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Enzyme Kinetics and Regulation by Protein Kinase C

Marie-Jose Duran,* Sandrine V. PierfeDeborah L. Carr, and Thomas A. Pressley
Department of Physiology, Texas Tech Lémsity Health Sciences Center, 4th Street, Lubbock, Texas 79430
Receied May 14, 2004; Resed Manuscript Receéd September 21, 2004

ABSTRACT: Comparisons of the primary structures of the Na,K-ATPassoforms reveal the existence

of regions of structural divergence, suggesting that they are involved in unique functions. One of these
regions is the isoform-specific region (ISR), located near the ATP binding site in the major cytoplasmic
loop. To evaluate its importance, we constructed mutants of the rodent wildxtypeada3 isoforms in

which the ISR was replaced with irrelevant sequences, i.e., the analogous region from the rat gastric
H,K-ATPase catalytic subunit or a region from the humamyzoncogene. Opossum kidney (OK) cells
were transfected with wild-type ratl, a3, or their corresponding chimeras and selected in ouabain.
Introduction of either mutant produced ouabain-resistant colonies, consistent with functional expression
of the chimeric protein and indicating that the ISR is not essential for overall Na,K-ATPase function. The
introduced chimeras were then characterized enzymatically by measuring the relative ratansf Kit
deocclusions. Results showed that exchanges ofdb#mdo3 ISRs significantly modified the sensitivity

for the enzyme to either Kor Li*. Subsequent treatment of the cells with phorbol esters revealed an
altered Na,K-ATPase transport in response to protein kinase C activation ot tt@meras. No changes

were observed for the3 isoform, suggesting that it is not sensitive to PKC regulation. These results
demonstrated that the ISR plays an important role in ion deocclusion and in the response to PKC (only
for the a1 isoform).

The Na,K-ATPase, which catalyzes the extrusion of Na molecule. In a previous study, we have shown thatcle
and the absorption of Kat the expense of metabolic energy ISR is essential in protein kinase C (PKC) regulati@h (
derived from ATP, consists of at least two subunit§110 The present study aims to investigate further the importance
kDa) andg (55 kDa), existing as several isoforms. The of the Na,K-ATPasex1 ISR and to describe the potential
subunit, representing the catalytic component of the enzyme,role of the a3 ISR to the kinetics and regulation of the
is @ membrane-spanning protein expressed as four isoformsnzyme, using a mutagenesis/heterologous expression strat-
(al, a2, a3, anda4) with differences in enzyme kinetics egy. Results show that transfections of each chimera
and response to second messengBrsgomparisons of the  produced viable colonies, suggesting that swapping of the
primary structures of the rat isoforms have revealed regionsISR did not compromise the expression of the protein and
of structural divergence that could be involved in isoform- the overall Na,K-ATPase enzymatic function. While substi-
specific functions. A major site of sequence divergence tutions of theal and a3 ISRs with unrelated sequences
among theo isoforms is the isoform-specific region (ISR induced changes in both"Kand Lit sensitivities of the
Figure 1) @). This 11-amino acid sequence is located in the enzyme, regulation of the pump-mediated transport by PKC
major cytoplasmic loop between TM4 and TM5 near the was only impaired in mutants for thel ISR.

ATP binding site 2). Alignment and homology comparison
of the rata ISR amino acid sequences (Figure 1) reveal EXPERIMENTAL PROCEDURES
significant diversity among the isoforms. Indeed, while the

rat a1l ISR shares 27% of homology with thet ISR, the Preparation of Rail a_nd o3* Isoforms.Rat_wiId-type
ol anda2 ISRs, as well as thel anda3 ISRs, share only ~ @1 and a3 cDNAs, a gift from Dr. J. B. Lingrel and
9% of their residues. colleaguesy), were subcloned by our laboratory into pGEM-

Because of its proximity to the ATP binding site, we 3Z (Promega, Madison, WI) as describe). (A variant of

speculated that the replacement of the ISR by unrelatedthe rat wild-typea3 isoform, designated3*, was con-
sequences would alter the enzymatic properties of the Structed by site-directed mutagenesis (Q108R and N119D)
to obtain an isoform resistant to micromolar concentrations
" This project was supported in part by a grant from the National Of ouabain §). The use of an Oflaba|n'r95|5taf3 isoform _
Center for Research Resources, RR-19799. allowed us to employ the ouabain-selection strategy described

*To whom correspondence should be addressed: Department of ha|ow. The structure of the3* mutant cDNA was confirmed
Physiology, Texas Tech University Health Sciences Center, 3601, 4th by direct nein
street, Lubbock TX 79430, USA. Phone: (806) 743-4056. Fax: (806) oY CIr€Cl s€quencing.
743-1512. E-mail: mariejosee.duran@ttuhsc.edu. Construction of the Chimera3he ratal ando3* cDNAs

