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ABSTRACT. Protein kinase C (PKC) phosphorylates the catalyticsubunit of Na,K-ATPase in purified
enzyme preparations and in intact cells. Little is known, however, whether all three kndsafiorms

are substrates for PKC and whether direct phosphorylation is implicated in the modulation of the transport
activity of the different Na,K-ATPase isozymes. In this study, we investigated the structural requirements
for PKC phosphorylation o1, a2, anda3 isoforms of different species after expressionXenopus
oocytes. By using a combination of site-directed mutagenesis and computer-assisted protein modeling,
we characterized a novel S¥rHis motif which in concert with more distantly located basic residues acts

as an efficient substrate for PKC-mediated phosphorylation in the N-terminus of most Na,K-AdPase
isoforms. As indicated by controlled proteolysi€? isoforms are also phosphorylated in the N-terminus

but to a much lower extent thaml isoforms containing the Se¢-His motif. Phosphorylation and
phosphoamino acid analysis of fusion proteins containing the wild-type or mutant N-terminRsefeal

that Thr-Thr-SerX-Asn or Thr-Thr-AlaX-Asn motifs represent weak targets for PKC phosphorylation.
Finally, our data suggest that, with the exception ofadt all a3 isoforms from other species are not
substrates for PKC. On the basis of the phosphorylation efficiency, we may speculate thal dnly

not a2 or a3 isoforms of Na,K-ATPase are likely candidates for regulatory PKC phosphorylation.

Na,K-ATPase, composed of a catalyticsubunit and a  isoforms might be a preferential target for protein kinase
glycosylated3 subunit, is an ubiquitous cation pump of the modulation.
plasma membrane which is responsible for the maintenance The site of PKA phosphorylation has been mapped to a

of the Na and K" gradients existing between the intra- and - ggrine residue in a highly conserved PKA consensus sequence
extracellular milieu of animal cells [for review see Horis- ;i the C-terminus of theo. subunit (Arg-Arg-Asn-Ser)

berger (1994)]. Three isoforms have been described which (Beguin et al., 1994: Fisone et al., 1994; Feschenko &

show a tissge—specific distribution and certain distinct proper- Sweadner, 1995). This site is phosphorylated in intact cells
ties [for review see McDonough et al. .(1995)]' TO_ assure a response to stimulation of PKA by forskolin (Beguin et
fine _adaptatlon of the transport capacity to _changmg physi- al., 1994) as well as upon agonist activation of G protein-
ological demands, Na,K-ATPase activity is govef"‘ed by coupled receptors (Beguin et al., 1994). The identification
numerous short—. and long-term regulatory mechanisms [for of the site of PKC phosphorylation in the subunit was
review see Geering (1995), Bertorello and Kat; (1993), and more difficult. In a mutational analysis of th&l subunit
McDonough and Farley (1993)]. Several studies document of Bufo marinusNa K-ATPase, we showed that none of the

an acute effect of G protein-coupled receptor activation or . . . .
of direct protein kinase C (PKC) and A (PKA) stimulation putative PKC consensus phosphorylation sites except a serine
residue and to a lesser extent a threonine residue in an

on the Na,K-ATPase activity in different tissues [for review : i . i
unconventional positional context in the cytoplasmic N-

and references see Bertorello and Katz (1993)]. Since . g
stimulation of PKA or of PKC sometimes leads to activation ter_mlnus were phosphorylated by PKC _(Begum_ etal., 1994).
It is well-known that the phosphorylation motifs for PKC

and sometimes to inhibition of the enzyme activity, it is so .
Y y are not as clearly defined as those for PKA. However, a

far not clear whether the kinases produce their effect f ber of protei ith k PKC phosph
indirectly or directly by phosphorylation of the Na,K pump. SUrvey ot a numboer of proteins with known phosphor-

On the other handn vitro (Chibalin et al., 1992; Beguin et ylati_on sites predicts a (K/R)(S/T) as a convent_ional PKC
al., 1994; Bertorello et al., 1991; Feschenko & Sweadner, Motif (Pearson & Kemp, 1991). The location of the
1994: Lowndes et al., 1990) aimlzi»o (Beguin et al., 1994: phosphorylated serine and threonine residues in dhhe
Middleton et al., 1993: Borghini et al., 1994; Fisone et al. subunit of Bufo Na,K-ATPase deviates considerably from
1994) phosphorylation studies indeed suggest that Na,K_these predictions. A positively charged residue is present

ATPase can act as a substrate for PKC or PKA phosphory—at position+2 relative to the phosphorylated serine, and it
lation but nothing is known whether one or the other IS @ histidine residue which so far has never been described

in a PKC phosphorylation motif. Mosttl subunits of
* This study was supported by grants from the Swiss National Fund different species contain the serine/histidine motif, and

for Scientific Research, No. 31-33676.92 and 31-42954.95. controlled tryptic cleavage of the N-terminus abolishes their

; Corresponding author. . phosphorylation by PKC (Beguin et al., 1994; Feschenko &
Institut de Pharmacologie et Toxicologie. S d 1995). On the other hand. the N-t ini of th

§ Glaxo Institute of Molecular Biology. weadaner, ). On the other hand, the N-termini of the
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, Ao 15 20 25 30 otide D. For the mutanAS16, a sense oligonucleotide
1.WT ouBufo MGYGAGRDKYEPAATSEHGGKKGKGKGKDR 4“GCCCGCAGCCACCGAACATGGCGG® was used in
%:E%Eﬁ ::::::::::::::{‘;:::::::::::: the first PCR reaction which permitted the deletion of Ser16.
g.40816 --o-o-o-o------ i For the preparation of the double mutants R7A/K9A, K21A/
6.H18A CDITIITITITIIITII I T K22A, and H18A/G19K (see Figure 1), the sense oligo-
Zaﬁﬁ%gg JIIIIIIITIIIITIIIRTIIIIIIIII nucleotide of the first PCR reaction contained a double

10 180 SIIIsTiiIIIoiiiBooioooooi mutation. EcoRl and Xhd restriction sites were used to
%%%Z%ﬁl}g?“ —————— A-A----- et introduce the mutated DNA fragment into the wild-type
13 H1BA/GI9K -_—— - TpR---_ZZZII7C pSD3x.
14.K21A/K22A “";""1‘0““1'5"“2‘?““2‘5“"3‘0 To increase the translation of foreign cRNAX®nopus
15.WT dirat  MGKGVGRDKYEPAAVSEHGDKKSKKAKKER oocytes, the Buntranslated region (8JT) of rat al, a2,

*oy3an  TTTTmmmmom—---- A-------------- anda3 cDNA (kindly provided by J. Lingrel) was replaced
17.823A LTI TTTOITIIITaLIIIIC
18.S16A/S23A oo A--mm—- FN—— with that of a truncatedXenopust1 cDNA (Burgener-Kairuz

5 10 15 20 25 30 i

i gone onclorndachmdiordenal 28 190, R s waioned i 2 0906 et

.T14A - A--—mmemcemm e -
33 Tlaa/risa CoIIIIIIIIIILATIIIIIIIIIIIII by digestion withSad (G**) and partial digestion withicd

cleaving at the ATG sequence in ral. As to rata2, a
5 10 15 20 25 30

23.WT oarat  MGDKKDDKSSPKKSKAKERRDLDDLKKEVA DNA fragment (420 nucleotides) was amplified between a
25.510A IIIIIIITAgIIIoIoIoIoIoiiiiiii: mutated sense oligonucleotide’@-G*° containing arNcd
59 Soars10a LIIIITTTaaTITRTooIIIIIooioIIs site at the ATG sequence and an antisense oligonucleotide
28.89A/814A ___ I Tp TTCpTTIITTCITTIIIIII 403_ (3419 - ]
29.Sl%;Sl4R ________ Ao-oB-oo-ooooooooooo G¥3-G = The fragmen't was digested tNcd and sub
30.59A/S10A/S14A ———————— AA— A mmmmmmm e cloned into pSD5-Xen 'HIT. The rat a2 cDNA was

