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pm, a Structural Member of the X,K-ATPageSubunit Family, Resides in the ER
and Does Not Associate with Any Known X,K-ATPaseSubunit
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ABSTRACT. m, a muscle-specific protein, is structurally closely related to the X,K-ATPBasebunits,

but its intrinsic function is not known. In this study, we have expregbadn Xenopuocytes and have
investigated its biosynthesis and processing as well as its putative role as a chaperone of X,K-ATPase
subunits, as a regulator of sarcoplasmic reticulurft@elr Pase (SERCA), or as a &asensing protein.

Our results show tha@m is stably expressed in the endoplasmic reticulum (ER) in its core glycosylated,
partially trimmed form. Both full-lengthfm, initiated at Met, and shor{m species, initiated at M&

are detected in in vitro translations as well a&gnopusocytesSm cannot associate with and stabilize
Na,K-ATPase (NK), or gastric and nongastric H,K-ATPase (ldK3oforms.pm neither assembles stably
with SERCA nor is its trypsin sensitivity or electrophoretic mobility influenced by"™CA mutant, in
which the distinctive Glu-rich regions in thgm N-terminus are deleted, remains stably expressed in the
ER and can associate with, but not stabilize X,K-ATPassubunits. On the other hand, a chimera in
which the ectodomain gfm is replaced with that gf1 NK associates efficiently witle NK isoforms

and produces functional Na,K-pumps at the plasma membrane. In conclusion, our results indicate that
pm exhibits a cellular location and functional role clearly distinct from the typical X,K-ATBagéounits.

The P-type ATPases represent a highly diverse proteinin consequence leads to exposure of degradation signals that
family which are responsible for cation homeostasis of mediatea subunit degradation by the cytosolic proteasome
various cellular compartments. P-type ATPases can be(4, 5). Interaction of thes subunit with the extracytoplasmic
divided into three different groups according to the ions loop between M7 and M8 of the nascemtsubunit favors
transported and their structural similariy)(The P2-ATPase = membrane insertion of its C-terminal membrane domains and
subgroup is characterized by a catalytisubunit which has  its ultimate, correct packing5). The stable, functionally
10 transmembrane segments and comprises thaHPases, activea/ps complexes are then able to leave the endoplasmic
the Ca&"-ATPases, and the X,K-ATPases. These latter reticulum (ER} and are routed to the plasma membrane.
ATPases are located in the plasma membrane and exchange So far, four members of th&subunit protein family have
external K for internal H" and/or N& and are represented been characterized. Thrgkisoforms can be attributed to
by various isozymes of the Na,K-ATPase and the gastric Na,K-ATPase g1 NK, 52 NK, 83 NK) and one to gastric
and nongastric H,K-ATPases. Significantly, among all P-type H,K-ATPase ¢ HK). Significantly, for the nongastric H,K-
ATPases, only X,K-ATPases contain, in addition to the ATPases, no specifif subunit has been identified. X,K-
catalytica. subunit, a8 subunit which is indispensable for ATPasef isoforms exhibit only about 2030% overall
the structural and functional maturation of tasubunit (for ~ sequence identity, but they share several structural features.
review, se€, 3). Indeed, in contrast to other P-type ATPases, They are type Il glycoproteins which contain, in the
the catalytico. subunits of X,K-ATPases are not able by €ctodomain, three consecutive disulfide bonds and a highly
themselves to adopt a correct membrane topology. C-terminalconserved Y-Y/F-P-Y-Y-G-K sequence which can be con-
membrane domains contain specific sequence informationsidered as signature motifs of tiesubunit family. As X,K-
that impedes efficient insertion into the lipid bilayer which ATPasex isoforms, X,K-ATPasg isoforms exhibit a tissue-
specific distribution (for review, se®) with 51 NK being
expressed ubiquitously2 NK mainly in the heart, skeletal
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associate with altr NK isoforms and produce functionally wooEls Ee MUy v T

active a/f complexes with slightly different transport and ~ #™ (N0 o ™ ] e

pharmacological propertie6{8). Moreover,o. NK can Moo M100

produce stable complexes withHK which are, however, e 1

partially inactive @—11). On the other handyx HK does BmAE | ] YY Y Y

not associate witl#1 NK (12, 13). In addition to discrimi- M83 100

nating structural properties of andg subunits, it is possible

that tissue-specific factors prevent promiscuous association w1 YY Y Yy T
. . K L B1p

of different X,K-ATPasea andf isoforms in situ. ppm — —

Recently, a novel member of tifesubunit family has been
identified which shares common structural features and |-- YA L 5908
signature motifs with X,K-ATPas¢@ isoforms (4). The R Mo
overall sequence identity with X,K-ATPagesubunits is 36
40%. The new protein, termgémuscle fm), is predomi- wi Mo 060 s303
nantly expressed in skeletal muscles where it is develop- B1NK W
mentally regulated {4-16). Despite the similarities with ~_ .~ . humans-sv\ﬂni-s(white) S;/Svtﬂl NK
X,K-AT_Pase,_B |sqforms,ﬁm has also some atyp_lcal Chf"“‘ (black) and mutants. Indicated aré the positioﬁs of the three
acteristics. First, it contains two long glutamate-rich regions methionines in the N-terminus of hum#@m (M1, M89, M100),
in the cytoplasmic N-terminus which are not present in X,K- the glutamine-rich regions ifim (hatched), and the transmembrane
ATPasef subunits 15). Second, based on results of cell domain (TM)ingm andB1 NK. The positions of sugar chains (Y)
fractionation experimentsL6) and on its state of glycosy- ~ @nd of disulfide bonds (SS) in the ectodomain are showfmAE
lation (15), fm appears to be concentrated in the sarcoplas-: pim lacking the glutamine-rich regions (E3&72).
mic reticulum, in contrast to X,K-ATPag&subunits which
are predominantly found at the plasma membrane. Finally,
a specific feature offm is the existence of splice variants
lacking four amino acids adjacent to the start of the
transmembrane domaii4).

The unique characteristics ¢fm, compared to other
members of th@ subunit family, raise the question whether
pm is also a X,K-ATPase3 subunit that interacts and
regulates the expression of one of the X,K-ATPase in a
tissue-specific manner. In this study, we used Xe@opus
oocyte, a well-defined expression system for X,K-ATPases
to further characterize the biosynthesis and processifigof

and to investigate its putative functional role. Our results the transmembrane and ectodomain regions3df was
reveal thapim is an ER-resident protein which does notact ,jified using a sense oligonucleotide coding for amino
as a chaperone for the maturation of any of the known X,K- o qiqq @5 1e42 of 41 tailed with nucleotides coding for