§ Current address: Department of Pharmacology and Therapeutics, ; ; ; ;
Medical College of Ohio, Arlington Ave., Toledo, OH 43614, USA. were used tg prepare c_hlmerlc_ molecules in which the ISR
1 Abbreviations: ISR, isoform-specific region: OK, opossum kidney; ©Of @1 anda3* was substituted with two unrelated sequences,

PKC, protein kinase C; PMA, phorbol myristate acetate. the analogous region from the rat gastric H,K-ATPase
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Ficure 1: Alignment of the ratt1, a2, a3, anda4 isoform-specific region (ISR, shaded) amino acid sequences with the rat H,K-ATPase
and human enycsequences used in this study. The percent homology betweerl 18R and the other sequences (othgsoform ISRs,
H,K-ATPase, and enycinserts) is shown.

Table 1: Characteristics of the Primers Used in Real-Time cDNA Amplification

position in annealing
target genes sequencesth3) the plasmid product size  temperature
Na,K-ATPasenl, alHKal, almyaxl CAC TGC TTAACT GGCTT (S) 85958611 268 bp 40C
CCT CGG CTC AAATCT GT (AS) 206-216
Na,K-ATPasen3*, a3*HK a3*, a3*myax3* CAC TGC TTAACT GGCTT (S) 85958611 648 bp 40C
CAC CTC CTC CGC ATT C (AS) 581596

aTo amplify the chimeras, we used sense primers directed against the pPRC/CMV promoter region of the recombinant plasmid used for transfection
and antisense primers directed againstdfieor a3* isoform sequences. (SF sense, (ASy antisense.

catalytic subunit and a region from the humamgeonco- a cationic liposome preparatio)( Transfected OK cells
gene. To achieve these substitutions, two silent mutationsexpressing the introduced ouabain-resistant Na,K-ATPase
were introduced in raétl anda3* cDNAs by conventional constructs were selected for their ability to grow under 3
site-directed mutagenesis as described earlier by Pierre euM ouabain, a concentration sufficient to kill untransfected
al. (2), creating unique sites for digestion by the restriction OK cells. The colonies obtained were then expanded in
enzyme<Clal and Agd without altering the encoded amino  ouabain-containing medium to produce stable cell lines.
acids. To perform the exchange of the ISRs with the un-  Total RNA Extraction and Real-Time PCFhe structure
related sequences, the cet anda.3* cDNAs were digested  and level of expression of the chimeras in recipient cells
by Clal and Agd endonucleases and nucleotide sequence was evaluated by examination of the expressed mRNAs.
encoding a region from the rat gastric H,K-ATPase catalytic After removal of medium from 60-mm culture dishes, total
subunit, TLEDPRDPRHL, or from the humamayconco- RNA was isolated and reverse-transcribed and the corre-
gene, EQKL'SEEDL, was inserted instead of the ISR into Sponding cDNAs were amp||f|ed by real-time PCR using
the clonedn1 isoform or then3* mutant. The oligonucleo-  the LightCycler apparatus (Roche). SYBR Green, which has
tides used to construct these mutants were ATCGATTCA- g high affinity for double-stranded DNA (dsDNA) and
CACTCTGGAGGATCCGCGCGACCCCCGGCACTT-  exhibits enhancement of fluorescence upon binding to the
GCTAGTGATGAAGGGGGCCCCAGAAAGGA-  dsDNA, was chosen as the fluorescent dye. Different sets
TACTGGACCGGT and its complement for the rat gastric  of specific oligonucleotide primers (Table 1) were designed
H,K-ATPase insert, and ATCGATTCACAAGGAGCAA- using Vector NTI 7 (InforMax Inc., Frederick, MD) to
AAGCTCATTTCTGAAGAGGACTTGCTAGTGAT- confirm the expression of the chimera’s mRNAs in OK cells.
GAAGGGGGCCCCAGAAAGGATACTGGACCGGT and  Sense primers were designed to hybridize the pRC/CMV
its complement for the humanroycinsert, where under-  promoter region of the recombinant plasmid used for
lined and double-underlined bases represent, respectivelytransfection, while antisense primers had their target in either
the Clal and theAgd restriction sites. The structures of the the ol isoform or thea3* mutant DNA sequences. Using
constructed chimeras, designatedHKol, almyaxl, this strategy, only the introducedL, a3* isoforms and their
a3*HK a3*, ando3*mya.3*, were confirmed by restriction  respective chimeras will be amplified. Each reaction con-
analysis and direct sequencing of the altered region. The rattained 2uL of cDNA from the reverse-transcribed RNAs, 3
gastric H,K-ATPase sequence was chosen because of itsnM MgCl,, 0.5uM of each primers and, 4 of FastStart
homology with the Na,K-ATPase ISR (i.e., 27 and 54% DNA Master SYBR Green | mix (Roche) in a 20_ final
identity with theal anda3 ISRs, respectively; Figure 1) volume. Samples were then placed in the LightCycler
and the human myc oncogene was selected as a totally instrument and underwent the following thermal cycling
unrelated sequence (9% homology with eith&ror o3 ISRS; profile: cDNA was denaturated by a preincubation of 30 s
Figure 1). at 95°C and the template was amplified for 35 cycles of (1)
SubcloningHeterologous Expression in Mammalian Cells  denaturation fol s at 95°C; (2) annealing at 40C for 10
and SelectioncDNAs encodingnl, o.3* and the chimeras  s; (3) extension at 72C for 25 s. The increase in
were subcloned into the eukaryotic expression vector pRC/fluorescence, dependent on the initial template concentration,
CMV (Invitrogen, San Diego, CA) as previously described was acquired after each extension phase at 86 an@ 88r
(2. ol anda3* constructs, respectively, a temperature above
Heterologous expression of the different constructs was the T, of the primer dimers and below tfg, of the specific
achieved by transfection of opossum kidney (OK) cells using PCR product (Figures 2D and 3D), thus minimizing the
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Ficure 2: Determination of the expression of thé and its corresponding chimeras by real-time PCR (see Experimental Procedures for details). (A) Representative amplification curve. @Curves
representing untransfected OK cells, negative control, and sterile water. (B) Representative standard curve generated from LightCyeléomwofdliiceasing amounts of purified recombinang
pRC/CMV ol plasmids. Serial dilutions ranged from®10 1 copies. (C) Amount obtl and its corresponding chimeras expressed by transfected OK el (per group). Data are meansS
+ SE. (D) Assessment of amplification specificity by melting curve analysis. o)
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acquisition of nonspecific fluorescence intensities. After RESULTS