. = ) ,
Ficure 1: Deletion and point mutations introduced in the N- fémoved from its original vector bgcd (T2) and Nsil

terminus ofo subunits of Na,K-ATPase. The amino acid sequence (A*®*9 and subcloned into pSD5-Xeril8T containing the
of the most N-terminal amino acids of the wild-tyBefoal (1— rata2 N-terminal fragment by using éMsil site (present in

15), ratal (16-19), rata2 (20-23), and ran3 (24-31) and the  the vector) and partial digestion witcd (T29). As to the
introduced amino acid changes are shown. In wild-tpéo o, rat o3, a PCR fragment was generated between a mutated
the positive charges are marked withta A indicates a deletion. T . 115 L :

sense oligonucleotide G—A*12 containing arNcd site at

; - L . _the ATG sequence. The fragment was subcloned into pSD5-
the corresponding position and contain instead other serine .
b gp Xen 5UT by usingNcd. The rata3 cDNA was removed

and/or threonine residues located or not in conventional PKC : 7 . ; . .
from its original vector byHindlll, partially digested with

phosphorylation motifs. Bsm (G5, and subcloned into the pSD5-XernUF

In this study, we have tried to get more insight into the S . .
. 4 . containing the ratt3 N-terminal fragment by usin@sm
question of whether Na,K-ATPase isozymes might be targets(G515) andPmaCI (present in the vector) sites. Linearized

for regulatory phosporylation by PKC. For this purpose, we pSD5 vectors containing the ratl, o2, or a3 cDNA

Se-drected mutagenesis combined with computer-acdistedOdied in the SUT uiere used as templates for ra
g P mutants. For the ratl mutant S16A or S23A (see Figure

modeling of the interactic_)n betyveen tha N-tgr_minus and 1), the DNA was first amplified between the mutated sense
e e St lonuclolle € G o G- G, especiuey nd r
indicate that only thet1 but not then2 or theo3 isoform is antisense oligonucleotide consisting of'&G** and a
: . VSVG primer. The mutated DNA was selectively amplified

a good sustrate for PKC phosphorylation and in consequence, . : 2673
a canditate for regulatory phosphorylation etween a sense oligonucleotide encompasstig-TC

’ of the pSD5 vector and the antisense VSVG oligonucleotide.
The mutated DNA fragments were subcloned into the wild-
type pSD5al by usingNhd present in the vector an8itu
(G'%% after partial digestion. For the preparation of the
and single- or double-point mutations into the cDNARf double mutant S16A/S23A the S16A mutant was used as a
marinusal (Jaisser et al., 1992) ratl, 0.2, ando3 (Shull template. For the rat2 mutants T14A, T15A, and T14A/
et al.,, 1986a) (Figure 1) was performed by using the T16A, the DNA was first amplified between the mutated
polymerase chain reaction (PCR) method of Nelson and Long sense oligonucleotide¥5-A52 and the antisense oligonucle-
(1989). For theBufo mutants, a linearized pSD3 vector otide consisting of &3-G*° and a VSVG primer. The
(Good et al., 1988) containing axil cDNA (pSD3x) was mutated DNA was selectively amplified between a sense
used as a template. The mutants T15A, S16A, and T15/oligonucleotide encompassing?®¥*—C?673 of the pSD5
S16A were prepared as described (Beguin et al., 1994). Forvector and the antisense VSVG oligonucleotide. The
the mutants H18A, E17A, H18D, H18N, and H18Q (see mutated DNA fragments were subcloned into the wild-type
Figure 1), a DNA fragment was first amplified by PCR pSD%2 by usingNhd sites present in the vector @)
between the mutated sense oligonucleotide-G®° and the and in the rati2 cDNA (G*°Y). For the ran3 mutants S9A,
antisense oligonucleotide consisting of°%G-G’23 and a S10A, S9A/S10A, or S14A (see Figure 1), the cDNA was
primer D of Nelson and Long (1989). The amplified first amplified between the mutated sense oligonucleotide
fragments were then used as primers to elongate the inverses'°—A38 or C31—A53, respectively, and the antisense oligo-
DNA strands, and finally the mutated DNA was selectively nucleotide G89-C18% containing a VSVG primer. The
amplified between a sense oligonucleotide encompassingmutated cDNA was selectively amplified between a sense
T2653-C2673 of the pSD3 vector and the antisense oligonucle- oligonucleotide encompassing?¥3-C2673 of the pSD5

EXPERIMENTAL PROCEDURES

Site-Directed MutagenesisThe introduction of deletion
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vector and the antisense VSVG oligonucleotide. The ratio (w/w) of 0.15. The reaction was stopped by addition
mutated fragments were subcloned into the wild-type pD5  of a 5-fold excess (w/w) of soybean trypsin inhibitor (Sigma).
vector by using arNhd site (present in the vector, 43" After 10 min on ice, SDS was added (final concentration
and aDralll site (C*%%). For the preparation of the double 3.7%), and thex subunits were immunoprecipitated (see
mutants S9A/S14A and S10A/S14A or the triple mutant SOA/ below).
S10A/S14A, the S14A mutant was used as a template. Al preparation and Phosphorylation of Fusion Proteins
PCR-generated fragments were sequenced by dideoxy secontaining Wild-Type or Mutant N-Termini of Subunits.
quencing (Sanger et al., 1977). cRNAs were prepared fromthe fysion proteins containing the N-termini of tBeifo
wild-type and mutante cDNA according to Melton et al. wild-type al (Glys—Lys®) or of the Bufo mutants T15A/
(1984). i i S16A and H18A were prepared as previously described
Expression of Na,K-ATPase in Xenopus OocytB®ge  (gequin et al., 1994). The fusion proteins containing the
V—VI oocytes were obtained froddenopudemales (Noord- N-termini of the wild-type or the mutant ratl (Glyé—Lys®),
hoek, Republic of South Africa), treated with collagenase » (Glye—Lys® and Met—Lys®), ando3 (Asp—Lys?” and
and incubated overnight in modified Barth’s medium at 19 Met'—Lys?), human ol (Glys—Lys¥), and chickena2
°C as described (Geering et al., 1989). Oocytes were then(GIyG—Lys37) were prepared as follows. The N-termini of
injected with (1) wild type or mutarBufoal (8 ng/oocyte) o4 g type and mutant were amplified between a sense

and wild-typeBufo 51 (2 ng/oocyte) cRNA, (2) wild-type  i06ncleotide CGCGGATCCCGCGGCTGGACGAGA-
or mutant ratc1, o2, o3 (8 ngfoocyte) and Wlld-type.rﬁl CAAGTATG and the antisense oligonucleotide CCGGAAT-
(1.5 ng/oocyte) (Shull et al., 1986b) cRNA, or (3) wild-type oG ACATTACTTCTTGAGTTCG. The N-termini of rat
Xenotpusa\t/l © ng/(t)o<|:yti)923d WF;IﬂZypKenopusﬁ (0.2 ng/ wild type and mutant2 were amplified by PCR between a
oocyte) (_errey ctal., ) ¢ S sense oligonucleotide CGCGGATCCCCATGGGACGT-
_To conflr_m the protein expression, part of the O0CYIES Were 35GGC and the antisense oligonucleotide CCGGAATTC-
incubated in Barth’s medium containing 0.6 mCIM®S]- T 7ACTTCTTCAGCTCATC and that of the wild type
methionine (Amersham) for 72 h before Triton extracts were and mutanio3 between the sense oligonucleotide CGCG-
prepared (Jaunin et al., 1992) and thesubunit was = G aTCCCCATGGGGGACAAAAAAG and the antisense
immunoprecipitated (see below). In some instances, yolk- oligonucleotide CCGGAATTCTTACTTCTTGAGGTCATC
free homogenates or microsomal fractions were prepared.l.he N-termini of the humarwl kindly provided by K '

from metabolically labeled oocytes expressing adt a2, Kawakami (1986) or the chickem2 kindly provided by K
or a3 and subjected to controlled trypsinolysis (see below). o e
Takeyasu (1990) were amplified between a sense oligo

