of subcritical
anionic phospholipids have differentiated effects on certain micellar concentrations of the detergenbks to the Na,K-
partial reactions, like the kdeocclusion reaction, whereas ATPase membrane preparatio$ ¢ince the detergent will
they all shift the E/E, conformational poise equally toward partition into the lipid bilayer and change the interhelical
E:. This emphasizes that the steady-state proportion of thepacking of FXYD10 and Na,K-ATPase at the transmembrane
E: conformation depends on several reaction steps aroundevel (38). In SERCA, the inhibitory regulation by PLB
the catalytic cycle. involves the stabilization ak-helices within the Ca-ATPase
Taken together, the results demonstrate that the presencé&ansmembrane domain39). Indeed, there must be a
of the anionic phospholipids is important for the detailed long-range coupling throughout the entire FXYD protein
kinetics of FXYD regulation of Na,K-ATPase activity. The from the transmembrane, hydrophobic region to the cyto-
guestion is how this is achieved. One hypothesis could be plasmic C-terminal domain. This does not, however, exclude
that the C-terminal domain of FXYD10 is interfering with the fact that any free FXYD10 not associated with
the anionic head group of Pl by electrostatic interactions. Na,K-ATPase could attain a bend conformation with the
Such a mechanism would resemble the one believed to workcytoplasmic domain associated with the lipid surface, as with
in PLB association with SERCA2a. There, PLB shifts PLB (12).
between a free, bend conformation, where the cytoplasmic We have previously demonstrated that phosphorylation of
domain adheres to the lipid surface, and a more extendednative FXYD10 by protein kinase A (PKA) and C (PKC)
conformation, where the cytoplasmic domain of PLB is relieves the Na,K-ATPase inhibition induced by FXYD10
making contact with the cytoplasmic surface of SERQA ( (7). Thus, it was hypothesized that protein kinase phospho-
36). Results using synthetic fragments representing therylation could dissociate FXYD10 from the (cytoplasmic)
cytoplasmic domain of FXYD1 (PLM) demonstrated that inhibitory interaction sites, probably located on the Na,K-
these fragments can interact with lipid surfaces containing ATPase A-domain as indicated by intermolecular cross-
anionic phospholipids 1(3). The question is, however, linking results (4). This is a similar situation to that found
whether or not such interactions take place in the native for PLB regulation of SERCA where phosphorylation at
system where the cytoplasmic domain of FXYD is connected Ser16 or Thr1740, 41) disrupts the inhibitory PLB-SERCA
with the transmembrane domain and is interacting with the interaction. It is not known in detail, however, how phos-
Na,K-ATPase. To answer this question, we investigated phorylation breaks this interaction, but salt-bridge formation
whether or not anionic phospholipids decrease the interactionbetween phosphorylated Serl6 (and Thrl7) and nearby
of the C-terminal domain of FXYD with thei-subunit as positioned arginines (Arg9, Argl3, and Argl4) of PLB,
probed by intermolecular cross-linking. More specifically, leading to stabilization42, 43) or unwinding @4) of the
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cytoplasmic helix, seems to be pivotal in this relief of PLB
inhibition. Cross-linking and co-immunoprecipitation experi-
ments have pointed to specific PEHEBERCA interaction sites
that are disrupted by PLB phosphorylati@tb(46), but PLB
does not dissociate completely from SERCAQ,( 11).
Interestingly, the present results demonstrate that neither
PKA phosphorylation nor PKC phosphorylation of FXYD10
prevented the Cys74Cys254 cross-linking (Figure 8). Thus,
regulatory activation does not lead to a major perturbation
of the FXYD10 C-terminus structure following its phospho-
rylation. It is strongly indicated, by similar results using
native shark membrane preparations where cross-linking is
also unaffected by protein kinase phosphorylation (Figure
8C), that this is not an artifact due to a change in the
conformational flexibility of FXYD10 caused by the recon-
stitution, per se. Although there must be a dynamic fluctua-
tion among several FXYD conformations, the dissociation
of FXYD10 from the inhibitory sites on Na,K-ATPase,
possibly located in the A-domain, apparently results in only
a minor displacement of the FXYD10 C-terminus, as
depicted in Figure 9. This is also in accordance with results
from heart muscle cells, where phosphorylation of phosp-
holemman does not inhibit co-immunoprecipitation of PLM
and Na,K-ATPaser-subunits 47, 48).

In conclusion, anionic phospholipids themselves influenced
not only the detailed kinetics of the Na,K-ATPase reaction
mechanism but also the FXYD-regulation of the Na,K-
ATPase, most notably the'Kdeocclusion reaction. Further-
more, anionic phospholipids increased CysT4s254 FX-
YD-a cross-linking in the following ranking, PG PS >
Pl. However, neither anionic phospholipids nor FXYD
phosphorylation by PKA/PKC, which relieves inhibition of
Na,K-ATPase, seems to cause any dramatic spatial rear-
rangements in the FXYBNa,K-ATPase interaction, as
detected by intermolecular FXYBR-cross-linking. It is not
immediately obvious how the interaction between FXYD10
and Na,K-ATPase is disrupted by protein kinase phospho-
rylation, but it apparently involves only modest structural
rearrangements between the cytoplasmic domain of FXYD10
and the Na,K-ATPase A-domain. Thus, any dramatic shift
in the dynamic equilibrium toward conformations where the
cytoplasmic domain of FXYD10 changes position from
interacting with the Na,K-ATPase to interacting with (an-
ionic) phospholipid head groups seems unlikely. Like in PLB
regulation of SERCA, phosphorylated FXYD10 remains
associated with the Na,K-ATPase.
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