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ABSTRACT: Mutants of the plasma membrane?Caump (PMCA), in which amino acids in transmembrane
domains (TM) 4, 6, and 8 had been replaced, have been expressed in COS-7 cells. They were analyzed
functionally by measuring the uptake of €an microsomal preparations and by following the formation

of the phosphorylated intermediate from ATP and from phosphate. The mutated residues corresponded
to amino acids whose mutation in the sarcoplasmic reticulum pump (SERCA) caused lo3s whQsport

by the pump protein: however, only four of the six SERCA residues were conserved in the PMCA pump.
Mutation of Glu423 (TM4), Asn879 or Asp883 (TM6), or GIn971(TM8) suppressett @ansport by

the pump and its ability to form the phosphorylated intermediate starting from ATP. By contrast, the
ability of these mutants to form the intermediate starting from phosphate was not impaired. In two mutants
(Glu423 and Asp883) it was even enhanced. Two conserved Pro residues of TM4 were also mutated,
leading to the loss of the ability of the pump to form the?Caand ATP-dependent phosphorylated
intermediate. Unexpectedly, two of the mutations (Asn879 and GIn971) led to the mistargeting of the
mutated proteins, i.e., to their retention in the endoplasmic reticulum.

The plasma membrane &aATPase (Carafoli, 1994) function of amino acids located in the various domains of
belongs to the family of P-type ion pumps (Pedersen & the pump (MacLennan; 1990; Andersen & Vilsen, 1995). It
Carafoli, 1987), which contains also the sarcoplasmic/ has thus been possible to identify six amino acids as prime
endoplasmic reticulum CGaATPase. The members of this candidates in the formation of the transproteir\zmans-
family of pumps form a phosphorylated enzyme intermediate |ocation pathway (Clarke et al., 1989a). Mutations of these
(an aspartyl-phosphate) from phosphate or ATP, a condition 4 ing acids, which are located in transmembrane domains
necessary for ion translocation. Cloning work has revealed 4,5, 6, and 8, led to the loss of the ability of the SERCA

that the different members of this family share regions of
high homology. The high degree of cor):servation %f some pump to transport_ Ca across thg membrane. The mutants,
: however, were still partially active (Clarke et al., 1989a,b).

of these regions, e.g., the amino acids surrounding the . . U
aspartic acid that forms the phosphorylated intermediate !_aterwork has revealed that these amino acids can be divided

(Verma et al., 1988), has been be used to identify new in two groups: those that form the €abinding site facing
members of this protein family. the cytosol and those that form the lumenal site (Andersen

Despite the sequence homology and the very similar & Vilsen, 1995).

function, the two C& pumps [that of the plasma membrane A comparison of the primary sequences of the P-type
(PMCA)* and that of the sarcoplasmic/endoplasmic reticulum pump has revealed that the amino acids involved in tHeé Ca

(SERCA)] exhibit a number of structural and functional {ransjocation in the SERCA pump are conserved in other
?ége:eeltnecde% f&i?%ggample'h(ta?gasl\nﬂc?grggtmrﬂelrsac?'ltr)?ﬁcﬂgs pumps of the family: for example, five of the six residues
u Y uiin, w rect in : of the SERCA (Clarke et al., 1989a) are present in th&/Na
been described for the SERCA pump (Carafoli, 1994). The K+ ATPase and four are present in the PMCA pump. In
SERCA pump transports 2 E4ATP hydrolyzed, the PMCA the latter pump these amino acids are Glu423, Asn879,

pump only one (Niggli et al., 1981; Hao et al., 1994).
Finally, the two pumps are targeted to two different cellular Asp883, and GIn971. The latter would correspond to Glu308

compartments. of the SERCA pump, but since its mutation to a GIn failed
The expression of the SERCA pump in COS-7 cells has to affect the properties of the SERCA pump (Clarke et al.,

allowed the use of site-directed mutagenesis to study the1990), it may be assumed to be homologous to GIn971 of
the PMCA pump. Other highly conserved amino acids in

t The work has been made possible by the financial contribution of Fransmembrane domain 4 of the SERCA pump (correspond-
the Swiss National Science Foundation (Grant 31-30858.91). ing to Pro422 and Pro426 of the PMCA4 pump) were found