ATPasea subunits and thus represents a protein functionally i 0 2 cids THES— Leut!! of Am, and an antisense oligo-
distinct from other members of thg subunit family. nucleotide coding for the Aéﬁ;_’Asang region. The two

amplified fragments were then joined by recombinant PCR,
and the final fragment obtained was subcloned into the pSD5/
cDNA Constructs and Mutagenes&loning and insertion A1 vector betweerNhd and Hindlll restriction sites. The
of human Na,K-ATPasell, a2, o3 (ol NK, a2 NK, o3 Am mutant lacking the two glutamate-rich regiofsnAE,
NK), and1 cDNAs into pSD5 or pNKS2 (kindly provided ~ Figure 1) was constructed from two PCR-amplified frag-
by G. Schmalzing) vectors have been described previouslyments, one encoding thim region from Met to Ala® and
(8). Human full-lengthm (14) was inserted into the pSD5  the other encoding the region from Gluo Asn'®® and
vector betweeiNcd and Smd restriction sites. ATP1all (the ~ containing a 5tail coding for Gl#®—Ala® of fm. The two
human nongastric H,K-ATPase subunit, AL1) (7) and amplified fragments were joined by recombinant PCR, and
the rabbit gastric H,K-ATPase. subunit ¢ HK, kindly the final fragment obtained was subcloned into the pSD5/
provided by G. Sachs) have been introduced into pSD3 andBm vector betweemNhd and BanHI restriction sites.
pSD5 vectors as previously reportetBl. cDNAs coding The fm MB89A mutant was prepared by first PCR-
for the human sarcoplasmic €aATPases 2a and 2b  amplifying a fragment om using an antisense oligonucle-
(SERCA 2a and SERCA 2b, kindly provided by D. H. otide consisting of nucleotides 53853 tailed by primer D
McLennan) were inserted into the pSD5 vector betwgad of Nelson and Long 19) and a sense oligonucleotide
and Notl restriction sites. Mouse calmodulin was obtained Containing the mutated sequence. The mutated fragment was
by PCR using a brain library and was subcloned into the ysed as a primer to elongate the inverse DNA strand and
pSD5 vector. was amplified using a sense oligonucleotide encoding part
The f18m chimera (Figure 1) consisting of the human of the pSD5 vector and primer D of Nelson and Lodg)(
A1 N-terminus (Met-Lys*¥) and theBm transmembrane and  The mutated fragment was introduced into the pSD5 vector
ectodomain regions (Lét—Thr%") was produced by intro-  betweenNhd and BarHlI restriction sites. The cDNA of
ducing aBarnHI restriction site into the pSDBA vector at thefm M89A mutant served as a template for the preparation

nucleotide 101 and Bglll site into the pSD5¥m vector at
nucleotide 321. ABglll fragment containing the coding
sequence for thBm transmembrane and ectodomain regions
was introduced into the pSOE! vector previously digested
with BarrHI and Bglll. For the construction of the reverse
chimera,fmg1 (Figure 1), consisting of theém N-terminal
domain (Met—Leu''}) and the transmembrane and ectodomain
regions of 81 (lle3—Ser®), a fragment encoding all 111
amino acid residues of th8m N-terminus was amplified
using a sense oligonucleotide encoding part of the pSD5
' vector, and an antisense oligonucleotide coding for amino
acids Tht®—Leu!! of Sm. Another fragment encompassing

MATERIALS AND METHODS
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of the double M89A/M100A mutant which was introduced X-100. Proteinase K (20Qtg/mL) was added, and the
into the pSD56m MB89A vector betweeBanH| and Sma samples were incubatedrfé h at 4°C. The reaction was
restriction sites. stopped by addition of phenylmethylsulfonyl fluoride (10
Test of a/f Association.Oocytes were obtained from mM), and the samples were left on ice for 15 min before
Xenopusfemales (Noerhoeck, South Africa) as described addition of sample buffer.
(20). Routinely, oocytes were injected with 10 ngefand Western Blot Analysis ¢fm from Xenopus Oocyte and
1-1.5 ng of 3 cRNA. To investigate the ability of wm, Piglet Skeletal Muscle Microsomeédicrosomes were pre-
mutantSm, andSm/31 chimeras to associate with Na,K- or pared fromXenopusoocytes expressingm as previously
H,K-ATPasea subunits or SERCA, oocytes were incubated describedZ0) and were resuspended in a solution containing
in a modified Barth’s medium containing 0.7 mCi/nitS 30 mM pL-histidine, 5 mM EDTA, 18 mM Tris, pH 7.4.
Easytag expressed protein mix (New England Nuclear) for Microsomes from piglet skeletal muscle were obtained with
24 h and then subjected to a chase period of 48 h in thethe approval of Animal Care and Use Committee of the
presence of 10 mM cold methionine. Microsomal fractions Medical College of Ohio. Male piglets were supplied within
were prepared as previously describe)( Aliquots of 24 h after parturition and were euthanized by intramuscular
oocyte microsomes were directly loaded onto SDS gels, orinjection of 4-6 mg/kg of Telazol followed by intraperito-
o/} complexes or individual subunits were immunoprecipi- neal pentobarbital (100 mg/kg). Skeletal muscle was collected
tated under nondenaturing conditions (0.5% digitonin), which and either used immediately or frozen-s80 °C. Upon use,
preserves/f3 interactions, or under denaturing conditions tissue samples were homogenized with a blender in cold
after heating samples 7 min at 86 (o subunits) or 5 min buffer A [250 mM sucrose, 20 mM Na-HEPES (pH 7.2), 5
at 95°C (Bfm) in the presence of 3% SDS. In some instances, mM EDTA, 5 mM benzamidine, 200 mM PMSF, and
nonimmunoprecipitated or immunoprecipitated proteins were protease inhibitor cocktail (Sigma) containing 0.5 M KClI].
treated with endoglycosidase H (Endo H) as descridyl (  The homogenate was centrifuged at 6§@@ 4 °C for 20
The three human isoforms were immunoprecipitated with  min, the supernatant was collected, and the microsomal
a rabbit polyclonal Bufoal antibody @2). AL1 was fraction was pelleted at 1000§@t 4 °C for 1 h. The pellet
immunoprecipitated with a rabbit polyclonal antibody against was washed with buffer A, centrifuged, and stored-80
a specific N-terminal region2@). The rabbit gastric H,K-  °C.
ATPase antibody was kindly provided by D. Clagg) The Two hundred micrograms of protein from piglet muscle
humangm was immunoprecipitated with a polyclonal rabbit and 50ug of protein from oocyte microsomes were treated
antibody against a recombinant protein lacking the trans- or not with Endo H after denaturing proteins with 3.7% SDS
membrane domain1g). Commercially available mouse and precipitation with acetone f® h at —20 °C. After
IgG2a antibodies (Affinity Bioreagents) were used to im- overnight incubation, samples were reprecipitated with
munoprecipitate SERCA 2a and 2b. The dissociated immuneacetone and taken up in sample buffer before loading on a
complexes were resolved by SBBAGE, and labeled 5—13% SDS-polyacrylamide gel. After migration, proteins

proteins were detected by fluorography. were transferred onto a nitrocellulose membrane. The
Controlled ProteolysisMicrosomes were prepared in the membrane was blocked with a solution containing 0.1%

absence of protease inhibitors as describg@) (from Tween 20 and 3% lowfat milk overnight at°€ and then

metabolically labeled oocytes expressiihg, 1 NK, g HK, incubated with an anf#m antibody diluted 1/1000 in the