amplification, a melting curve was generated by cooling the . ) .
samples to 58C for 30 s and slowly heating the samples at _ 1he ISR Is Not Critical for @erall Enzymatic Function.

0.1 °C/s to 95°C while the fluorescence was measured 10 determine directly whether the ISR afl was critical
continuously. The LightCycler run was concluded with a 35 for enzymatic function, we generated protein chimeras in
°C incubation for 30 s. Product identity was confirmed by which the ISR was replaced with unrelated sequences. The

electrophoresis on a 1% agarose gel stained with ethidiumMore conservative substitution was the analogous sequence
bromide. from the rat gastric H,K-ATPase catalytic subunit, a member

of the P-type class 2 superfamily of transport ATPases such
as the Na,K-ATPase. Homology comparisons of the rat
gastric H,K-ATPase amino acid sequence withdfieor 0.3

To quantify the number of expressed chimeras in trans-
fected OK cells, dilution series of either the recombinant

* H .
ol or ad" plasmids were used as PCR templates in each ISRs revealed 27 and 54% of similarity, respectively (Figure

real-time PCR run to generate a standard curve. . e . :
I, 1). The more risky substitution was performed using a region
Membrane PurificationCrude plasma membranes were ¢ the human anyc oncogene, a completely unrelated

isolate.d from confluent monolayers of untrgnsfect_ed and sequence showing little homology (9%) with th& ando3
ouabain-resistant transfected OK cells by differential cen- |grs  The resulting chimeric moleculeslHKal and

trifugation of lysates, followed by extraction in sodium almyail, as well as the wild-type rat1 were introduced
iodide,_as described5( 6). Protein concentrations were ,:q OK cells in culture by DNA-mediated gene transfer.
determined by the method of Lowry et a)( To select for recipient cells, we took advantage of the ability

Relatve Rates of K/Li* Deocclusions.The ouabain-  of the ratal to confer ouabain resistance when expressed
sensitive N&-ATPase activity was determined from the in sensitive cells, a strategy exploited by many laboratories
hydrolysis of radiolabeled ATP in isolated membranes from (5 13). As expected, the wild-type isoform produced viable
transfected cells as described by Petrosian eBpIT0 assess  colonies after selection in concentrations of ouabain sufficient
the relative rate of deocclusion, various concentrations of to kill nontransfected OK cells, consistent with its relatively
either KClI or LiCl, ranging from 0 to 5 mM, were tested. |ow affinity for the glycoside. More to the point of this
Results were standardized to the ouabain-sensitive- Na project, botholHKol andolmyaxl also conferred ouabain
A_TPase estimate measured in the absence of eitheorK  resistance, suggesting that replacement ofothdSR does
Lit. not compromise overall Na,K-ATPase function.