*To whom correspondence should be addressed. it
 These authors contributed equally to the work. to be critical and were proposed to be necessary for the

® Abstract published i\dvance ACS Abstract§ebruary 15, 1996. proper folding of the mature SERCA protein (Vilsen et al.,
! Abbreviations: DMEM, Dulbecco’s modified minimal eagle’s  1989).
medium; FCS, fetal calf serum; MES, BHnorpholino)ethanesulfonic ) ) . .
acid; HEPESN-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfonic acid; To establish whether the amino acids mentioned above

MOPS, 3-(\-morpholino)propanesulfonic acid; PMCA, plasma mem- play similar roles in the PMCA and SERCA pumps, mutants
brane C&" ATPase; SDSPAGE, sodium dodecy! sulfatepolyacryl-

amide gel electrophoresis; SERCA, sarcoplasmic/endoplasmic reticulumOf the former W_ere prepared, expressed in COS-7 cells, and
Ca&* ATPase; Tris, tris(hydroxymethyl)aminomethane. analyzed functionally. The results have shown that the
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mutation of Pro422, Glu423, Pro426, Asn879, Asp883, or HCI, pH 7.5, with a 10-s sonication and stored-at0 °C.
GIn971 indeed resulted in the loss of the ability of the PMCA Microsomes were prepared from the cells 60 h after the
pump to transport Ca. At variance with what was observed beginning of the transfection according to the method of
with the SERCA pump (Clarke et al., 1990), the GIn971Glu Maruyama and MacLennan (1988) and Enyedi et al. (1993).
mutation also abolished the €aranslocation by the PMCA Ca2" Uptake by MicrosomesCalcium influx into the
pump. Unexpectedly, the substitution of GIn971 with a Glu microsomal vesicles was measured isotopically, essentially
or of Asn879 with an Asp caused the mistargeting of the as described by Enyedi et al. (1993).

mutants in COS-7 cells, i.e., their retention in the endoplas-  Fqrmation of the Phosphoenzyme Intermediate from ATP

mic reticulum. and PhosphateMembrane proteins (30g) in 100 mM KCI,
0.5 mM CaC}, 0.5 mM LaC}k, and 20 mM MOPS-KOH,
MATERIALS AND METHODS pH 6.8, were phosphorylated in the presence of QKb

o . _ [y-*?P]JATP (150 Ci/mmol) on ice. After 30 s on ice the
Site-Directed Mutagenesis and Construction of the Ex- yeaction was stopped by the addition of 400 of 7%

pression Vectors.The oIigonucIeptide site—directed' MU- trichloroacetic acid and 15 mM NaRO, and centrifuged.
tagenesis was performed according to Deng and Nickoloff | the case of phosphorylation from phosphate,.800f
(1992) using the Pharmacia U. S. E. (Unique Site Elimina- yyembrane proteins was resuspended in 5 mM Mg&D
tion) mutagenesis kit (Pharmacia Biotech, Uppsala, Sweden).;ym MES-KOH, pH 6.4, and 10 mM EGTA or different
The Sad(725)-Smd(2123) and Stu(1590)-Kpni(3637)  caCl concentrations (see the legends to figures). Before
fragments of the hPMCAA4CI cDNA [for the numbering refer  the reaction was started, DMSO was added to a final
to Strehler (1991)] were subcloned in pUCBM20 (Boehringer concentration of 32%. The reaction was initiated by the
Mannheim GmbH, Zurich, Switzerland). Where possible, sdqdition of 20QuM 32P-mix (5 Ci/mmol) and terminated after

the mutation primers were chosen in order to insert or t0 10 min at room temperature by the addition of 0 of
abolish a restriction site. The mutated cDNA fragments were 7o, trichloroacetic acid and 15 mM NaPO,. The precipi-

cloned back in pSG5-hPMCAACI digested wiad —Sma tated proteins were washed with 7% trichloroacetic acid and

and Sad—Kpnl, respectively. All the mutations were 15 mM NaHPO, and with 200uL of distilled water and
confirmed by DNA sequencing. For this purpose the gseparated on an acidic gel.