The remaining injected oocytes were incubated for 3 days; :

yolk-free horr%og]enates Weyre prepared and subjectedy tonucleotlde CGCGGATCCCECGECTGCACGTEGATAAG-
: TATG or CGCGGATCCCGCGGCGATGGACGGCCGC-

phosphorylation (see below).

i . GAG, respectively, and the antisense oligonucleotide
PKC Phosphorylation of Na,K-ATPase in Homogenates Y
of Xenopus OocytesYolk-free homogenates okenopus CCGGAATTCG CTTATTTCTTCAGTTCA or CCG-

oocytes expressing exogenaus3 complexes were prepared GAATTCGACCTACTTCTTCAGCTC, respectively. Al

as previously described (Chibalin et al., 1992; Beguin et al., sense oligonucleotides containedBarH| site and all

: : tisense oligonucleotides &tadRl site and a stop codon.
1994). Briefly, for the preparation of yolk-free homogenates, an i .
oocytes were homogenized by 15 strokes in a glass TeﬂonThe amplified PCRx products were digested BarrH| and

o i~ : EcadRl and subcloned into the pGEX-1T vector to generate
h buffer A t 20 mM Tris-HCI (pH : ' . :
704r;1059enr]1l|;e'(/|g1Clzu5errnM CN():Fbaén&]gl mm dith?cihreito(lp a glutathioneS-transferasel fusion protein. The rat wild-
86 r’nM sucrose '02 mM ouabain’ 1 mM phenylmeth:eme- typeal, a2, anda3 N-termini were also subcloned into the

sulfonyl fluoride (PMSF), and Sg/mL each of antipain, pGEX-3X vector. The fusion proteins produced from the

: ; : . two vectors gave similar results in the phosphorylation assays
leupeptin, and pepstatin. The samples were centrifuged twice .
bep bep b g (data not shown). It has been shown thataih and a2

at 10@ (4 °C, 10 min), and the supernatants were saved. A . . L
isoforms the five first amino acids are missing in the mature

The phosphorylation reaction in homogenates was done . .
on aliquots corresponding to eight to nine oocytes in the enzyme (Jorgensen & Collins, 1986) and thus most fusion

presence of 5@M [y-*2P]ATP (Amersham), 100 nM phorbol proteins were started with the amino acid at position 6. The

12-myristate 13-acetate (Sigma, PMA), and 1.5 mM GaCl phosphorylation of these fusion proteins was not different
at 25°C for 30 min. In some instances, samples were from that starting at Metl (see Figure 9). The expression

subjected to controlled trypsinolysis (see below). The and pu.rification of the fusion proteins were done as described
phosphorylation reaction was stopped by addition of SDS Py Smith and Johnson (1988). All amplified PCR products
(final concentration 3.7%), and thesubunit was immuno-  Were sequenced by dideoxy sequencing (Sanger et al., 1977).
precipitated (see below). The PKC-dependent phosphorylation assay of the fusion
Controlled Trypsinolysis of. Subunits. Rat a1, a2, or proteins was essentially done as previously described (Beguin
o3 subunits expressed Xenopusocytes and metabolically et al., 1994) by incubating g of fusion protein at 36C
labeled or phosphorylated in homogenates were subjectedor 15 min in the presence of 18V [y-*2P]ATP in a buffer
to controlled trypsinolysis under conditions which only containing 20 mM Hepes (pH 7.4), 13 mM Mg£0.5 mM
cleave the cytoplasmic N-terminus of tbesubunits. Rat  CaCb, and 50ug/mL phosphatidylserine (Sigma), 1@/
al, a2, or a3 subunits were digested for 5 min on ice with mL 1,2-dioctanoylglycerol (Sigma), 1 mM PMSF, and 0.045
trypsin at trypsin to protein ratios (w/w) of 0.05, 0.15, or ug of PKC. Phosphoamino acid analysis was performed after
0.05, respectively, in homogenates, and at trypsin to proteinseparation of the hydrolyzed fusion proteins on one-
ratios of 0.08, 0.05, or 0.08, respectively, in microsomes, in dimensional thin-layer chromatograms (1600 V, 60 min)
the presence of deoxycholate at a deoxycholate to proteinessentially as described by Boyle et al. (1991).



PKC Phosphorylation oft Isoforms of Na,K-ATPase

Immunoprecipitations of Na,K-ATPaseSubunits. Na,K-
ATPasenl subunits oBufoandal, o2, or o3 isoforms of
rat expressed in oocytes and phosphorylated or metabolically
labeled were immunoprecipitated from homogenates or
microsomes by an antibody prepared against the purified

Biochemistry, Vol. 35, No. 45, 19964101

subunit of B. marinus(Girardet et al., 1981). The immu-
noprecipitates were separated by SBFAGE and revealed
by fluorography as previously described (Geering et al.,
1987). Quantifications of fluorograms were performed with
an analytic program for electrophoretic images (BIO-1D)
from Vilber Lourmat (Marne LaValle, France). In pre-
liminary experiments, we determined the efficiency of
immunoprecipitation by théufo a-antibody of the rai
isoforms by comparing the signal of native and immuno-
precipitatedo. isoforms synthesized in a reticulocyte lysate.
The immunoprecipitation efficiency of tHaufo a-antibody
was 1, 0.82, 0.4, and 0.1 f&ufoal, ratal, rata2, and rat
o3 subunits, respectively.

Computer-Aided Molecular ModelingThe sequence of
bovine protein kinase @-(Swiss-Prot: KPCA-BOVIN) was
compared with all sequences for which a three-dimensional
structure is available in the Brookhaven Protein Data Bank
(PDB). The database entries with the highest degree of
sequence identity [34%; BLAST unlikelihood probability of
10°%¢ (Altschul et al., 1990)] correspond to the crystal
structures of the catalytic subunit of the cAMP-dependent
protein kinase (PDB entries 1CTP, 1ATP, 2CPK, 1CMK,
and 1APM). This degree of sequence identity is sufficient
to attempt knowledge-based protein modeling, which we

performed by using the automated protein modeling package
ProMod (Peitsch, 1996). A similar approach has been used

to model the catalytic domain of the PKZT (Orr & Newton,
1994). We derived a multiple sequence alignment from the
optimally superimposed coordinate sets. The sequence o
bovine protein kinase @-was then added to this alignment
using the results of pairwise comparisons performed with
SIM (Huang & Miller, 1991). The modeling procedure
involved the following steps (Peitsch, 1996): (i) the con-
struction of an average framework from the superimposed
subunits of all selected entries; (ii) the generation of atomic
coordinates derived from the averaged framework by using
the multiple sequence alignment described above; (iii) the
rebuilding of the altered loops from their stems by structural

homology searches through the Brookhaven Data Bank as

described by Greer (1990); (iv) the completion of the main

chain by using a library of backbone elements (pentapeptides)

derived from the best X-ray structuresZ A resolution);

(v) the reconstitution of lacking side chains and the correction
of existing ones using a library of allowed rotamers (Ponder
& Richards, 1987). Optimization of bond geometry and
relief of unfavorable nonbonded contacts were performed

fC
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Ficure 2: Effect of mutations in basic residues of the N-terminus
on PKC-mediated phosphorylation of tlgufo al subunit in
XenopushomogenatesXenopusoocytes were injected witBufo

B1 cRNA alone (lane 1) or witiBufo 31 cRNA plusBufo wild-

type @ wt) (lane 2) or mutanix cRNA (lanes 3-7) or with Xenopus
wild-type al andf1 cRNA (lane 8) as described in Experimental
Procedures. (A and C) Cellular expression of wild-type or mutant
Bufool subunits. After cRNA injection, oocytes were metabolically
labeled with35S-methionine and extracted with Triton X-100 as
described in Experimental Procedures. Shown are autoradiograms
of immunoprecipitateda. subunits. (B and D) PKC-mediated
phosphorylation of wild-type or mutarBufo a1l subunits. After
cRNA injection, oocytes from the same batch as used in the
experiments shown in (A) and (C) were incubated for 3 days before
preparation of homogenates. The phosphorylation reaction was done
as described in Experimental Procedures in the presence of 100
nM PMA. Shown are autoradiograms of immunoprecipitated
subunits. (A) and (B) or (C) and (D), respectively, show one out
of two similar experiments.

peptide-enzyme complex was further refined by 1000 steps
of conjugate gradient energy minimization.