Active TransportPump-mediated transport was assessed The same mutagenesis strategy was adopted to produce
in transfected cells grown in 60-mm culture dishes by 3*HKa3* anda3*myax3* chimeras in which the:3 ISR
measuring the ouabain-sensitive uptake of tHeckingener  was replaced with the H,K-ATPase amdyc sequences,
%Rb* as describeds). The effect of PKC activation on active  respectively. As expected, the conted* was fully capable
transport was determined by treating confluent monolayers of conferring ouabain resistance. Both constructegt
for 5 min with the DMSO vehicle (dimethyl sulfoxide, chimeras also conferred the resistant phenotype, showing
Sigma, St. Louis, MO), designated as the untreated group,that, similarly toal, thea3 ISR is not critical for overall
or with 10uM phorbol ester agonist PMA (phorbol myristate  enzymatic function.
acetate, Sigma), diluted in DMSO, before the addition of 1,4 HK-ATPase- andmyc-Substituted Chimeras Are

radiolabeled Rb. Efficiently Expressed by OK Cellonfirmation of the
Structure ModelingThe availability of the crystal structure  introduced chimeras’ structures was achieved by real-time
coordinates of the sarcoplasmic reticulum®GATPase  PCR after extraction of total RNA from the transfected or
isoform 1 @, 10) allowed us to perform structure comparison untransfected OK cells. For this purpose, different specific
and homology modeling. We first performed an initial oligonucleotide primers were designed (for details, see Table
sequence alignment of the €aATPase and the rat Na,K- 1) to amplify only sequences from the introduaet], o3*
ATPaseol isoform using the Align X application of Vector  jsoforms and their respective chimeras. To amplify cDNA
NTI 7 (Informax Inc.), based on the Clustal W algorithm. from the introduced isoforms and chimeras, we used sense
Then, using the ProModll software run on the SWISS- primers directed against the pRC/CMV promoter region
MODEL server (1, 12), we were able to generate a structural of the recombinant plasmid used for transfection and
model of the rat Na,K-ATPasel isoform and its corre-  antisense primers directed against eitherdtieor thea3*
sponding chimeras based on the known sarcoplasmic reticusequences. After reverse-transcription of the total RNA
lum C&*-ATPase structure (PDB ID code: 1EUL). In brief, jsolated from transfected or untransfected OK cells, and real-
after superimposing the sequence of interest to the knowntime PCR with the described primers, the amplification
sequence, the Promodll software generates a frameworkcurves showed amplification faxl and its corresponding
builds the nonconserved loops, and then refines the modelchimeras (Figure 2A) as well as fo3* and its correspond-
by energy minimization and molecular dynamics. The ing chimeras (Figure 3A) but, as expected, not for the
structural model was visualized and manipulated using Deepuntransfected OK cells. PCR product identification was
View Swiss-Pdb Viewer software (http://www.expasy.org/ performed by melting curve analysis (Figures 2D and 3D)
spdbv/). and electrophoresis. Since the melting curve of a product is
Statistical AnalysefResults are expressed as mearnSE. dependent upon its GC content, length, and sequence
Statistical analysis was performed using nonparametric andcomposition, specific amplification can be distinguished from
parametric tests as needed using the GraphPad Prism 2.@onspecific amplification by examining the melting curve.
software (GraphPad Software Inc., San Diego, CA). Values We also verified the PCR product by confirming the correct
of p < 0.05 were considered statistically significant. size of amplicons after agarose gel electrophoresis (data not
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shown). Both approaches showed the correct size and melting A
pattern, e.g., a single peak at 88 and°89for theal and 120
a3* cDNA amplifications, respectively, for the amplified
fragments. Specific controls, which included a negative
control with no cDNA in the reaction mixture and sterile
water, always yielded the expected results (Figures 2A and
3A). ;
Standard curves were generated from cDNAs made from '
increasing amounts of purified recombinant pRC/CMY
or a3* plasmids. Ten-fold serial dilutions in a range from
10° to 1 copies were used. The detection limit was 10
copies. Amplification plots oéi1 or a.3* standards were used 0 )
to plot a linear regression line using the logarithm of template KCI (mM)
concentration a¥-axis against the PCR cycle number on B
the Y-axis (Figures 2B and 3B). The results show that, while
theal isoform was highly expressed by transfected OK cells,
MRNA expression fonlHKal andolmyaxl was similar
but weak (Figure 2A). Similar amounts of MRNAs were also
found for theo3* isoform anda3*mya3* chimera (Figure
3C). Expression of the3*HK a3* mMRNAs was three times
higher thana3* and a3*mya3*. Because the basal Rb
uptake measured in the untransfected or the transfected OK
cells is similar (i.e., 8.6 0.5 nmol Kf/min/mg proteins), it
is reasonable to think that the amount of functional enzyme
at the plasma membrane is limitated by the amoung of - - : - -
isoforms expressed by the OK cells and not by the level of 0 02 04 08 08 1
expression of the introduced constructs. KCI (me)

A|though the chimerica. mMRNAsS were not expressed FiGUrRE 4. Relative K sensitivity of Na-ATPase in membranes