complete cassette was sequenced to completion in at least
one direction. The following oligonucleotides were used:
Pro422Ala, 5gcccctctgecacagecacc; Glu423Ala;dgcagce-
ccagectggcacagec; Glu423Asp, 'dgcagcecgtctggcacagcc;

Other Methods.Proteins were separated according to the
method described by Laemmli (1970). The sensitivity of
the acyl-phosphate formed by the P-type pumps to alkaline

- ) conditions precluded the use of SDS Laemmli gels (1970)
Glu423Asn, Sggcageccaiggeacagee; Glu423Gin, ggcage- when the phosphoenzyme was to be studied. In such cases

cagtttggcacagee; Pro426Ala, ‘gacagccagagageccctc, the proteins were separated on an acidic gel [7% running

Asn879Asp, &catgatcag.aaacccacaac; Asn879Ala chat- gel (pH 6.8) and 4% stacking gel (pH 5.6)] as described by

gatcaggcaacccacaa,catc, AspBB3Asrigaagcaaaagight- Sarkadi et al., (1986). After electrophoresis the gel was

gatcag; Asp883Glu,'gaagcaaaagcatgatcag; Asp883Ala, stained, dried, and exposed to an X-ray film-at0 °C or

5’gaagcaaaagggcatg,atcag; GIn971Glu, &attgaagagctat- quantifiéd witr’1 a Phosphorimager device.

g%%;;%;g%z@;;g%ﬁg?gﬁf&?&?ﬁgﬁggﬁ?g al, The gel was electroblotted to nitrocellulose sheets accord-
i : ing to Towbin et al. (1979). The blots were incubated with

Gaaanaggaagag. (The mutated nicleotides are i boldfack® Primary antibody (1N, 4N, or 24; Stauffe et l, 1995)
in TBST buffer (150 mM NaCl, 10 mM Tris-HCI, pH 8.0,

type. . . .
yFg:e)ll Culture and Transfection.The COS-7 cells were and 0.5% Tween 20) and with the secondary anti-rabbit

: : Ilg antibody (alkaline phosphatase conjugated),
cultured in DMEM-high glucose, 5% FCS, and 2@/mL (r'nouse). . . . i
gentamicin in a 6% C@atmosphere at 37C in a fully diluted 1:7500 in TBST. Each incubation was for 60 min

humidified incubator. The DNA transfections were carried 2t"00M temperature. The bands were visualized in 0.5 mM
out by the calcium phosphate coprecipitation method es- MP9C|2 and &1(1'.\/' Tns\;\l/—:CI,TpH 9'5’t\.’v'ﬂt]hNBT and B(Cj:IP

sentially as described by Chen and Okoyama (1987). The( romega, Madison, \ )- 10 guan ity the expressed pro-
cells were plated on 10-cm Petri dishes or alternatively for teins, after the incubation with the primary antibody, the blots

immunocytochemical experiments on cover slips in 6-well V€€ tested With an anti-rabbit |@25|-Iabeleq F(AB)
:jishgs atya densitly of axt?ou'loz 10t ceIIs/cX’? 'pS 1h &-W fragment at 0.%:Ci/10 mL (Amersham International, Buck-

ImmunocytochemistryThe immunocytochemistry work inghamshire, England). The radioactivity was quantified

was performed as described previously (Foletti et al., 1995) using a Phosphorimager device.
using the PMCA pump antibody 4N (Stauffer et al., 1995).