or SERCA 2a. Microsomes were resuspended in 10 mM Tris- above-mentioned solutionf@ h atroom temperaturelf).
HCI (pH 7.4) and subjected to two freeze/thaw cycles in After thorough washing of the membrane with a solution
liquid nitrogen. Aliquots (12:«g) were preincubated for 30  containing 0.1% Tween 20, proteins were revealed by a
min at 25°C in the presence of either 10 mM Tris-HCI, 1 peroxidase-conjugated anti-rabbit antibody (Amersham) and
mM CaCl or 0.5 mM EGTA. The osmolarity was adjusted ECL technology (Pharmacia).
to 60 mM with choline chloride. Trypsin (Type Xl, Sigma) C&*-Binding AssayAliquots of microsomes of metaboli-
was added at a trypsin-to-protein ratio of 0.001 or 0.05, and cally labeled oocytes expressiftm, f15m, calmodulin,
the samples were incubatedrf@ h at 25°C. Trypsin SERCA 2a, ool NK were loaded on SDS gels or, in the
digestion was stopped by the addition of a 5-fold excess (w/ case of calmodulin, on SBSTricine gels (prepared accord-
w) of soybean trypsin inhibitor (Sigma), and left at 26 ing to the manufacturer’s instructions) containing either 1
for 10 min before addition of SDS, immunoprecipitation with  mM CaCl or 0.1 mM EGTA. Samples containingm or
protein-specific antibodies (see above), gel electrophoresis,f18m were treated with Endo H before gel migration.
and revelation of the proteins by fluorography. Pump Current Measurement¥a,K-pump currents were

In Vitro Translation and Proteinase K Digestiolm vitro measured as the'Kinduced outward current using the two-
translations in rabbit reticulocyte lysates of wt, mutant, or electrode voltage-clamp technique as descil2&jl Briefly,
chimericfm/B1 cRNAs (60 ng/reaction) were performed in current measurements were performed 3 days after injection
the presence or absence of canine pancreatic microsomabf oocytes with humanl NK cRNAs together wittB1 NK,
membranes according to the to the manufacturer’s instruc- Sm, SmAE, fmg1, or 515m. To determine the maximal
tions (Promega). TheéS]methionine-labeled proteins were induced current, injected and noninjected oocytes were
treated or not treated with Endo H (see above) or proteinaseloaded with Na by incubation in a K-free solution 1 day
K (Sigma) and directly subjected to SBBAGE. For before measurements. The current induced by addition of
proteinase K treatment, microsomes were diluted 40 times10 mM Kt was recorded at-50 mV in a Na-containing
in a buffer containing 250 mM sucrose, 50 mM{dcetate, solution [80 mM sodium gluconate, 0.82 mM MgC0.41
5 mM MgCl, 10 mM dithiothreitol, 10 mM CaGJ 50 mM mM CaChb, 5 mM BaClh, 10 mM tetraethylammonium
Tris-HCI, pH 7.4, in the presence or absence of 1% Triton chloride, 10 mMN-methylb-glucamine (NMDG)-HEPES,
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pH 7.4]. To determine the kinetics of'Kactivation of Na,K- A —— i meeA 5] B

pumps, the pump current was measured in the presence of koa [AT2T3la 15111214 g‘f%‘

0.3, 1, 3, and 10 mM K. The Hill equation)x = Imad/[1 + 61.2 -fwm = - -

(KyX /K] ™], was fitted to the currentlg) induced at 354:"‘-._ Mo

different K™ concentrations ([K]) to yield least-squares 329 —

estimates of the maximal currentt,{) and of the half- :

activation constant for K (Ky2<"). A Hill coefficient (n.) BRI +_| R HERGE

of 1.6 was used as previously describezb)( The K* — - "

activation of pump currents mediated by Na,K-pumps E———_— - [+

expressed in oocytes was determined after subtracting the

currents due to endogenous Na,K-pumps, i.e., the mean c oocyte v,’;’ oocyte

currents measured under the same conditions in noninjected kpa [1]2]3]4]5]6]7 [89[rofr

oocytes. 512 - [l es g o gnt - |

RESULTS 52 -| W . - -
. . . . . 42.4 - -

Biosynthesis and Processing/h Proteins Expressed in

Vitro and in Vivo. By using a specifi@m antibody, Western 329 - -

blot analysis previously revealed/am species in human T TRER T8

skeletal muscle which, after deglycosylation with endogly- Endor | - T+ -1+]-1+]-1-1+1-1+

cosidase H (Endo H), exhibited an electrophoretic mobility

corresponding to a molecular mass of 52 kDa that was much Dwpa [1]2]3]4

higher than that predicted from the cDNAs of the two 61.2 _ -

identified Sm variants (41.6 and 41 kDa) [Pestov et 4b). 58 =

The atypical electrophoretic mobility gfim may be due to 52 - —— S—

the presence, in the N-terminus, of the Glu-rich regions that musﬂuacvle musc.[uome

may interact abnormally with SDS, or to co-translational [EndoH K +

qulflcatlons other than N-Ilnkeq.glycosylatmn. T(_) distin- FIGURE 2: Expression offm in vitro and inXenopuocytes. (A)
guish between these two possibilities, we synthesized wt or gm cRNA was translated in a reticulocyte lysate in the absence
mutantfm in an in vitro translation system in the absence (lane 2) or presence (lanes 1, 3, 4, and 5) of microsomes 2% [
of ER microsomes, which prevents most co-translational methionine-labeled proteins were treated or not with Endo H or
i ; ; ; proteinase K (prot Kjt Triton X-100 as described under Materials
]Por?gg.stsr;qngsh;tr' é%;?;%ﬁ?gg?g nosf ;mgrr]osgnéﬁzyomﬂ_lgg naél.lé.)\’\ésand Methods and subjected to SPBAGE. Indicated are the
10Nz meatl u . NSIIVe molecular masses of the nonglycosylated and core glycosylated
core N—glycosylatlon. In the presence of microsomes, in Vitro species offm. (B) In vitro translation of wt and mutangm.
translation offm cRNA led to the production of a major Indicated are the molecular masses of nonglycosylated and core
pm species with a molecular mass of 61.2 kDa and three glycosylatedsm species. Dots represent the nonglycosyldted

i ; ; ; species that are initiated on methionines other thant.M&) Sm
minor species of 52, 42.4, and 32.9 kDa, respectively (Figure as expressed Kenopusocytes by CRNA injection (lanes-6,

2, lane 1). Both the 61.2 and t.he 42.4 kD‘_i species represenfgnes 8-11), metabolically labeled during a 24 h pulse period, and

N-glycosylated forms ofim since they disappeared after subjected to a 24 and a 72 h chase period. Oocyte microsomes