; " from transfected cells. Hydrolysis of £2P]JATP was measured after

equally, results obtained frpm t_he real-time PCR analyses 0 min in the presence of AM ATP. 20 mM NaCl, and various
strongly suggest that the chimeric molecules were expresseQoncentrations of KCI. Results are presented relative to ouabain-

correctly. sensitive Na-ATPas_e activity. To inhibit endogenous Na,K-
The ISR Influences Enzyme KinetiBsobably the most ~ ATPase, M ouabain was present in all reactions. (A) Ouabain-
dramatic difference in kinetics among the isoforms involves :gﬂg:m’g N'\fAAFTPZZSéea (ii?/tilt\;lltgﬁ%f*%]hi;gggr%sétég)re?)?ea:ear:?e- g
the relative rate of K deoc;clusmn_, the E2(K)~ E1 step of as percent of ouabain-sensitive NATPase activity measured in
the Na,K-ATPase catalytic reactiofi4) that becomes rate  apsence of KCI. Values, obtained from at least three different clones,
limiting at low ATP concentrations. To examine any possible are meanst SE. At least three different membrane preparations
effects the replacement of the ISR could have on deocclusion,were isolated for each clone andNATPase activity measurements
we measured the Kand Li* sensitivities of Na-ATPase  ere done in triplicate for each*Kconcentration.
activity in membranes isolated from OK cells expressing . . L
various constructs. In micromolar concentrations of ATP changes were conﬂrmed bY examining the Ser!s'“"'ty of the
sufficient to saturate the high-affinity phosphorylation site, '€action to LF, which exhibits a faster relative rate of

the response of Nadependent ATP hydrolysis to varying deocclusion than K thus empha_sizing_ any difference_s.
concentrations of either Kor Li* is a convenient and EXPposure to LT produced a frank stimulation of the ouabain-

sensitive indication of isoform-specific differences. Indeed, Sensitive Na-ATPase activity (Figure 5) as described earlier
Daly et al. (L5) have shown that the NeATPase activity oY Daly etal. £5). Replacement of thel ISR by the H,K-

of the al and a3 isoforms is inhibited by increasing ©OF Mycsequences induced subtle changes indansitivity
concentrations of K, but stimulated for thex2 isoform. at submllllmolar concentrations, the_major dlfferen_ces being
Relative K™ sensitivity of ouabain-sensitive NeATPase ~ found in the range of 5 mM (Figure 5A). Chimeras
activity in membranes from the different transfected OK cells derived from thex3* isoform displayed a dramatic sensitivity
are represented in Figure 4. The*daduced inhibiton 0 Li* (Figure 5B). The LT activation profiles of the
pattern observed in this study for the wild-typé isoform constructgde chimeras were greatly enhanced as cor.n'pared
(Figure 4A) is comparable to the one obtained by Pierre et {0 thea3* isoform, thea3*HK o3* being the most sensitive
al. (2). Exchange of thetl ISR by either the H,K- omyc to Llf.. To summarize, data obtained from either & Li*
sequences increased kohibition to a notable extent in the ~ Sensitivity experiments show that batfi anda3 ISRs seem
initial phase of the curve as well as for the highest K t0 influence enzyme kinetics.

concentrations (Figure 4A). While the8* and a3*HK a.3* The a1l ISR Is Implicated in PKC-Stimulated Ma
displayed similar kinetic behavior at hightioncentrations, =~ ATPase-Mediated Transpogarlier work by our laboratory

a remarkable difference was observed in the range-@.0 using ISR exchanges among the isoforms suggests that this
mM (Figure 4B). The most striking difference was found region contributes to the responsecdf to PKC-mediated

for the a3*myca3* chimera, which, although displaying an  phosphorylation Z). To evaluate further this contribution,
inhibition profile similar toa3*, showed a lower degree of we examined the effects of PKC stimulation on Na,K-
inhibition at high K" concentrations. These ISR-induced ATPase-mediated transport in OK cells transfected with H,K-
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FIGURE 5. Relative LI sensitivity of Na-ATPase in membranes g5 re 6: PMA-induced activation of Na,K-ATPase-mediated
from transfected cells. Hydrolysis of f?PJATP was measured after  transport. Na,K-ATPase-mediated Riransport was assayed by
30 min in the presence of AM ATP, 20 mM NaCl, and various  measyring the ouabain-sensitive uptake of tHeckingeneP*Rb*

concentrations of LiCl. Results are presented relative to ouabain-n attached cells exposed tq81 or 1 mM ouabain. PKC activation
sensitive N&-ATPase activity. To inhibit endogenous Na,K-ATPase \yas induced P a 5 min exposure to 1@M PMA prior to the