Preparation of Membranes from the COS-7 Celsiter RESULTS
transfection (4872 h), the cells were washed twice with
TBS, scraped, and recovered by centrifugation. Total Expression and Construction of the Mutant PMCA4.
membranes were prepared from the cells by a freeze andTable 1 offers a summary of the conserved amino acids in
thaw procedure. Briefly, the cell pellet was resuspended (10 the transmembrane domains 4, 5, 6, and 8 of the PMCA,
cells/mL) in 0.5 M NaCl, 50 mM Tris-HCI, pH 7.0, 1 mM  SERCA, Nd/K™, and H/K* pumps. As mentioned, some
DTT, 7.5 mg/mL phenylmethanesulfonyl fluoride, 100 units/ of these amino acids have been proposed to be involved in
mL trasylol, and 1 mM EDTA, quickly frozen in dry ice the translocation of Ga by the SERCA pump (Clarke et
and thawed at 37C three times. After centrifugation, the al., 1989a). To establish whether the four amino acids of
pellet was resuspended in 10% sucrose and 10 mM Tris-the PMCA4 pump shown in Table 1 (the PMCAA4CI isoform
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Table 1: Conserved Residues in the Transmembrane Domains of kDa
the SERCA, PMCA, H/K*-, and Nd/K*-ATPase3 A : 3 — 200
™4 TM4 TM4 TM5 TM6 TM6 TM6 TMS8 i i
e ] g ] i oy
SERCA P308 E309 P312 E771 N796 T799 D800 E908 ham - 116
Ht/K*-ATPase P342 E343 L346 E795 E820 T823 D824 E936 ;
Nat/Kt-ATPase P326 E327 L330 E779 D807 T807 D808 V924 " - - 98
PMCA P422 E423 P426 A854 N879 M882 D883 Q971 5 - 66
a2The sequences used in the table were those of the rabbit SERCA N e

pump (Brandl et al., 1986), the rat gastric/H*-ATPase (Shull & :
Lingrel, 1986), the sheep kidney N&-ATPase (Shull et al., 1985), -
and the PMCA pump (Strehler et al., 1990).

has been used in the work to be described) were involved in
the translocation of G4, Glu423, Asn879, Asp883, and B
GIn971 were each mutated to Ala. In addition, Glu423 was

—— e — —

mutated to GlIn, Asp, or Asn, Asn879 to Asp, Asp883 to 1 2 3 4 5
Glu or Asn, and GIn971 to Glu. The two other conserved
residues of transmembrane domain 4 mentioned in the —_ f—

introduction, Pro 422 and Pro 426, were also mutated to Ala.
Athird set of mutants (|le929 to Val, Glu1078 to GIn), which Ficure 1: Transient expression of the mutated PMCA4CI pumps

were not expected to influence significantly the activity of ,"c0s.7 cells. (A) Crude membrane proteins (a§) obtained

the pump, were also preparec_i. These were also prepargd affom transfected COS-7 cells (prepared by the freeze and thaw
controls for the mutagenesis and for the back-cloning method) were separated by SB&% PAGE, transferred to
procedures. The cassettes containing the mutations werditrocellulose, anq stained with the 4N antibody, which is specific
routinely sequenced to completion in at least one direction. for PMCA pump isoform 4 (Stauffer et al., 1995). COS-7 cells

. . . o . were transfected with the vector alone, lane 1; with the Pro422Ala
Since the construction procedure required additional cloning construct, lane 2: with the Glu423Ala construct, lane 3; with the

steps, the expression of mutated but still fully active PMCA pro426Ala construct, lane 4; with the Asn879Ala construct, lane
pumps was taken to mean that no unwanted mutations hadb; with the Asp883Asn construct, lane 6; with the GIn971Ala
occurred. This was important since a propensity to random construct, lane 7; with the Glu1078GIn construct, lane 8. (B, C)

; e Crude membrane proteins (3@) from transfected COS-7 cells
mutations of DNA constructs containing parts of the PMCA4 were divided into two aliquots and transferred to nitrocellulose

pump had been observed in the past (Addamo et al., 1992).gheets, One aliquot was probed with the 1N antibody (specific for
The mutated PMCAs were expressed in parallel to the the endogenous PMCA pump isoform 1, panel B) and the other
wild-type pump in COS cells: as shown in Figure 1A (only with antibody 2A, which recognizes all PMCA isoforms (panel C).