Endo H treatment (lane 3) and were missing after translationswere prepared after the pulse and chase periodgimneas directly

in the absence of microsomes (lane 2). Moreover, our resultsloaded on gels (lanes-¥), or firstimmunoprecipitated with m
antibody (lanes 811). Nonimmunoprecipitated and immunopre-

show that the 52 and 32.9 kDa species are the nonegCOS'y'cipitated samples were treated or not with Endo H. Indicated are

lated forms of the 61.2 and 42.4 k[im species, respec-  he molecular masses of the nonglycosylated and core glycosylated
tively, since they correspond to the species produced aftergm species synthesized Xenopusoocytes. For comparison, the
Endo H treatment (lane 3) or after translation in the absencepattern ofm species translated in a reticulocyte lysate is shown
of microsomes (lane 2). Thus, these results confirm fivat in lane 7. Dots represent the core glycosylated untrimmed and the

e N ; P : partially trimmedfm species observed during the pulse (lane 8)
is N-glycosylated, consistent with its four putative consensus and the chase (lane 10) period, respectively. One of wo similar

glycosylation sites (Figure 1), and that the 61.2 kira experiments is shown. (D) Comparison betwgem expressed in

species migrates abnormally on SDS gels independent ofmuscle or inXenopusoocytes. Microsomes from piglet skeletal

N-glycosylation. muscle (lanes 1 and 3) or from oocytes expresging (lanes 2
The presence of twgm species in the absence of and 4) were treated (lanes 3 and 4) or not (lanes 1 and 2) with

. . L ndo H and submitted to gel electrophoresis and Western blot
microsomes suggested either the presence of two methlOmnegnalysis as described under Materials and Methods. Indicated are

which can act as initiators of translation or a partial the apparent molecular masses of core-glycosylated and nongly-
co-translational cleavage gfm, most likely of its N- cosylated3m. musc.= piglet skeletal muscle.

terminus. To distinguish between these two possibilities, we

producedfm mutants lacking the additional methionines addition, the double mutant M89A/M100A produced still
(Met®® and Met®9), present in thggm N-terminus, of which faster migrating bands (lanes 5 and 6) corresponding to bands
only Met® is encoded by a consensus Kozak sequence. Theoccasionally observed in yam (Figure 2A, lanes 1 and 2).
M89A mutant synthezised in vitro in the absence or presence These results suggest thlh synthesized in vitro can indeed

of microsomes still produced two nonglycosylat@dn initiate its synthesis not only at Metto produce the
species (Figure 2B, lanes 3 and 4), but the lower molecular nonglycosylated 52 kDa species, but also at #¥end
mass species migrated with the lower band of the doubletfollowing methionines, to produce the major and minor bands
observed in wtgm around 33 kDa (lanes 1 and 2). In observed in wim around and below 33 kDa. In conse-
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quence, the presence of two nonglycosylated and two A
glycosylatedSm species in in vitro tranlations is probably ——
not due to cleavage of the N-terminus. Significantly, non- “C _...-ﬁ"-."‘- - .-.-:gg
glycosylatedsm species initiated at M&or Metl®, which
lack most of thefm N-terminus and thus the Glu-rich _ _
regions, exhibited a molecular mass that closely corresponds [ ciNAs S| o | G | T | G | S |5
to that expected of such a protein (34 kDa). This supports chase, | ~ o] ~ee]-[o] [ee[-ee[ oo [ -[eo] -[ee[ - [
that the presence of the Glu-rich regions is responsible for B g1.2- . —
the aberrant electrophoretic migration of the major population
of 61.2 k[_)aﬁm. . Ficure 3: pm does not associate with X,K-ATPagesubunits or

As previously done for Na,K-ATPagesubunits 26), we SERCA 2. (A)al NK was expressed alone or together with
verified the type Il membrane topology i by performing NK or fm, anda2 NK, a3 NK, AL1, a HK, or SERCA 2a were
a protease protection assay fm synthesized in vitro in géperﬁ%s?gr tggeﬁhzfn;viﬁf&;gteﬁe?gguZ%Oﬁyéizs?%tgr?ggcﬂgcyte
e rotsehon spome s conepanceae. TIEeEomes or e s i s and e oo o

P ' ubjected to nondenaturing immunoprecipitations with speaific

the glycosylated form ofm initiated at Met® and lacking NK (lanes +10), AL1 (lanes 11 and 12)x HK (lanes 13 and
the N-terminus (Figure 2A, compare lane 4 to lane 1). In 14), or SERCA (lanes 1518) antibodies. Indicated are the positions
the presence of Triton X-100 which opens membrane N dSIfDuﬁygzlli g&;‘;ﬁ’gg“gg‘;‘gi’ (I’\{éhe'lzlu III\i/Kg;;Ia)/ScSc?s(;:g[‘ﬁaddEgr?\I%g)
yes’:'des’ protelnase K completely digesfed. These regults migrates at a position similar to acti@X) which co-immunopre-
indicate that, in the absence of detergent, proteinase Kcipitates witho. NK (lanes 1, 2, 510). On the right side, the
removes the cytosolic N-terminus g and thus confirms  migration of proteins with known molecular masses is shown. (B)
its type Il membrane topology. Denaturing immunoprecipitations with/m antibody of samples

Comparison of the protein pattern 8 synthesized in ~ Shown in (A), lanes 514. Indicated is the molecular mass of the
vitro (Figure 2C, lane 7) to that gim synthesized ixXenopus immunoprecipitate@m. One of two similar experiments is shown.
oocytes (lanes-16) showed that, in intact cell8m is mainly
synthesized in its glycosylated, Endo H-sensitive form
initiated at Met, to produce the 61.2 kDa species (lanes 1,
3, and 5). However, in nonimmunoprecipitated samples, we
also detected a small fraction of the tofath population
which appeared as the glycosylated, Endo H-sensitive 42.4
kDa species initiated at M&t (Figure 2C, lanes 16,
compare to lane 7). This species was no longer apparent afte
immunoprecipitation withgm antibodies (lanes -811),
possibly due to a weaker interaction of the antibodies with
the fm ectodomain than with the N-terminus. As shown in
nonimmunoprecipitated and immunoprecipitated samples,
metabolically labele#m, expressed iXenopuocytes, was
stably expressed in or close to the ER (lanes 1, 3, 5, 8, and
10) since it remained in its core glycosylated Endo H-
sensitive form over prolonged chase periods (lane 2, 4, 6, 9
and 11). Interestingly, in both nonimmunoprecipitated and
immunoprecipitated samples, we observed a small decreas
in the apparent molecular mass of the glycosylagedband
during chase periods (Figure 2C, compare lane 1 to 3 and

lane 8 to 10). This shift was absent in Endo H-treated samplesProlonged chase periods, we wondered whefrer may
(compare lane 2 to 5 and lane 9 to 11), indicating that the associate with other P2-ATPases, namely, SERCA 2a or 2b,

protein per se is not truncated or modified but rather that Which are present in the endo/sarcoplasmic reticulum of

high mannose sugar chains may be partially trimmed by ER various tissues including skeletal muscle. Though SERCA
mannosidase<7). is a monomeric P-type ATPase, it is regulated by transient