3 uM ouabain was present in all reactions. (A) Ouabain-sensitive 5qgition of R. Values are means SE (1 = 5 in at least three
Na'-ATPase activity ofl chimeras. (B) Ouabain-sensitive Na  jitferent clones) and are expressed as the percentage of their paired
ATPase activity ofx3* chimeras. Data are presented as percent of ¢onirols, which represent the same cells exposed to the vehicle
ouabain-sensitive NaATPase activity measured in absence of LICl. pnso. Ouabain-sensitive Rhuptakes of transfected cells were
Values, obtained from at least three different clones, are means  gimilar to nontransfected OK cells (86 0.5 nmol KH/min/mg

SE. At least three different membrane preparations were i30|ate‘jproteins). (A) Transport ofxl chimeras. (B) Transport af3*

for each clone and NaATPase activity measurements were done  chimeras. Ther3*al mutant, where only the first 25 amino acids

in triplicate for each Li concentration. Inset: Shape of the various belong to the Na,K-ATPase3* isoform, the o3*ala3* and

curves between 0 and 0.4 mM*Lshown in expanded scale. a3*a203* chimeras, where the ISR has been exchanged by the
al anda2 ISRs, respectively, were constructed and transfected in

ATPase- andnycsubstituted chimeras. Under basal condi- OK cells. DMSO- and PMA-treated values fr?&n each tragfjection
tions, ouabain-sensitive Rluptakes of transfected cells were v:eéleogcin\l/z%egrggré%rirtg/}/g-talled paitetst. **p < 0.01, **p
similar to nontransfected OK cells (846 0.5 nmol K*/min/

mg proteins). Exposure to the PKC agonist PMA in the wild- Na,K-ATPaseal and o2 ISRs, respectively, were con-
type al transfected cells induced an increase in ouabain- structed, sequenced, and transfected in OK cells as described
sensitive Rb uptake of 15% (Figure 6A), as demonstrated Previously. Na,K-ATPase-mediated Riransport was then
previously @, 16). Replacement of thel ISR by the rat ~ assayed by measuring the ouabain-sensitive uptak&bf.
gastric H,K-ATPase insert abolished the PMA-induced AAgain, results did not reveal any changes in Na,K-ATPase
increase in ouabain-sensitive uptake. However, the PMA transport after PKC stimulation by the phorbol ester PMA
response was retained in thelmyaxl-transfected cells, (Figure 6B). Similar results were obtained for ti@&HK a3*

. S and o3*mya.3* chimeras (data not shown).
desplt'e the presence oithe unrelameybsequence'. Similar Taken together, the data from our earlier and present
experlmer_lt_s_W|th_thex3 mutant revegled no evidence O_f studies clearly support for an essential role of dtielSR in
PKC sensitivity (Figure 6B). To further investigate a potential response to PKC phosphorylation. A similar role for t&
role for thea3 ISR, experiments were conducted with three |gr seems very unlikely.
othera3* constructs. Thex3*al mutant, where the first 25 Immunoblotting.To assess the expression of the Na,K-
amino acids (including the serines phosphorylated by PKC) ATPase isoforms, our laboratory has designed specific
belonging to the Na,K-ATPasedl isoform have been  antibodies against the rat (named NASE) andy3 (named
replaced by thet3 sequence, the3*olo3* and o.3*02a3* TED) ISRs (7). Because these regions were altered in the
chimeras, where the3 ISR has been exchanged by the rat chimeras, the isoform-specific antibodies were of little utility
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A H,K insert B

N-terminus

N domain

/

Ficure 7: Comparisons of the 3-D structural model of the Na,K-ATPase catallticsoform with its corresponding chimeras. (A) Rat
Na,K-ATPasenl isoform. (B)alHKal chimera. (Cilmyanl chimera. (D) Rabbit sarcoplasmic reticulum?GATPase. Portions of the

three cytoplasmic domains are represented: the actuator domain (A domain; resid@esntl 125-233) is in pink, the nucleotide domain

(N domain, residues 35%602) is in green and the phosphorylation domain (P domain, residues3%30and 605 740) is in blue. Two

regions of the molecules are highlighted: the N-terminus is shown in black and the ISR or inserts are in red. Black circles indicate the
location of the dileucine motifs. The models, based on the known 3-D structure of the sarcoplasmic retictiluiT Rase isoform 19,

10), were generated by the Swiss MODEL server and visualized using Deep View software (see Experimental Procedures for details).

when confirming the structures of the expressed mutant sub-www.expasy.ch/swissmod/SWISS-MODEL.html) indicate
units. For the detection of theyc chimeras, we used the that 66% of models for which the target shares-30%
mouse monoclonal antibody 9E10 (Covance Research Prodsequence identity with the template are correct with a root-
ucts, Denver, PA) directed against theyc epitope. The mean-square difference value lower than 4 A. Moreover, the
antibody failed to detect a band in the transfected cells crystal structure of the rat Na,K-ATPasé N-domain (9;
although it clearly detected appropriate controls (data not PDB ID code: 1MO7) has been recently described. After
shown), suggesting that thmycepitope may not be acces- superimposition of the N-domain portion of our model with
sible for antibody binding in the constructed/cchimeras. this new structure, we could observe that our model fits quite
To evaluate the putative structural changes induced by thewell with the new N-domain structure (data not shown) with
exchange of the ISR with thaycinsert, structure modeling  a root-mean-squared deviation of 1.5 A, which makes our
of the catalytic subunit of the Na,K-ATPase was performed. model acceptable.