some of the mutants are shown there), the mutants werelen & aoed Se SERSECt B o 3 vith the Prodz2ala.
generally expressed at similar 'e"?"s- To test whether t,he construct; lanes 4, with the IIe929Va] constrljct; lanes 5, with the
overexpression of the PMCA pump influenced the expression gng71Ala construct. The arrow indicates the position of the

of the endogenous PMCA pump, isoform-specific antibodies endogenous PMCA pump.
were used to stain membranes containing different amounts
of the overexpressed recombinant proteins: the 1N and 2A
antibodies were used in these experiments (Stauffer et al.,
1995). No differences were detected in the level of the
endogenous PMCA1 pump (Figure 1B, independent work
has shown that PMCAL1 is the major isoform of COS-7 cells)
even when the level of expression of the recombinant protein
is high (Figure 1C, lane 4).

Ca* Uptake by COS-7 Cell Microsome3he microsomal
fraction isolated from COS-7 cells transfected with the full-
length PMCA4CI cDNA catalyzed ATP-dependent?Ca
transport: the uptake process was calmodulin-dependent (not
shown). As reported by others, the uptake mediated by the 0F . . .
PMCA pump was lower than that observed for the microso- 10 30
mal fraction of COS cells expressing the SERCA pump i

; ‘ot ; Ficure 2: C&* uptake by microsomes prepared from COS-7 cells
(Enyedi et al., 1993) but was clearly distinguishable from overexpressing the wild-type or the mutant PMCA4CI pump.

the endogenous PMCA pump activity (Figure 2). Figure 2 jicrosomal proteins (32g) were resuspended in 1 mL of uptake
shows the time dependency of Caiptake by some of the  puffer. The reaction was started by the addition of ATP. At the
Ala mutants. The results with these and all the other mutantstimes indicated a 150t aliquot was withdrawn and rapidly filtered.
are summarized in Table 2. The 11e929Val and the The figure shows a typical experiment (representative of three

. independent experiments). Untransfected COS-7 cél)s wild-
Glu1078GIn mutants were the only ones that were still able type PMCAACI @), 116929Val construct®), Pro422Ala construct

to accumulate C4 in the microsomes of the transfected () Glu423Ala constructA), Asn879Ala construc#), Asp883Ala
COS-7 cells: all others were inactive (Figure 2, Table 2). construct ©), GIn971Ala constructm).

The result with the GIn971Glu mutant was rather unexpected
since the mutation of Glu908 to GIn in the SERCA pump 1990). The observation on the mutation of the GIn971 to
failed to influence the activity of the pump (Clarke et al., Glu was confirmed in three independent experiments.

304

20+

10+

nmoles Ca?*/mg tot. prot.
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Table 2: Summary of the @a Uptake by Microsomes of COS-7 system, since this ion specifically augmented the steady-state

Cells Transfected with the PMCA4 Pump Mutants level of the phosphoenzyme intermediate of the PMCA
mutant location CHt uptake® pump. As was the case for the experiments ofif Gatake,

only the 1le929Val and the Glu1078GIn mutants were able

Eiggﬁ Img 8 to form a phosphoenzyme intermediate from ATP: a strong
E423D ™5 0 radioactive band at 135 kDa could indeed be seen in the
E423N T™5 8+ &° lanes corresponding to membranes containing these two
E423Q TMS 0 mutants (Figure 3, lanes 2 and 3). This band comigrated
P426A ™S 10+ & with that of the wild-type PMCA4 protein (Figure 3, lane
“g;gg ?\'\22 g 1). In agreement with the experiments presented in Figure
D883A ™6 0 2 and Table 2, none of the other mutants showed increased
D8S3E ™6 0 intensity of the phosphorylated band at 135 kDa with respect
D883N TM6 5+ 5° to untransfected cells (Figure 3; only part of the mutants
1929V ™7 1604+ 35 have been shown). The small differences in the level of the
Q971A ™8 0 phosphorylated intermediate (Figure 3, lane®fwere not
0971E T™MS8 0 significant and did not reflect the activity of the mutants.
E1078Q C-terminus 65 20 Similar results were obtained using membranes from cells