Comparison of thegdm protein synthesized iXenopus interaction with small proteins such as phospholamban (for
oocytes and in piglet skeletal muscles by Western blot '€VieW, see28). As expected, SERCA 2a was stably
analysis (Figure 2D) revealed a slightly faster gel migration €XPressed in oocytes independent of the presence (bf a
of Bm expressed in situ. Singm of both sources migrated ~ Subunit (Figure 3A, lanes 15 and 16). Coexpregéeddid
with a similar molecular mass after Endo H treatment, it can N0t co-immunoprecipitate with SERCA 2a nor did it change

be concluded that the difference in electrophoretic mobility 1tS Stability (lanes 17 and 18). Similar results were obtained
is due to a differential processing of core sugars in different With SERCA 2b (data not shown). Thus, these resuilts indicate

cells. that, at least under the experimental conditions yseddoes

Association of fm with P2-ATPasea Subunits. To not interact with SERCA 2.
investigate the role gfm as a chaperone for X,K-ATPases, Structure-Function Analysis offm. To understand the
we expresse@m together withal NK, a2 NK, a3 NK, structural basis for the inability ¢gfim to associate with X,K-
AL1, or a HK in Xenopusoocytes, probed th¢m—a ATPasea subunits and for its permanant residence in the
association by nondenaturing immunoprecipitations with ER, we first produced a mutant lacking the Glu-rich domain

[ 1 |2la [4]5]e[7]a]a]w]11]12]13]1a]15]16]17]18] ,p,

k[ _—— —46

al NK

specifica. antibodies after a pulse and a chase period, and
compared the stabilizing effect #im on a subunits to the
established stabilizing effect gfl NK on oo NK isoforms
and ofs HK on AL1 anda. HK. As a representative example
for all o subunits, Figure 3A shows thatl NK, expressed
alone in oocytes, is degraded after a chase period (Figure
|3A, lanes 1 and 2), and that coexpresgadNK stabilizes
ol NK and permits for the routing oftl NK/B1 NK
complexes to the plasma membrane as reflected by the full
glycosylation ofg1 NK (lanes 3 and 4). Significantly, none
of the Na,K-ATPasex isoforms (Figure 3A, lanes-510)
nor AL1 or oo HK was able to associate with or to be
stabilized by the 61.2 kDAm (lanes 5-14) despite its high
and stable expression (Figure 3B). This result indicates that
Am is not able to act like a X,K-ATPasg subunit and to
"associate with and stabilize any of the known X,K-ATPase
subunits. Since, similar t8m expressed alone in oocytes
Figure 2C),fm coexpressed with various X,K-ATPaee
subunits remained in its core glycosylated ER form during
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in oocytes, did not become fully glycosylated, and underwent

A in vitro oocyte [, N X
T2[a]4|[5]6]7 8 a ;mall shift in its molecular mass during a 48 h.chase period
kDa (Figure 4A, lanes 5 and 6). These results indicate that the
':_ Glu-rich region is not crucially involved in the structural
.47 [ maturation and the ER retention ¢fm. Significantly,
352 = Lna ey removal of the Glu-rich region permitted co-immunopre-
- _ cipitation and thus association mAE with all Na,K-
CANA | Bm |PmAE|] PmAE ATPasen. isoforms, AL1 andx HK (Figure 4B, lanes +10).
membranes| +[— +] ]| [48] — |48 |chase, h However, association fimAE with X,K-ATPaseo. subunits
— + |EndoH was not efficient since, when taking into account the number
of methionines available for metabolic labelingoirsubunits
B kDa 1l2]sla]sle]7]e]9fw (22—-26) and SmAE (7), it becomes apparent that the
98 — (D s D s e |- . stoichiometry between immunoprecipitatedsubunits and
” co-immunoprecipitate@mAE after the pulse period is far
from 1. Inefficient association gfimAE may at least partially
e be responsible for the lack of stabilization of X,K-ATPase
45— == e e — =pm

o subunits observed after a 48 h chase period (lanes 2, 4, 6,
8, and 10). Also, despite the persistent associatiginthiE
with residualo. subunits observed after the chase period,

cRNA
pmaE + |1 NKJa2 NKJa3 NK] ALT JoHK BMAE remained in its core glycosylated, partially trimmed
chase, h | —[a8]—[48] =48 [—]48]—[48 form, indicating thato/SmAE complexes are not correctly
C folded to permit routing to the plasma membrane. Together,
45— (N S e S G ) these results indicate that the removal of the Glu-rich region
influences3m’s conformation which allows for some, though
highly inefficient, association with X,K-ATPage subunits.
FIGURE 4: In vitro translation and expression Xenopusoocytes The molecular determinants that retg@im in the ER or
of Am lacking the Glu-rich regions. (Ajm or fmAE, lacking the i heqe efficient association with X,K-ATPase subunits

Glu-rich regions in thggm N-terminus (see Figure 1), were either t i dictable f . Th
translated in a reticulocyte lysate in the presence or absence of2/€ NOL €aslly predictable irom sequence comparison. 1here-

microsomes (lanes-14) or expressed ixXenopusoocytes (lanes  fore, we produced chimeras betwgém andj1 NK. In vitro
5-8). Oocytes were metabolically labeled for 24 h and subjected translation of g515m chimera, containing the cytoplasmic

to a 48 h chase before microsomes were prepgfethE was N-terminus of 31 NK and the transmembrane and the

immunoprecipitated under denaturing conditions, treated or not with ; : :
Endo H, and subjected to SB®AGE. Indicated are the molecular extracytoplasmic domains ¢fm (Figure 1), produced a

masses of the nonglycosylated and core glycosyfatetE species. ~ nonglycosylated species with a molecular mass of 32 kDa,
(B) BMAE was coexpressed iXenopusoocytes with o NK as expected for this chimera, and a glycosylated species of
isoforms, AL1 ora. HK. Oocytes were metabolically labeled for 43 kDa (Figure 5A, lanes 1 and 2). Consistent with the only
24 h and subjected to a 48 h chase period before microsomes wereyrasence of Métin the B1 NK N-terminus, no additional

prepared. Samples were immunoprecipitated under nondenaturin . . .
conditions with specifiex antibodies, and immunoprecipitates were lycosylated species were observed resulting from alternative

subjected to SDSPAGE. Indicated are the positions and the Protein initiation. As in the in vitro translation system in the
molecular mass of the subunits and the-associatemAE. (C) presence of membranegdlm cRNA injected intaXenopus
Denaturing immunoprecipitations with/4m antibody of samples  oocytes produced a glycosylated 43 kDa species (lane 3). In
shown in (B). Indicated is the molecular mass of the immunopre- gntrast to wiBm or BmAE, f18m was degraded during a
cipitated SmAE. One of two similar experiments is shown. 48 h chase period (lane 4). Coexpressiofitm with X,K-
(BMAE, Figure 1), which is the most important structural ATPase o subunits permitted the formation af/g1sm
difference betweepm and X,K-ATPases subunits. complexes during the pulse period, [ism was not able