RESULTS

Characterization of the PKC Phosphorylation Motifdid
Isoforms. We have previously reported that PKC phos-
phorylates thex1l subunit ofBufo Na,K-ATPase on Serl6
and on Thrl5 which are not located in a known PKC
onsensus sequence (Beguin et al., 1994). To better define
the structural requirements for PKC phosphorylation in
general and in the Na,K-ATPasdl isoforms in particular,
we prepared a series of mutants affected in the N-terminus
of theBufoal subunits, expressed themXenopusocytes
together with3 subunits, and tested their ability to become
phosphorylated in homogenates after stimulation of the
endogenous, oocyte PKC with PMA. We have previously
shown that PKC phosphorylation afsubunits is similar in
this test system than in intact cells (Beguin et al., 1994,

96).

In all proteins which are known to be phosphorylated by
PKC, one or several positively charged lysine and/or arginine
residues are present in the close proximity of the phosphor-
ylated serine or threonine residues (Pearson & Kemp, 1991)
which are likely to be important for the interaction with the
active site in PKC. Since this is not the casehisoforms
of Na,K-ATPase, we first looked at the importance for PKC-
mediated phosphorylation of the positively charged histidine

by 30 steps of steepest descent followed by 500 steps ofyt nosition+2 relative to the phosphorylated serine as well

conjugate gradient minimization using the CHARMM pack-
age (Brooks et al., 1983) with the PARAM19 parameter set.
The 3D-1D profile matching procedure of Luethy et al.
(1992) was used to assess the quality of the model.

The peptide substrate corresponding to the N-terminus of
the Bufo a1 subunit was modeled after the structure of the
peptide inhibitor of protein kinase A: T-T-Y-A-D-F-I-A-S-
G-R-T-G-R-R-N-A-I-H-D (A represents the alanine residue
at the position of the phosphorylated serine or threonine)
described in the PDB entry 1ATP (Zheng et al., 1993). The

as of the more distantly located lysine and arginine clusters
present in the N-terminus (see Figure 1). Biosynthetic
labeling with E5S]methionine ofXenopusoocytes injected
with Bufo oo and 8 cRNA showed that the wild-typex
subunit and several mutants affected in positively charged
residues were expressed to a similar extent and well above
the level of endogenous, oocytesubunits (Figure 2A). As
previously reported (Beguin et al., 1994), PMA-mediated
phosphorylation of the wild-typBufoo subunit gave a signal
about 10-15-fold over background levels (Figure 2B,
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Ficure 3: Effect of charge displacement on PKC-mediated phosphorylation of Serl6 and Thr15Buafthel subunit. (A) Cellular
expression of wild-type and mutaBufo al subunitsXenopusoocytes were injected witBufo 51 cRNA alone (lane 1) or witlBufo 51

CcRNA plusBufowild-type (o wt) (lane 2) or mutant. cRNA (lanes 3-7), metabolically labeled with*§S]methionine, and extracted with

Triton X-100 as described in Experimental Procedures. Shown are autoradiograms of immunoprecigtatedits. (B) PKC-mediated
phosphorylation of wild-type or muta&ufo ol subunits. After cRNA injection, oocytes from the same batch as used in the experiments
shown in (A) were incubated for 3 days before preparation of homogenates. The phosphorylation reaction was done as described in
Experimental Procedures in the presence of 100 nM PMA. Shown are autoradiograms of immunoprecigtdtadits. One out of two

similar experiments is shown. (C and D) PKC-mediated phosphorylation of fusion proteins containing the wild-type or mutated N-terminus
of theBufoal subunit. Fusion proteins containing glutathightansferase (GST, lane 1) and the wild-type (GST-WT, lane 2) or mutated
(lanes 3 and 4) N-terminus of thgufo o subunit were prepared and subjected to a phoshorylation reaction in the presence of purified PKC

as described in Experimental Procedures. The phosphorylated products were resolvedHBARES stained with Coomassie Blue (C),

and revealed by autoradiography (D). PK€autophosphorylated protein kinase C. (E) Phosphoamino acid analysis of wild-type and
mutant fusion proteins. Phosphorylated fusion proteins shown in (C) and (D) were cut out of the gel and subjected to phosphoamino acid
analysis by one-dimensional thin-layer chromatography as described in Experimental Procedures. S and T indicate the positions of cold
phosphoserine and phosphothreonine, respectively. o represents the origin of the sample application. One out of two similar experiments
is shown.

compare lane 2 to lane 1) while the phosphorylation of the about 15% of that of th&ufo ol subunit (Beguin et al.,
o subunit mutated at Serl6 and Thrl5 (S16A/T15A) was 1994; Figure 2, lane 8). In addition, the data indicate that
abolished (compare lane 3 to lane 1). The seriteeonine histidine and arginine are equally effective in promoting
phosphorylation of theo subunit was abolished after PKC-mediated phosphorylation.
replacement of His18 by alanine (H18A, lane 4) and reduced The al subunit ofBufo Na,K-ATPase is mainly phos-
by 83% (average of two experiments) or 36% (average of phorylated on Serl6 and to a lesser extent on Thrl5 (Beguin
two experiments) after replacement of Lys22 and Lys21 et al.,, 1994). The phosphorylation signal is decreased by
(K22A/K21A, lane 5) or of Lys9 and Arg7 (K9A/R7A, lane  about 10% in the T15A mutant (Figure 3B, lane 3) and by
6), respectively. In contrast, mutations in the negatively about 90% in the S16A mutant (lane 4) compared to that of
charged glutamic acid (E17A) at positigril relative to the the wild-typea subunit (lane 2). The question arose whether
phosphorylated serine residue did not significantly affect the the position at+2 of the positively charged histidine residue
phosphorylation of thet subunit (lane 7). Thus, these data is important for the phosphorylation of Serl6 and/or deter-
indicate that the presence of basic residues, of the histidinemines the differential phosphorylation behavior of Ser16 and
residue at positiont-2, on the one hand, and of the lysine Thrl5. To assess these questions, we first shifted the basic
and arginine residues at positiorsy and—9 or +5 and residue from positiont-2 to position+3 relative to Serl6
+6, on the other hand, is crucial for an efficient serine by replacing Gly19 by a lysine residue in the H18A mutant
phosphorylation of thex subunit ofBufo Na,K-ATPase by (G19K/H18A). The phosphorylation of the G19K/H18A
PKC. mutant was about 75% reduced compared to that of the wild
To further investigate the role of His18 and in particular type a subunit (compare lane 5 to lane 2), indicating that
to distinguish whether its electrostatic or hydrogen-bonding the distance of the positively charged residue from Serl6 is
capacity is implicated in the phosphorylation event, we essential for its optimal phosphorylation. Furthermore, the
replaced His18 either by another positively charged amino phosphorylation of a mutant in which Ser16 was deleted and
acid, an arginine (H18R), or by a negatively charged amino in which the positively charged histidine residue was shifted
acid, an aspartic acid (H18D), or by polar, uncharged amino to position +2 relative to Thrl5 was not significantly
acids, asparagine or glutamine (H18N, H18Q). All mutants increased compared to that of the S16A mutah§16,
were similarly expressed in oocytes as compared to the wild- compare lane 6 to lane 4), suggesting that serine cannot be
type a subunit (Figure 2C). Significantly, the phosphory- replaced by a threonine residue and/or that the Ser16 deletion
lation of the o subunit was only preserved in the H18R alters the position of more distantly located positively
mutant which maintains a positively charged residue at charged residues which are important for Thrl5 phosphor-
position 18 (Figure 2D, compare lane 5 to lane 2). In ylation.
contrast, the phosphorylation was abolished in the H18D We have previously shown that fusion proteins containing
mutant (compare lane 4 to lane 1) and decreased by 90%the N-terminus ofo. subunits are good tools to identify
and 96% in the H18N and H18Q mutants, respectively phosphorylation sites (Beguin et al., 1994). Mutational
(average of two experiments) (compare lanes 6 and 7 to lanestudies on fusion proteins provide the same results on the
2). Thus, it appears that the electrostatic bonding capacity nature of the phosphorylation sites as those performed on
of His18 is important for an efficient phosphorylation of the native Na,K-ATPase. To test for the importance of His18
al subunit. This result is also supported by the fact that for Thrl5 phosphorylation, we therefore prepared fusion
the phosphorylation ckenopusx1 subunit, in which His18  proteins between glutathior@transferase (GST) and the
is replaced by a glutamine residue (see Figure 5), is only N-terminus of theBufo al subunit mutated at His18 and
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checked by phosphoamino acid analysis whether the mutated
N-terminus was residually phosphorylated or not on Thrl5
after incubation with purified PKC. Panels C and D of
Figure 3 show the Coomassie staining and the phosphory-
lation patterns, respectively, of the GST and the GST fusion
proteins. GST alone showed a certain basal phosphorylation
after incubation with PKC (Figure 3D, lane 1) which was
mainly due to serine phosphorylation (ratio of serine to
threonine phosphorylation close to 4) (Figure 3E, lane 1).
The phosphorylation signal increased by about 6-fold (aver-
age of five experiments) in the fusion protein containing the
wild-type N-terminus oBufoal (GST-WT; Figure 3D, lane