Exchange of the ISR by Unrelated Sequences Leads to Such an analysis of the three-dimensional structure of the
Structural ChangesA 3-D structural model of the rat Na,K-  Na,K-ATPase (Figure 7) reveals that th& ISR, located in
ATPaseal isoform and its corresponding chimeras (Figure the N domain of the Na,K-ATPase, is facing the cytoplasm
7) based on the known structure of the sarcoplasmic and therefore is easily accessible for interaction with proteins.
reticulum C&"-ATPase 9, 10) was generated. The overall Introduction of the H,K-ATPase insert induced slight changes
sequence identity between the sarcoplasmic reticulufii-Ca  in the structure, while insertion of tlneycepitope completely
ATPase and the sodium pump is around 30%, and thedisrupted the likely structure of the region, which now faces
sequence similarity between the two pumps is about 40%.the core of the protein and may therefore not be accessible
By existing criteria, this degree of identity and similarity is for protein interaction (Figure 7). If this inaccessibility is
high enough to justify presuming that these proteins exhibit retained after SDSPAGE, this may explain why theyc
the same general protein folding patterns. This view is antibody failed to detect the epitope of the construcisd
supported by data from Rice and co-workei8)( which chimeras.
show good agreement between the electron density maps o
the Na,K-ATPase and the sarcoplasmic reticulunt'€a BISCUSSION
ATPase. Therefore, our model probably represents the actual Several findings in the present study support an important
Na,K-ATPase structure to a reasonably good approximation.role of the Na,K-ATPase ISR in both enzyme kinetics and
Also, estimates from the 3DCrunch Project (see http:// regulation of the pump by PKC.
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Indeed, after structural confirmation of the introduced rat

Duran et al.

for the present study, displays a dileucine motif, ExxxLL,

isoforms and their correspondent chimeras using real-timewithin the ISR. The analysis of the three-dimensional
PCR (Figures 2 and 3), we measured the ouabain sensitivestructure of the Na,K-ATPase revealed that this region is

Na™-ATPase activity at different Kor Li* concentrations
to evaluate the impact of thel and a3 ISR exchanges.
Similar to the results of Daly et al1) and Pierre et al 2),

we found that varying concentrations of Kranging from 0

to 5 mM, inhibited ouabain-sensitive N&ATPase activity

in membranes from wild-type ratl- anda3*-transfected
OK cells (Figure 4), while similar concentrations of‘llead

to an activation profile (Figure 5) as described by Daly et
al. (15). Although in our previous study?), swapping of
theal ISR with thea2 sequence did not induce any changes
in K* sensitivity of the Na-ATPase activity, replacement
of theal anda3 ISRs with unrelated sequences in this study
modified the K" inhibition as well as the Ui activation

facing the cytoplasm, suggesting that the motif is easily
accessible to interaction with clathrin, thereby promoting
endocytosis of the pump. Although the protein expression
of theal chimeras could not be evaluated in this study, we
used the data obtained from the structure modeling to draw
some hypotheses that might explain the changes in the PMA
response observed for thelHKal as well as for the
almyal chimeras. Substitution of thel ISR with the H,K-
ATPase sequence, which like thé ISR contains a dileucine
motif (DxxxLL), seemed to completely counteract the
translocation of the Na,K-ATPase from intracellular pools
to the plasma membrane, suggesting that this sequence is a
better retention signal than thel ISR. As observed with

profiles to a notable extent (Figures 4 and 5). Indeed, changeghe structural studies, introduction of the H,K-ATPase insert

of theal ISR by the HK andnycsequences both increased
the K™-induced inhibition with the highest inhibition logically
observed for the most dissimilar sequence, theycepitope.
Similar patterns for the Liinduced activation were found
for these chimeras at high Liconcentrations (Figure 5A).
The results obtained for the3* chimeras are more difficult

to link in terms of homology of the inserted sequences to
the original sequence. Indeed, although theyssequence

is the most dissimilar sequence, it behaves more like the wild-

type a3* isoform than then3*HK a.3*. Clearly, more work

slightly changed the position of the dileucine motif, exposing
it more to the surface of the protein where it may interact
more efficiently with the proteins of the cellular endocytic
machinery, as compared to the Na,K-ATPasedileucine
doublet, thereby promoting an increased endocytosis of the
pump. Like the Na,K-ATPase, the gastric H,K-ATPase can
be internalized by endocytosis, although it is thought to
employ a tyrosine-based motif that resides in the cytoplasmic
tail of the S-subunit £5). So far, no sequences in the catalytic
subunit of the H,K-ATPase that could contribute to this

will be necessary to determine the specific structures within process have been identified. Todmyax1 chimera also
thea3 ISR that contribute to the rate of deocclusion. It seems contains a dileucine doublet which is apparently inactive

likely, however, that the interactions in which the ISR

participates may be more complicated than first imagined.