In vitro, in the presence of microsomal membraresAE to stabilizea. subunits or become itself stabilized during the
was mainly synthesized as a glycosylated 45 kDa specieschase period (Figure 5B,C, lanes10). Thus, when the Glu-
(Figure 4A, lane 3), which in the absence of membranes (lanerich regions of thgsm N-terminus are deleted or when the
4) or after Endo H treatment (data not shown) migrated as fm N-terminus is replaced with that of an authentic X,K-
a band of 35.5 kDa, a molecular mass close to that expectedATPase s subunit, Bm becomes partially competent for
for this mutant. This result confirms that the aberrant association with X,K-ATPaseas subunits but not sufficiently
electrophoretic migration of wm (lanes 1 and 2) is due to  to ensure their structural maturation.
the presence of the Glu-rich regions in {@ N-terminus. To confirm the implication of the ectodomain in the
Similar to wtm (lanes 1 and 2), part @mAE synthesized  association process qf subunits with X,K-ATPasea
in vitro appeared as a glycosylated 42.4 kDa and a nongly- subunits §), we finally produced #mg1 chimera containing
cosylated 32.9 kDa band (lanes 3 and 4), indicating that the Sm cytoplasmic N-terminus and th#d transmembrane
Met®, still present in the mutant, can also be used as anand extracytoplasmic domains (Figure 1). Due to the presence
initiator methionine. Synthesized in oocytes, immunopre- of thefm N-terminus, the in vitro translatggmg1 chimera
cipitatedSmAE appeared as a single species with a molecular produced two glycosylated species in the presence of
mass of 45 kDa in its glycosylated form (lanes 5 and 6), microsomes, an aberrantly migrating species at 60 kDa
and of 35.5 kDa in its deglycosylated form (lanes 7 and 8), initiated at Met and a normally migrating species at 42 kDa
corresponding t@mAE initiated at Met. Similar to wtsm initiated at Met°® (Figure 6A, lane 1). The nonglycosylated
(Figure 3C), core glycosylateg@mAE was stably expressed forms observed in the absence and presence of microsomes
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FiGure 5: In vitro translation and expression Xenopusoocytes

of the15m chimera(A) 518m chimeras (see Figure 1) were either
translated in a reticulocyte lysate in the presence or absence of .
microsomes (lanes 1 and 2) or expressedenopusoocytes (lanes  Figure 6: In vitro translation and expression ¥enopusoocytes

3 and 4). Oocytes were metabolically labeled for 24 h and subjected of smpB1. (A) BmB1 chimeras (see Figure 1) were either translated

to a 48 h chase before microsomes were prepgfeédm was in a reticulocyte lysate in the presence or absence of microsomes
immunoprecipitated under denaturing conditions before gel elec- (lanes 1 and 2) or expressed Xenopusoocytes (lanes -36).
trophoresis. Indicated are the molecular masses of the nonglyco-gocytes were metabolically labeled for 24 h and subjected to a 48
sylated and core glycosylatedlfm species. (B)A1pm was h chase before microsomes were prepaf®dSl was immuno-
coexpressed ixXenopusoocytes witha. NK isoforms, AL1 ora precipitated under denaturing conditions, treated or not with Endo
HK. Oocytes were metabolically labeled for 24 h and subjected to [ ang subjected to SDSPAGE. Indicated are the molecular

a 48 h chase period before microsomes were prepared. Samplegnasses of the nonglycosylated and core glycosyjaiagil species.
were immunoprecipitated under nondenaturing conditions with (B) BmB1 was coexpressed Kenopusocytes witho NK isoforms,
specifica antlboqles, and |mmunopr_ecipitates were subjected t0 A1 or a HK. Oocytes were metabolically labeled for 24 h and
SDS-PAGE. Indicated are the positions and the molecular mass gypjected to a 48 h chase period before microsomes were prepared.
of the o subunits and thex-associated31sm. (C) Denaturing Samples were immunoprecipitated under nondenaturing conditions
immunoprecipitations with m antibody of samples shown in (B).  jth specifica. antibodies, and immunoprecipitates were subjected
Indicated is the molecular mass of the immunoprecipitgigm. to gel electrophoresis. Indicated are the positions and the molecular
One of two similar experiments is shown. masses of the. subunits and the-associate@mpg1 species. fi=

exhibited molecular masses of 53.2 and 33 kDa (lane 2).full length, sh= short, cg= core glycosylated, fg= fully
The immunoprecipitate@mp1 expressed in oocytes cor- glycosylatedsmg1. (C) Denaturing immunoprecipitations with a

. Am antibody of samples shown in (B). Indicated are the molecular
responded to the full-length, glycosylatgt1 which was masses of the immunoprecipitat@@infl species. cg= core

stably expressed and remained in its core glycosylated, Endoglycosylated, fg= fully glycosylatedfmp1. One of two similar
H-sensitive form during a 48 h chase period (lanes3 experiments is shown.

pmpl (60 kDa) had a lower molecular mass thm (61.2

kDa). Since1 NK has a longer ectodomain and three (Figure 2B, lanes 8 and 10), the short 42 kDa fornfmis1
glycosylation sites which are all use@9j, the higher associated with X,K-ATPase subunits was not recognized
molecular mass offm than of fmB1 could reflect the  in denaturing immunoprecipitations witfm antibodies
glycosylation of8m on all of its four glycoylation sites. The  (Figure 6C). Despite the considerable fraction of sfgang1
presence of the transmembrane and extracytoplasmic do-associated witle NK in oocytes (Figure 6B), the overall
mains of A1 in the fmB1 chimera permitted for the expression of shopmg1 was not more important than that
association with all X,K-ATPase subunits during the pulse  of fm (Figure 2A) as visualized in nonimmunoprecipitated
period. Interestingly, two main species @31 were co- samples (data not shown). This result may indicate that,
immunoprecipitated with X,K-ATPase subunits (Figure  compared to the full-lengtimg1, the shor{fmg1 species
6B, lanes 1, 3, 5, 7, 9) that corresponded to the core is preferentially associated witha NK.

glycosylated species of 60 and 42 kDa observed in in vitro  Significantly, Smg1 association permitted efficient stabi-
translations (Figure 6A, lane 1), and which are initiated at lization of all Na,K-ATPasex isoforms during the chase
Met! and Met, respectively. The expression Xenopus period (Figure 6B, lanes-16). On the other hand, AL1 was
oocytes of the 60 kDa species could be revealed by less (lanes 7 and 8) andHK (lanes 9 and 10) was not at
denaturing immunoprecipitations wilm antibodies (Figure  all stabilized byBmg1, in agreement with the lower assembly
6C). On the other hand, similar to the short 42.4 kDa form efficiency of 31 NK with these X,K-ATPaset subunits {2,

of fm which was visible in nonimmunoprecipitated samples 30). Both full-length and shotmg1 species contributed to
(Figure 2B, lanes 1, 3, 5) but not after immunoprecipitations the efficient maturation oft NK isoforms and the partial
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FIGURE 7: Functional expression and apparent-#ffinity of al
NK/SmpB1l complexesal NK was coexpressed withm, SmAE,
B18m, fmp1, or 51 NK in Xenopuocytes. Three days after cRNA
injection, the maximal Na,K-pump currents (Ipump) were measured

Crambert et al.

ated with31 NK (Figure 7, inset), consistent with previous
observations that the N-terminus is not essentially involved
in the K*-effect of X,K-ATPases subunits.