2) but did not significantly change and was similar in the
mutated fusion proteins GST-H18A (lane 3) and GST-S16A/

signal is reduced to that of GST (lane 1) in GST-S16A/T15A
(lane 4) as well as in GST-H18A (lane 3). This result
indicates that His18 is important not only for the Ser16 but
also for the Thrl5 phosphorylation.

Computer Modeling of the Interaction of the N-Terminus e
of the Na,K-ATPasenl Subunit with PKC. To better i ™ Helix G
understand the nature of the interaction between the N-
terminus of the Na,K-ATPasel subunit and PKC, we built £ . o . . ,

- IGURE 4: Molecular model of protein kinase C interacting with
molecular models of both the N-terminal part of th& ihe 22 N-terminal amino acid residues of th# subunit ofBufo
subunit and the bovine protein kinase C using knowledge- Na,K-ATPase. PKC is represented as a gray ribbon and the substrate
based protein modeling methods. This model was not usedis in orange. The ATP structure is in magenta. The key Ser16 (target
to get detailed information on residueesidue interaction  FCR o SRR 2 ek models (greem. C: éd, O
but rather. to gu'd‘? the dlscussmn.and the'lnterpretauon of violet, N; white, H). The relative positions of the fourgbasic’reéidués ’
the mutation studies. The catalytic subunit of the CAMP- i the substrate and of the acidic amino acids in PKC are shown
dependent protein kinase (PKA) was used to build this by blue and red spheres, respectively. To facilitate the model
molecular model. The N-terminus of the Na,K-ATPaske description, all residues are numbered according to the Swiss-Prot
subunit was modeled after the peptide inhibitor of PKA entry KPCA-BOVIN, while the loops and strands are named
which was cocrystalized with the enzyme (PDB entry 1ATP; 2ccording to Taylor et al. (1992, 1993).

Zheng et al., 1993).

Using the 3B-1D profile matching procedure of Luethy
et al. (1992), the PKC model yielded an average score of
0.59. Furthermore, the two profiles did not present marked
differences (data not shown), indicating that the PKC model

take in order to be phosphorylated (Kemp et al., 1994). The
resulting spacial localization of His18 allows it to interact
electrostatically with Asp378 and possibly with both Asp379
and Asp380, depending on its side-chain rotamer, of our PKC
model. This strong interaction seems to be essential in our

Is of reason_able _qu«_':lllty. o . . substrate since the replacement of His18 by either alanine
The peptide-binding domain in PKC is a large region . o - ) .
or aspartic acid, in contrast to arginine, abolishes its

spread throughout the larger lobe and comprises numerous .
putative contact sites. In particular, a striking feature of PKC phosphorylation (see above). These data demonstrate that

is the presence of a large number of acidic residues in two position +2 relative to the phosphorylated serine must be

areas (Figure 4). First, the loop linking helices B and C occupied by elth.er a h|st|<.j|ne or a basic residue.

(Asp379 to Asp380) contains three aspartates in a row, and 1 he basic residues which precede (Arg7 and Lys9) or
second, the loop linking helices F and G (Asp539 to Glus45) follow (Lys21 and Lys22) Serl6 at a larger distance than
consists of alternating aspartates and glutamates interruptedis18 in our substrate are most likely involved in electrostatic
by a glycine (Gly540). It seems reasonable that these regiongnteractions with the negatively charged-8 and F-G loops
largely contribute to the binding of peptides to the enzyme in the PKC. The FG loop has already been proposed by
and determine the substrate specificity. Indeed, PKA only Orr and Newton (1994) to be involved in substrate binding,
bears one negative charge in the same two regions. ThePased on a molecular model. Though a definite assignment
C-terminal region (following helix J) may also contribute to ¢annot be made on the basis of a molecular model, it is
the substrate specificity since, in this region, PKA is highly Probable that the N-terminally located, basic residues in the
negatively charged between Asp238 and Glu334 (six acidic Substrate will interact with the loop linking the F and G
residues) while PKC bears only one aspartate in the corre-helices. On the other hand, the C-terminally located, basic
sponding segment (residues 634). residues may contact either of the two regions.

The main residue phosphorylated by PKC in the N-  PKC-Mediated Phosphorylation of Rafl Isoforms. As
terminus of theBufo Na,K-ATPaseal subunit is Serl6.  previously shown by controlled trypsinolysis (Beguin et al.,
During the modeling of the substrate, we aligned this residue 1994), not only thex1 subunits of purifiedufoandXenopus
with Ala21 in the PKA inhibitor structure. The position of Na,K-ATPase but also that of sheep, rabbit, and duck are
this particular alanine residue, relative to the active site of exclusively phosphorylated by PKC in the cytoplasmic
PKA, corresponds to the one a serine or a threonine has toN-terminal tail. All knownal isoforms contain either the
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tryptic site 2
1 10 20 30 40 1|2|3]4|5i6
+ + + ++ + + + + + 4
Buf NKou MGYGAGRDKYEPAA.TSEHGGKK..GKGKGKDRDMEELKKEVTME A
Xen NKo1 MGYGAGRDKYEPAA.TSEQGGKKKKGKGKGKEKDMDELKKEVTME
Chi NKot: MGKGAGRDKYEPTA.TSEHGTKK. ..KKAK.ERDMDELKKEVSMD
Rat NKoi MGKGVGRDKYEPAA.VSEHGDKK..SKKAKKERDMDELKKEVSMD
Hum NKo: MGKGVGRDKYEPAA.VSEQGDKK . .GKKGKKDRKMKELKKEVSMD B
1 10 20 30 40
Chi NKo M...DGRE.YSPAATTSENGGGRRKQ. . ..KEKELDELKKEVNLD
Rat NKO&» MGRGAGRE.YSPAATTAENGGGKKKQ. . ..KEKELDELKKEVAMD
Hum NKoo MGRGAGRE.YSPAATTAENGGGKKKQ. ...KEKELDELKKEVAMD injection
1 10 20 30 )
Chi NKo: MG.DKG.EKESP......... KK..GKGK. ..RDLDDLKKEVAMT cRNA B +
Rat NKO: MG.DKKDDKSSP......... KK. .SKAKER.RDLDDLKKEVAMT
Hum NKo: MG.DKKDDKDSP. ........ KK . .NKGKER.RDIL.DDLKKEVAMT