Segall et al. 20) have suggested that three different domains
in theol isoform, i.e., the amino terminus, the MR13 loop,
and the M4-M5 catalytic loop (including the ISR), alter the

likely because of the conformational changes introduced by
the mycinsert. Indeed, as seen in Figure 7, insertion of the
mycinsert completely disrupted the likely structure of the
region with the dileucine motif, which now faces the core
of the protein and may therefore not be accessible to

transitions between the conformational states E1 and E2. Itinteraction with proteins. As a result, internalization of the

therefore may be that the ISR is involved in a complex three-

way interaction.
In agreement with our previous stud®)( this report

chimeric polypeptide might be abolished, leading to an
increase in pump abundance in the plasma membrane and
in Na,K-ATPase-mediated transport after PMA treatment,

confirms that the ISR is implicated in the response to secondas observed in this study. To confirm these hypotheses, future
messengers. We have previously shown that phosphorylatiorstudies will include quantification of protein expression in

of theal N-termini Set! and Sef® by PKC increases Na,K-
ATPase-mediated Rbtransport in cultured OK cells ex-
pressing the exogenous rat Na,K-ATPadeisoform @1).
This is the result of pump translocation from intracellular

different cell fractions (plasma membrane, early/late endo-
somes, and clathrin-coated vesicles) in the absence and
presence of the phorbol ester.

Although it is well-known that PKC-mediated phospho-

pools via clathrin-coated vesicles, leading to increased pumprylation of theal isoform occurs at Ser-11 and 18, it still
abundance in the plasma membrane. This process requiresemains unclear which residues are phosphorylated in the

the phosphorylation of both Séand Set® of thea1 isoform
by the PMA-inducible PKG5 isoform 21) and seems to
involve a dileucine motif present in thiel ISR, which would
act as a dynamic retention signal favoring internalization
(2). Thus, the increase ml abundance after PMA treatment

o2 and a3 isoforms. Even though these two serines are
absent in thex2 isoform, Pierre et al.Z) documented that

exposure of2*-transfected cells to phorbol esters produces
an increase in pump-mediated transport similar to the one
observed forl. In view of these results and because of the

in OK cells seems to reflect a balance between translocationpresence of a dileucine motif in the3 ISR, we investigated
of intracellular pools of pumps to the plasma membrane and whether phorbol esters could also modify the Na,K-ATPase-
endocytosis of these same pumps, with an overall increasemediated transport of the3 isoform. Our results show that

in Na,K-ATPase cell surface expression.

activation of PKCp by PMA in OK cells transfected with

The dileucine motifs are characterized by a consensusthe o3* mutant failed to change basal Na,K-ATPase-

sequence: {)xxxLL, where x represents a polar residue and
(—) is an acidic residue, aspartic or glutamic acid (for review,

mediated transport. Although the3 isoform is a poor
substrate for PKC, phosphorylation of this isoform by PMA

see ref22). The spacing between the acidic residue and the occurs, but only at S&rin Xenopusoocytes 26) corre-

first leucine is crucial Z3), whereas the requirement for the

sponding to SéF in the ratal isoform. As PMA-induced

second leucine is more relaxed, as shown recently for theNa,K-ATPase transport requires the phosphorylation of both

Na,K-ATPase by Dohet al. 24). The ratol isoform, used

Sef! and Sef in the al isoform, we can speculate that, as
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with theal isoform @1), phosphorylation of only one serine
residue in then3 isoform may be not sufficient to induce
the cellular response to PMA. Also, exchange ofdl3eSR
with the analogous region afl or a2 did not modify the

pump-mediated transport in response to PMA (Figure 6B),
suggesting that the ISR does not represent the main
component involved in the regulation of the pump by protein

kinase C.

The results of the present study clearly demonstrate that,
the ISR, located in the N domain, seems to play an important
role in both enzyme kinetics and PKC regulation of the pump
in OK cells. This region may interact with the phosphorylated
serines (Sét and Sel®) located in the amino terminus
(domain A) of the Na,K-ATPasenl Ey(2K) form as
described by Jorgensen et &7). Future experiments will
determine the importance of the dileucine motif in PKC
regulation.
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