Ca™-Sensitiity of fm. The present study indicates that
pm does not function as a chaperone for X,K-ATPase
subunits. In view of the presence of Glu-rich regions in the
cytoplasmic N-terminus, which occur in €abinding or
Ca&*-transporting proteins, we considered, as an alternative
function, thatm might be a C&#-sensing protein. To assess
the capacity of thefm N-terminus to bind CH, we
performed a controlled trypsinolysis assay on microsomes
of oocytes expressingm in the presence of 1 mM CaQir
0.1 mM EGTA. We reasoned that potential?Cainding
by fm may influence the accessibility and thus sensitivity
to trypsin of thefm N-terminus.

by electrophysiological means as described under Materials and As seen in Figure 8A3m (lanes +7) exhibited a much

Methods. Inset: Thé&y,, values for K of a1l NK/fmj1 or al
NK/B1 NK complexes, expressed iXenopusoocytes, were

determined as described under Materials and Methods. The

represented values are meatisSE of 8-12 oocytes from 2
different Xenopudemales.

maturation of nongastric H,K-ATPage subunits. Indeed,

higher overall trypsin sensitivity thafil NK (lanes 8-11)
or 5 HK (lanes 12-15). At a trypsin-to-protein ratio of 0.05,
intactf1 NK andg HK were revealed as well as a digestion
product which corresponds to the N-terminally cleaydd
NK (20) (lanes 9-11) or 8 HK (lanes 13-15). Together,

theses species observed in trypsinized samples represented

both core glycosylated species, associated during the pulsesbout 15% and 100% of the total populationafNK (lane

period witha NK isoforms or AL1, became fully glycosy-

8) andp HK (lane 12), respectively. In contrast, under the

lated during the chase period, resulting in the progressive same conditiongfm was nearly completely digested (lanes
appearance of a 71 and a 46 kDa species (lanes 2, 4, 6, ang—7), and a tryptic fragment of about 46 kDa was already
8) which were Endo H-resistant (data not shown). These gpserved at a trypsin-to-protein ratio of 0.001 (lanesip

results indicate that thesgSmp1 complexes can leave the
ER and are routed to the plasma membrane.

Functional Expression of Na,K-ATPasgdfmsl Com-
plexes.To verify whethero/fmg1 complexes are expressed
at the cell surface in a transport-competent form, we
compared the K-activated Na,K-pump transport activity by

If, similar to g1 NK, the initial tryptic cleavage offm
occurred in the N-terminus, the 6 kDa shift of the trypsinized
Am could result from cleavage at LYdocated in the loop
between the twoo helices formed by the two Glu-rich
regions (4). Interestingly, a shorBm species showing a
similar shift to that observed after trypsinolysis could

electrophysiological means, in noninjected oocytes and in gccasionally be observed in nontrypsinizém (lane 1).

oocytes injected witlel NK cRNA together with wtgm,
mutant SmAE, or chimeric f16m or fmSs1l cRNA. As
expected from their inefficient association witkil NK
(Figures 3A, 4B, 5B)m, SmAE, andf15m, coexpressed
with a1 NK, did not produce an increase in the Na,K-pump

The tryptic pattern ofim was similar in the presence of
10 mM Tris-HCI, 1 mM CadJ, or 0.1 mM EGTA (compare
lanes 2-4 and 5-7) whereas N-terminal cleavage@if NK
andf HK was slightly impeded in the presence of EGTA
(compare lanes-911 and 13-15). As a positive control for

current compared to that observed in noninjected oocytesiha controlled trypsinolysis assay, we show that the trypsin

(Figure 7). On the other hand, coexpressiomdfNK with
AmpBL increased the Na,K-pump current in oocytes by more
than 3-fold, similar to oocytes expressing NK with 51

NK (Figure 7). Together these results indicate that ke

transmembrane and/or ectodomain is responsible for the

formation of functionalil NK/Smg1 complexes at the cell
surface.

X,K-ATPase subunits not only act as chaperones for
the maturation of X,K-ATPase subunits but also influence
the Kt-activation of X,K-ATPases21, 25, 32). The K*-
effect of X,K-ATPases subunits is mainly mediated by the
ectodomain?1, 25, 31, 32) and the transmembrane domain
(33). Indeed, replacement of th#d NK N-terminus with that
of 8 HK does not influence the &affinity of Na,K-pumps
(32). On the other hand, complete truncation of flieNK
N-terminus produces a 3-fold decrease in thedffinity of
Na,K-pumps which can, however, be overcome by the
addition of a few alanine residues at the N-terminii).(
Measurements of the Kactivation ofal NK/Smg1, con-
taining both full-length and short forms @¢impg1, showed
that theKy, value for Kt was only slightly higher for Na,K-
pumps associated witBm/1 than for Na,K-pumps associ-

resistance of SERCA was increased in the presence obCaCl
compared to that observed in the presence of Tris-HCI or
EGTA (lanes 15-18), reflecting a C&#-dependent confor-
mational change of SERCA.

As a second approach to test whetfier binds C&*, we
looked at whethepm changes its electrophoretic mobility
in Cat-containing SDS gels, a technique which has fre-
quently been used for the detection oPGainding proteins
(for references, se84). Figure 8B shows the fractional
changes in the migration of several proteins in gels containing
1 mM CaC} compared to gels containing 0.1 mM EGTA.

It can be seen that calmodulin migrated about 20% and
SERCA about 10% faster in the presence than in the absence
of C&". On the other hand, the electrophoretic mobility of
al NK as well as offm or of thef313m chimera was not
affected by the presence of €aAltogether these results
speak against a role ¢fim as a C&"-binding protein.

DISCUSSION

Based on several common structural features, the recently
identified fm protein (4) has been assigned to the family
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FiIGURE 8: Ca&" does not influence the protease sensitivity or the electrophoretic mobilgmo{A) Controlled trypsinolyis offim in the
presence of Ca or EGTA. Sm, 1 NK, 3 HK, or SERCA 2a were expressed Xenopusoocytes and metabolically labeled during a 24

h pulse. Microsomes were prepared, and aliquots were subjected or not to trypsinolysis at trypsin/protein ratios of 0.001 and/or 0.05 in the
presence of 10 mM Tris-HCI, 1 mM Cag£br 0.1 mM EGTA as described under Materials and Methods. Samples were immunopecipitated

with specific antibodies before SDFAGE. On the left side, molecular masses of nontrypsinized, Endo H-trgatexhd of trypsinized
pm is shown. On the right side, the migration of proteins with known molecular masses is indicated. (B) Electrophoretic mglility of
and other proteins migrated on gels containing 1 mM Gatl0.1 mM EGTA.m, f1m, SERCA 2a,01 NK, or calmodulin were

expressed iXenopuocytes and labeled during a 24 h pulse period. Microsomes were prepared, and aliquots were loaded on gels containing

either 1 mM CaGlor 0.1 mM EGTA. Shown are the fractional changes of gel migration of the various proteins on gels containing CacCl
compared to gels containing EGTA. Gel migration in the presence of EGTA was arbitrarily set to 1.

of X,K-ATPasef subunits, which are all well characterized
chaperones necessary for the maturation of X,K-ATRase
subunits (for review, se8). In this study, we characterized
the biosynthesis and processing @i and investigated
whether fm has a similar functional role as the other
members of thg subunit family. Our results show thdm
does not associate with any known X,K-ATPassubunit
and permanantly remains in the ER, indicating tj3at
represents a novel member of thesubunit family with a
distinct function from that of X,K-ATPasg subunits.

pm Is a Type Il Glycoprotein Stably Expressed in the ER.
Sequence analysis predicts tjfat is a type Il glycoprotein
similar to X,K-ATPases subunits. In this study, we confirm
the cytoplasmic exposure of tjfen N-terminus by controlled

Interestingly, fm synthesized inXenopusoocytes has a
slightly lower electrophoretic mobility thaim expressed

in situ in piglet skeletal muscle. Since the molecular mass
of the deglycosylated forms of boffm proteins is similar,

it is likely that the protein itself is not modified differently
but that processing of core sugars, and in particular of ER
mannosidase trimming, may differ in situ and X@nopus
oocytes.