Ficure 5: Alignment of N-terminal amino acid sequences of Na,K-
ATPasen subunits. Shown are amino acid sequencds ofiarinus
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Ficure 6: PKC-mediated phosphorylation aflL isoforms of rat
Na,K-ATPase and analysis of the phosphorylation metEnopus

; : ; oocytes were injected with rgtl cRNA alone (lane 1) or with
Xenopus laeis, chicken, rat, and humaal and of chicken, rat Bufo (lane 2) or rat (lane 36) A1 cRNA plusBufo (lane 2) or rat

and humana2 and a3 subunits [for references see Horisberger >

(1994)]. Gaps were introduced by hand to optimize the alignment Wild-type (Ianfe 3_)|c(i)rtrat mutgnt (I?nets— 6%0‘1 ERNtA' E@[ Ce'gﬁ;
of homologous residues. The positions of positive amino acids refer £XPréssion of wiid-type and mutant ral subunits. Atter ¢k
to theBufoal subunit. The numbers refer to amino acids8ofo injection, oocytes were metabolically labeled witt§]methionine
al, rato2, and rato3, respectively. The position of the tryptic and extracted with Triton X-100 as described in Experimental

cleavage site 2 according to Jargensen and Farley (1988) isProcedures. Shown are autoradiograms of immunoprecipitated

o : . ) ; - _Tsubunits. (B) PKC-mediated phosphorylation of wild-type or mutant
:ﬂdg:ﬁg%nghreafgtlatgﬁ n:r? tlr]:t(]g Zﬁc(i: argeg;gti%ggr(ﬁi%g?%lﬁgon ratol subunits. After cRNA injection, oocytes from the same batch

identified phosphorylated serine and/or threonine residues are in@S Used in the experiments shown in (A) were incubated for 3 days
bold. For further explanations see text. before preparation of homogenates. The phosphorylation reaction
was done as described in Experimental Procedures in the presence
. L . of 100 nM PMA. Shown are autoradiograms of immunoprecipitated
Ser-Glu-His or the Ser-Glu-GIn motif in the N-terminus ¢ subunits. One out of two similar experiments is shown.

(Figure 5) indicating that the observed PKC-mediated

phosphorylation at Ser16 in tifBfoandXenopustl subunit proteins containing the wild-type or mutant N-terminus of
is of general importance. A sequence survey reveals thatthe ratol subunit (data not shown).

al subunits of rat (Figure 5) and of the white sucker  Altogether, the results obtained with ratl subunits
Catostomus commersomire atypical in that they have confirm the importance of Ser16 in the PKC-mediated
additional serine residues in the N-terminus which are located phosphorylation of the Na,K-ATPasel isoforms but they

in more conventional PKC consensus sequences and whichglso indicate that other sites in the N-terminus of more
could serve as phosphorylation sites. To check for the conventional nature might be used, if available. Whether
relative importance of Serl6 and Ser23 (contained in the the phosphorylation of two sites indeed leads to an increased
sequence Lys-Lys-Ser-Lys-Lys) in PKC-mediated phos- overall phosphorylation of the ratl isoform compared to
phorylation of the rat1 subunit, we mutated these residues  that of the othent1 subunits is actually not clear. In contrast
individually or together and tested the phosphorylation of to our results, Feschenko and Sweadner (1995) observed that
the mutants after expression Xenopusoocytes. The rat  the ol subunit of purified rat Na,K-ATPase is more
wild-type and mutantcl subunits were similarly expressed efficiently phosphorylated than enzymes which only contain
in oocytes and well recognized byBufo a-antibody used  the Ser-X-His motif. The reason for these discrepancies is
for immunoprecipitations (Figure 6A, lanes-8; see Ex-  not known, but the results suggest that the conformational
perimental Procedures). By comparison of the expressionstate of the N-terminus might influence the phosphorylation
(lanes 2 and 3) and phosphorylation levels (Figure 6B, lanesefficiency.

2 and 3), it can be estimated that the rat wild-tygewas PKC-Mediated Phosphorylation @2 and a3 Isoforms.
phosphorylated to an extent similar to that of Befo ol So far, it is not known whether2 anda3 isoforms of Na,K-
subunit (three experiments). As to the et mutants, the  ATPase are phosphorylated by PKC and if so whether
PKC-mediated phosphorylation of both single mutants, S23A phosphorylation occurs in the N-terminus as in th#
(lane 4) and S16A (lane 5), was decreased by about 25%isoform. Sequence comparison shows a great variation in
(average of two experiments) compared to that of the rat the N-termini ofal, a2, anda3 isoforms (see Figure 5). In
wild-type al subunit (lane 3). These results differ from both thea2 anda3 N-termini the Ser-Glu-His(GIn) motif
experimental data obtained by sequence analysis of phosis missing. Instead, the2 N-terminus of rat and man
phorylated, purified enzyme preparations of@dtsubunits  contains two conserved amino acid stretches with serine or
(Feschenko & Sweadner, 1995) in which Serl6 and Ser23threonine residues. Of thes&rg-Glu-Tyr-Set® but not
phosphorylation accounted for 25% and 75%, respectively, 14Thr-Thr-Ala-Glu-Asri® represents a putative PKC motif.
of the PKC phosphorylation. A possible explanation for On the other hand, the3 isoforms bear one to three serine
these differences is that mutation of Ser23 favors the residues within conventional PKC sites (see Figure 5). To
phosphorylation of Serl6. Despite the uncertainty of the check for an N-terminal PKC-mediated phosphorylation, we
relative phosphorylation of Serl6 and Ser23, it is clear that expressed ratt1, a2, or o3 isoforms inXenopusoocytes
they are the only amino acid residues which contribute to and, after PKC-mediated phosphorylation in homogenates,
PKC phosphorylation of rattl subunits. Indeed, phos- subjected them to a controlled trypsinolysis assay which
phorylation was completely abolished in the double mutant selectively cleaves the N-terminus of thesubunit (Beguin
S23A/S16A (compare lane 6 to lane 1). This latter result et al., 1994). All three rat. isoforms are well expressed in
was also confirmed by phosphorylation assays on GST fusionoocytes (Figure 7A, lanes 2, 4, and 6). The lower signal
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F'ZGUREJ: 3P}<Cf—mediat?d pth(’)\lspr&o;\)fll_zgion O.frxthe N-terminltjs of Ficure 8: Phosphoamino acid analysis of fusion proteins containing
ﬁom?)n er?atefo(z)rrgznct)roﬁ:d t alsi_nol s?lss gf Imegfgggllijcsa?llocl)iageled the N-terminus o1, a2, or a3 isoforms. Fusion proteins between
rat o igoforms' XENODUDOC te;y\r/)vere iyn'ected with r cl%NA glutathioneStransferase (GST, lane 1) and the N-terminuBufo
) p y ! ol (lane 2), ranl (lane 3), humaml (lane 4), chicker2 (lane

alone (lane 1), or with rg#1 cRNA plus ratl (lanes 2 and 3), rat 5), rato2 (lane 6), or rati3 (lane 7) were prepared, subjected to

a2 (lanes 4 and 5), or rat3 (lanes 6 and 7) cRNA. After cCRNA 5 "o 5 phorylation reaction in the presence of purified PKC, and
injection, oocytes were metabolically labeled witPgJmethionine subjected to phosphoamino acid analysis as described in Experi-

before preparation of homogenates. Aliquots of homogenates were P
incubated with (lanes 3, 5, and 7) or without (lanes 1, 2, 4 and 6) Q;rir;l g;ggﬁ?n”éﬁfs' ,2 ;{O?,Cr? 0 are as in Figure 3. One out of two

trypsin for 5 min at 4°C as described in Experimental Procedures
before immunoprecipitation. Shown are autoradiograms of immu- .
noprecipitatedx subunitso— indicates the position of the trypsinized ~ phorylated (lane 4). As ton2 and a3 isoforms, the
o subunit lacking the N-terminus (lanes 3, 5, and 7). (B) Controlled N-terminus of chickern2 (lane 5) was phosphorylated on
trypsinolysis of rato. isoforms phosphorylated iKenopushomo-  poth serine and threonine, that of ka2 (lane 6) only on
genates in response to PKC stimulation. After cRNA injection, threonine, and that of rat3 (lane 7) only on serine residues.

oocytes from the same batch as used in the experiments shown i ) .
(A) were incubated for 3 days before preparation of homogenates.rIThese data confirm that the Thr-Ser-Glu-His and the Ser-

The phosphorylation reaction was done as described in ExperimentalGlu-His motifs inBufoand ratal N-termini but not the Ser-
Procedures in the presence of 100 nM PMA. After phosphorylation, Glu-GIn found in human an&enopusol N-termini are
aliquots of homogenates were incubated with (lanes 3, 5, and 7) orefficient substrates for PKC phosphorylation. In addition,
without (lanes 1, 2, 4, and 6) trypsin under the same conditions 8Sihe data suggest that rat and chicke® are mainly

for [3®S]methionine-labeled samples shown in (A). The faint . .
phosphorylated band observed in lane 2 is due to phosphorylationPhosphorylated in th&Thr-Thr-Ala-Glu-Asri® (see Figure

of undigestedal subunits which do not show a shift in the 5) and the!'Thr-Thr-Ser-Glu-As# sequence, respectively.
molecular mass. Shown are autoradiograms of immunoprecipitatedFinally, the rata3 N-terminus is obviously phosphorylated

o subunits. One out of two similar experiments is shown. on serine residues in tieys-Ser-Ser-Pro-Lys-Lys-Ser-Lys-
observed witho3 isoforms (lane 6) is probably mainly due  Ala-Lys!'” sequence.
to a less efficient recognition by tHaufo a-antibody used Confirmation of these latter results was obtained by

to immunoprecipitate the rat isoforms (see Experimental mutational analysis. Unfortunately, due to the low phos-
Procedures). Rat2 ando3 isoforms became phosphory- phorylation efficiency inKenopushomogenates, no conclu-
lated in response to PKC stimulation but to a much lower sive results could be obtained with mutated, natiZand
extent thanol (Figure 7B, compare lanes 4 and 6 to lane a3 isoforms. However, phosphoamino acid analysis of GST
2). By taking into account the expression level (and/or the fusion proteins containing the N-terminus of the a2
antibody recognition), the efficiency of phosphorylation of isoform mutated in Thrl5 and/or Thr14 showed that a double
rat a3 and a2 is about 25% and 10% of that of ratl GST T15A/T14A mutant abolished phosphorylation at threo-
(average of three experiments). Selective, tryptic cleavagenine residues to the basal GST phosphorylation level (Figure
of the N-terminus reflected by the small shift in the molecular 9A, compare lane 5 to lane 1) and that both Thrl4 and Thrl5
mass of the biosynthetically labeled proteias (Figure 7A, accounted for about 50% (average of two experiments) of
lanes 3, 5, and 7) abolished the phosphorylation signal in the threonine phosphorylation of the wild-typ2 N-terminus
all threea. isoforms (Figure 7B, lanes 3, 5, and 7). Similar (compare lanes 3 and 4 to lane 2). Thus, phosphorylation
results were obtained with rat isoforms phosphorylated  studies on fusion proteins and natie2 isoforms indicate
by purified PKC in microsomes of cRNA-injected oocytes that the N-terminus of the rat2 is a possible, but poor
(data not shown). substrate for PKC phosphorylation and that the unusual
These data indicated that, ad isoforms,a2 and a3 ¥Thr-Thr-Ala-Glu-Asrt® is responsible for this phosphory-
isoforms of rat are phosphorylated in the N-terminus, but in lation.
contrast tonl, they represent poor substrates for PKC. To  To identify the phosphorylated serine residue in the
further characterize PKC phosphorylation @2 and a3 N-terminus of then3 isoform, we tested the phosphorylation
isoforms, we identified the nature of the phosphorylated of GST fusion proteins containing the rai3 wild-type
amino acid in GST fusion proteins containing the N-termini  N-terminus or the N-terminus mutated in Ser9, Ser10, and/
of al, a2, or a2 isoforms of different species. Phospho- or Serl4 (Figure 9B,C). Since it is not known whether in
amino acid analysis revealed that, in agreement with the thea3 isoform similar to thex1 anda2 isoforms (Jgrgensen
previous findings on the native subunits, the N-terminus & Collins, 1986) the first five amino acids are missing, we
of Bufoal is phosphorylated mainly on serine and to a lesser compared the phosphorylation of fusion proteins starting with
extent on threonine (Figure 8C, lane 2) and that oforht Asp6 or with Metl. Compared to GST (Figure 9C, lane 1),
only on serine residues (lane 3). In the hurodrN-terminus PKC-mediated phosphorylation increased by 5-fold (average
neither serine nor threonine residues were visibly phos- of four experiments) in both fusion proteins (lanes 2 and 3),



14106 Biochemistry, Vol. 35, No. 45, 1996

ERERERERE
¢ &

i 1]

2
L
L]

-

18D
VhiL-1So|™
G11-1SO |-

z0 1el
LM -LSD
MASTRT

[+]s]sl7]8]

M

S e S — —— —— —

L
1[2,3 9,10

—PKC

i

~N

1S9

]-1S9)
wiglLs

Vi Lgi'.i.sa

G52
M=HHH:
Ficure 9: Analysis of PKC phosphorylation motifs in the N-
terminus of thea2 and a3 isoforms. (A) Phosphoamino acid
analysis of fusion proteins containing the wild-type or mutated
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phosphorylation reaction in the presence of purified PKC as
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Ficure 10: Phylogenetic aspects of the Ser-Glu-His motif. The
figure shows the presence or absence of the Ser-Glu-His motif and
its variants in the N-terminus af subunits. An asterisk indicates
the presence of consensus phosphorylation sites in the N-terminus.
Amino acid residues preceding the Ser-Glu-Gin or the Ser-Glu-
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the active site of PKC, we characterized the basic structural
requirements for PKC phosphorylation of thé isoform of
Na,K-ATPase. Furthermore, phosphorylation studiee®n
and a3 isoforms revealed that, in contrastdd isoforms,
these are poor substrates for PKC phosphorylation.

A first result of the present study was the identification
and characterization of a (Thr)-Ser-X-His motif which
permits efficient PKC-mediated phosphorylation oft
isoforms of Na,K-ATPase. PKC phosphorylation has been
demonstrated in a great number of proteins and though no
strict rules could be defined for a PKC phosphorylation motif,
the phosphorylation actually occurs on serine and/or threo-

described in Experimental Procedures. The phosphorylated productdline residues contained in a sequence which is characterized

were resolved by SDSPAGE, revealed by autoradiography, and

by one or several positively charged arginine or lysine

subjected to phosphoamino acid analysis. S, T, and o are as infasidues at positior-1 through+3 and/or—1 through—3

Figure 3. (B and C) PKC-mediated phosphorylation of fusion
proteins containing the wild-type or mutated N-terminus of the rat
a3 isoform. Fusion proteins between glutathi@tansferase (GST,
lane 1) and the wild-type N-terminus of raB starting at Asp
(lane 2) or Met (lane 3), or the mutated N-terminus of ra8
starting at Met (lanes 4-10), were prepared and subjected to a
phosphorylation reaction in the presence of purified PKC as

described in Experimental Procedures. The phosphorylated product

were resolved by SDSPAGE, stained with Coomassie Blue (B),
and revealed by autoradiography (C). PKCautophosphorylated
protein kinase C.

relative to the phosphorylated serine or threonine residue
(Kennely & Krebs, 1991). Synthetic peptides with the motif
X-Arg-X-X-Ser-X-Arg-X tend to be the best substrates for
PKC (Pearson & Kemp, 1991). In this study, we show that
PKC motifs can deviate considerably from these predictions.