The intracellular localization distinguishgsn from all
other known members of thé subunit family which are
mainly expressed at the cell surface in association with X,K-
ATPasen. subunits. Some but not all X,K-ATPagesubunits
may remain in the ER when they are expressed in cells
without a X,K-ATPasen subunit. IndeedXenopus3l NK

proteolysis assays and the presence of sugars by Endo Hand 33 NK, expressed irXenopusoocytes withoutr NK,

treatment ofsm expressed in vitro or in intact cells. On the
other hand, we reveal th@m may structurally be distinct
from X,K-ATPasej subunits since it exhibits a much higher
trypsin sensitivity tha NK or g HK. We also show that,
in vitro and in Xenopusoocytes,Sm is mainly synthesized
in a full-length form which shows an aberrant gel migration

remain in the ER in their core glycosylated form and are
slowly degraded35, 36). On the other hand, individugl

HK are routed to the plasma membrane in various cell types
as reflected by their acquisition of complex-type sugars which
are added in the distal Golgi compartme8t 12, 21, 37).

The reason for this different behavior of X,K-ATPage

due to the presence of the N-terminal Glu-rich regions, that subunits is not known, but results obtained with chimeras

distinguishespm from other members of th@ subunit
family. However, humarpm is also synthesized, though to

betweenpl NK and 8 HK indicate that the ectodomain
determines the ER retention or exit of X,K-ATPage

a lesser extent, as a short, correctly migrating form, initiated subunits 21). This may also be true fgim. Indeed, deletion

at a second methionine, which is located in a Kozak

of the Glu-rich regions in thebm N-terminus, which

consensus sequence distally from the Glu-rich regions. Sincepotentially could play a role in proteirprotein interactions

the short form offm is a minor population gfm synthesized

in oocytes and possibly is less well recognized £y
antibodies, it is so far not known whether this form exists in
situ where only full-lengthSm was detected by Western
blotting (this study and.5).

In situ, Bm was identified as a Endo H-sensitive protein
(15), mainly located in the endo/sarcoplasmic reticulum of
skeletal musclel(6). Our results support th@im is indeed
permanently retained in or close to the ER in its core
glycosylated, probably partially trimmed form since after
expression irKenopuocytesSm expression persists over
prolonged chase periods in a Endo H-sensitive form.

necessary for the ER location g, did not change the
glycosylation pattern and thus the cellular routing/of.
Moreover, the shorBm species observed in nonimmuno-
precipited samples apparently remained in its core glycosy-
lated form, indicating that not only the Glu-rich regions but
also the whole N-terminus is not sufficient for ER retention
of Am. This is also supported by the observation that the
Amp1 chimera, in which thm N-terminus is added to the
transmembrane and ectodomairpdfNK, can leave the ER
when it is coexpressed and stably associated witRK.
Whether, in situ, diarginine motifs which have been impli-
cated in ER retention (for review, s&8), and which are
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present in thédm N-terminus, may contribute to thten ER muscle Sm is expressed as a similar protein species to that
location is so far not known. in oocytes and is located in the sarcoplasmic reticulum,

Not only ER retention but also the stable cellular expres- indicating that, in situgm cannot be permanently associated
sion appears to be independent of tBe N-terminus. with an X,K-ATPasen subunit that is ultimately expressed
Deletion of the Glu-rich regions still permits accumulation at the cell surface. Singém is an ER resident, we tested
of fm in the ER, and shoifm forms, initiated at Mé®, whetherfm could associate with SERCA and potentially
appear to be stably expressed over prolonged chase periodsact as a regulatory subunit of this ER-located P2-ATPase.
Only replacement of th8m N-terminus by that o1 NK After coexpression inXenopusoocytes, we could not
destabilize®m and leads to its rapid degradation, indicating demonstrate an association fin with SERCA, but we
that theff1 N-terminus itself provides a degradation signal cannot entirely exclude that transient interactions could occur
or that it has a global destabilizing effect gm. under certain stringent physiological conditions. Such tran-

pm Is Functionally Distinct from X,K-ATPageSubunits sient interactions, which are difficult to demonstrate, could
Whereas coexpression of X,K-ATPagesubunits with an potentially also occur with X,K-ATPase. subunits, with
appropriate X,K-ATPasex subunit in Xenopusoocytes other so far poorly characterized members of the P-type
permits assembly and structural maturation of bo#nd/ ATPases, such as the phospholipid translocases or heavy-
subunits and allows for ER exit ai—/ complexes (for metal ATPases, or hitherto unknowm subunits. These
review, see3), our results show thgim cannot function as  possibilities remain to be explored.

a chaperone for any known X,K-ATPasge subunit and pm has three acidic clusters in the N-terminus, an Asp-
remains in the ER. These observations raise the following rich (D??*—E?%) and two Glu-rich (3*—E*2, D*—E™) regions,
questions: (1) what are the structural differencg@nmwhich and it is tempting to speculate that they may be involved in
prevent its association with X,K-ATPasesubunits and (2)  a particular function ofm. Since our results do not support
what is the intrinsic physiological role ¢gfim? the hypothesis that the Glu-rich regions may be involved in
Interestingly, removal of the Glu-rich regions in tfe Cat-sensing, future experiments should center on the
N-terminus or replacement of tifem N-terminus by that of ~ question whether the acidic clusters are targets for specific
ALl NK permits a transient association 8 with X,K- protein—protein interactions as has been suggested for similar

ATPasea subunits which is, however, not sufficient to Asp-rich regions in the cytoplasmic tail of proprotein
stabilizea subunits. This result could indicate that certain convertases (for review, sd8) or for similar Asp- and Glu-
association determinants present in X,K-ATPAsibunits rich regions in the Ran GTPase activating proteid) (
may also be present ifim but that their exposure may be  |n conclusion, despite the fact that, from a structural point
prevented by a particular, global conformation imposed by of view, fm obviously belongs to the protein family, well-
the Bm N-terminus. A role of the N-terminus in the overall known as X,K-ATPasg subunits, our results suggest that
conformation of X,K-ATPasg@ subunits {1, 32) or of other  gm does not have a chaperone function for X,K-ATPase
type Il proteins 89, 40) is indeed well established. fINK, subunits, which is the primary role of X,K-ATPage
truncation of the N-terminus leads to a repositioning of the subunits. This observation emphasizes the necessity to revise
transmembrane domain and adjacent ectodomain regionsur understanding of the X,K-ATPagesubunit family as a
(32. structural and functional entity and suggests that the physi-
So far, little is known on the structural identity of X,K-  ological roles of its members is more diverse than predicted.
ATPases domains that interact with X,K-ATPasesubunits.
Though a—f interactions in the transmembrane and the ACKNOWLEDGMENT
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