gn the N-termini of mostol isoforms of Na,K-ATPase, a

single histidine is present at positioh2 relative to the
phosphorylated serine residue which, in concert with more
distantly located arginine and lysine residues, is necessary
and sufficient for an efficient PKC phosphorylation. The

indicating that the presence or absence of the most N-terminalstrong electrostatic interaction of the histidine with PKC
amino acids does not influence the overall phosphorylation appears to be important since we observe a much lower
of the a3 N-terminus. Significantly, the PKC-mediated phosphory|ation oxenopuand humarol isoforms which
phosphorylation of single or double mutants affected in Ser9 possess a glutamine at positier2 as well as oBufo al
and Ser10 was not decreased compared to that of the wildsybunit mutants in which histidine was replaced by either
type a3 fusion protein (Figure 9C, compare lanes 4, 5, and glutamine or asparagine. Molecular modeling predicts, in
7 to lane 3) while it was completely abolished in all mutants addition, that the more distantly located positive residues
which were affected in Serl14 (compare lanes 6, 8, 9, and 10which are particularly abundant in the N-terminus wf
to lane 1). Thus, only Serl4 and not Ser9 or Serl0 is sybunits, provide electrostatic interactions with negatively
phosphorylated in the rat3 fusion proteins. This resultis  charged regions in the PKC and thus might be important for
important since it implies that3 isoforms of other species, 3 correct positioning of the substrate in the active site of
which do not contain Ser14 (see Figure 5), are not substratespkC,
for PKC. It is interesting to follow the appearance of the (Thr)-Ser-
DISCUSSION GIu—Hi.s motif i.n th(.e.(xl subunits: during Na,K-ATPase
evolution. In identified o subunits of invertebrate no
By a combination of site-directed mutagenesis and mo- analogous sequences are present (see Figure 10), but instead
lecular modeling of the interaction of tleN-terminus with they contain one or several consensus PKC sites in the
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N-terminus. In vertebrates, we find the Ser-Glu sequence,

which is maintained throughout evolution, in the most
primitive, identifiedTorpedoa subunit. The strict conserva-
tion of the glutamate is interesting in view of our finding
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The physiological significance of PKC phosphorylation
of Na,K-ATPase in general, as well as of the regulatory
implications of the variable phosphorylation of different
isoforms, remains to be established. The N-terminus is an

that it can be replaced by an alanine without a change in theinteresting domain of thet subunits with respect to the

phosphorylation of th®&ufo al subunit. In theTorpedoa
subunit, the amino acid at positior2 relative to the serine
residue is an asparagine which permits only weak PKC-
mediated phosphorylation. Finally, tA@rpedoa subunit
also shows for the first time in evolution a threonine at
position —1 which accounts for about 10% of the PKC-
mediated phosphorylation of tiBufool subunit. It appears
that theTorpedoa subunit containing a Thr-Thr-Ser-Glu-
Asn motif occupies a key position in the evolution of the
diversity of PKC motifs ofa. isoforms. From the evolution-
ary tree of the Na,K-ATPase family, deduced from the global
sequence identity of the subunits, it might be inferred that
Torpedo a subunits are more ancient than the direct
precursors of the3 anda2 isoforms (Horisberger, 1994).
Thus, perhaps in3 isoforms, the Thr-Thr-Ser-Glu-Asn motif

has been lost while other consensus PKC motifs were
maintained. Furthermore, it might be speculated that the Thr-

Thr-Ala-Glu-Asn sequence found in the2 isoforms of
higher vertebrates evolved from the Thr-Thr-Ser-Glu-Asn
motif present in th& orpedoa. as well as in the chickea2
isoform. Finally, a Thr-Ser-Glu-His/GIn sequence is char-
acteristic ofal isoforms of lower vertebrate species (with
the exception ofC. commersofiwhile in ol isoforms of

possible functional consequences of PKC phosphorylation.
It appears that it is directly involved in conformational
changes of the Na,K-ATPase and in the associated occlusion
and deocclusion of cations [for review and references see
Horisberger (1994)]. It might be expected that an introduc-
tion of a negative phosphate group into the highly positively
charged N-terminus could perturb its structural integrity and
certain functional properties. However, so far, no studies
exist which demonstrate a convincing correlation between
PKC phosphorylation and a modulation of Na,K-ATPase
activity.

We do not know the actual affinity for PKC of the native
o isoforms but only their relative efficiency of phosphory-
lation. Indeed K, values cannot be determined in intact
cells, and we deliberately renounced to perform such
measurements on fusion proteins or peptides since they
would be irrelevant for the native enzyme. Nevertheless,
from our mutational analysis and molecular modeling, we
may draw several conclusions on the potential physiological
importance of PKC phosphorylation of Na,K-ATPase
isozymes. In view of the high conservation of the Ser-Glu-
His motif in theal isoform, the good molecular fit of the

higher vertebrates the threonine residue is absent and thdnteraction of its N-terminus with PKC, and its relatively

motif becomes Ser-Glu-His. An interesting and so far only
known exception to this rule is the humat isoform which
bears the Ser-Glu-GIn sequence.

An extension of our studies t@2 isoforms reveals that
they are also phosphorylated in the N-terminus but, in
contrast tax1 isoforms containing the Ser-X-His motif, they
are poor substrates for PKC. The low phosphorylation
observed in the rat and the chicke@ is probably due to
phosphorylation of the Thr-Thr-Ala-Glu-Asn or the Thr-Thr-
Ser-Glu-Asn motif, respectively, and not of the more
consensus PKC site coexisting a2 isoforms (see Figure
5). The phosphorylated2 sequence resembles the H18N
mutant of theBufo al subunit. Correspondingly, it results
in a drastic reduction of the phosphorylation of alp
isoforms compared to that ofl isoforms. Ino2 and in the
H18N mutant, the remaining interactions with PKC are most
likely due to the strong positive charges in positions-28
(see Figure 5) which may interact with the negative loops
on PKC (see Figure 4). As w3 isoforms, our data suggest
that, with the exception of rat3, they are not phosphorylated
by PKC. Indeed, in rai3, phosphorylation does not occur
on the most N-terminal consensus PKC site which is
conserved in all characterizetB isoforms but instead in
another rat-specific, consensus site (Lys-E4&er-Lys) (see
Figure 5). According to the sequence alignment, the
phosphorylated Ser14 of the @8 corresponds to Ser23 in
the ratal which is strongly phosphorylated. In both cases,
a PKC consensus phosphorylation motif is present. How-
ever, a major difference between kat anda3 resides in
the presence of a proline in the3 position in the rab3.
This proline residue might not only reduce the phosphory-
lation of Ser14 in ratx3 but also prevent the phosphorylation
of Ser9/10 in alla2 anda3 sequences, probably due to an
incompatibility of the local substrate structure.

efficient phosphorylation, it can be predicted that tak
isoform (perhaps with the exception of the humad
subunit) is a possible target for regulatory phosphorylation
by PKC in higher vertebrates. As to the isoform, the
putative consensus PKC site in the N-terminus is not
phosphorylated, and it contains the phosphorylation motif
lacking the serine and the histidine residues. As a conse-
guence,o? subunits are very poor substrates for PKC
phosphorylation and probably also for PKC modulation.
Species-specific adaptations exist, e.g., in chick2niso-
forms which have maintained the serine residue and show a
more efficient phosphorylation. Finallg3 isoforms are the
most unlikely candidates for regulatory phosphorylation.
Indeed, with the exception of raf3 which is phosphorylated

to a low extent on a distinct consensus serine, they are not
phosphorylated by PKC.

Thus, altogether, our results suggest that odlyisoforms
are possible targets for modulation by PKC phosphorylation.
This conclusion is supported by the recent observation that
in rat peripheral nerves, despite the presence of @atand
o2 isoforms, phosphorylation by phorbol esters is associated
only with a1 isoforms (Borghini et al., 1994) and apparently
correlates with the effect of PKC modulators on the Na,K-
pump activity in diabetic nerves [see Borghini et al. (1994)
and references therein].
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