2The C&" uptake was measured 10 min after the addition of ATP. expressing different amounts of the mu_tant pumps: none of
It is expressed as the percent of the activity gtandard deviation) e mutated pumps (apart from those in the lle929Val and
obtained with the wild-type pump calculated according to the following the Glu1078GIn mutants) were able to form the phos-
equation: Amut — Acod/(Apmea — Acog x 100, whereAn, corresponds phorylated intermediate from ATP. At variance with what
to the uptake measured for the PMCA4 mutaht,s to the uptake of observed in the SERCA pump, the Pro mutant (Pro426AIa;

mock-transfected COS cells, aAghcato wild-type pump activity” The .
0 value means that in these experiments the standard deviation was':Igure 3, lane 9) was also unable to form the phosphorylated

within 5% of the value obtained for nontransfected celStatistically intermediate: the Pro mutation of the SERCA pump was

not significant. unable to transport Ca but was still able to form a
phosphoenzyme intermediate from ATP (Vilsen et al., 1989).
i 8 _ L0 The higher level of intermediate formed by the lle929Val
_ . 2 compared to that of the PMCA4CI wild-type pump and to
' ﬁ - that of the Glul078GIn mutant was consistent with the

= o i . ) -
- g ! | H — 116 kDa observation that this mutant reproducibly had a higherCa
= — 96kDa uptake rate than the wild-type protein (Table 2 and Figure
. 2).

— 66 kDa The PMCA pump can also form the phosphorylated

intermediate starting from phosphate, provided th&tGa
absent and DMSO is present in the reaction mixture (Chiesi
2 3 4 5 6 7 89 et al,, 1984). Unfortunately 134 cannot stabilize the

Ficure 3: Formation of the phosphorylated intermediate starting jnhtermediate formed from phosphate, i.e., only low levels
from ATP. Microsomal proteins (32g) were phosphorylated in . - ' ' .
the presence of 500M CaCl, 5004M LaCl,, and 0.3uM ATP of the intermediate can be detected when starting from

(300 Ci/mmol) as described in the Materials and Methods section. Phosphate (Figure 4). In the case of the wild-type PMCA4
The phosphorylated proteins were separated on acidic gels. Theprotein a 2-fold increase of the radioactivity associated with

gel was stained with Coomassie Brilliant Blue, dried, and exposed the band at 135 kDa could be observed upon incubation with
to a Fuji RX film at —70 °C for 2 days. Lane 1, wild-type 32 i ; ;
PMCAA4CI; lane 2, Glu1078GIn mutant; lane 3, lle929Val mutant; I;S(FslgﬁgAéc:) Omﬁ a(;?OIanlz?n_Znindml))t. J]r(;e :]adl(zrzicélvze_ f%?g d
lane 4, microsomal proteins of untransfected COS-7 cells; lane 5, W v . yaroxy ! ( wn). .

Glu423Ala mutant; lane 6, Asn879Ala mutant; lane 7, Asp883Ala increase, albeit low, was nevertheless reproducibly observed
mutant; lane 8, GIn971Ala mutant; lane 9, Pro426Ala mutant. The in four independent experiments (not shown). A more
arrow indicates the position of the PMCA-specific phosphoenzyme accurate evaluation of the amount of intermediate formed

intermediate. For the band in lanes-3 a (2.3 + 0.24)-fold ;
(PMCA4CI). a (2 0.2)-fold (GIu1078GIn mutant). and a (248 by the overexpressed proteins and by the endogenous pump

1.2)-fold (lle929Vval mutant) increase of the 135-kDa phos- was nOt_pOSSible given thg high background, which was due
phorylated band as compared to untransfected cells or to cellsto the high amount of radioactive phosphate that had to be
transfected with the remaining mutants (lane9}was observed.  used in these experiments. Membranes of COS-7 cells
Values are the average of at least three independent experimentgrgnsfected with the Glu423Ala, Asp883Ala, and GIn971Ala
+ the standard deviation. mutants formed the phosphorylated intermediate from phos-
Unfortunately, the high background activity made it impos- phate (Figure 4). In the case of the Asn879Ala mutant a
sible to establish whether some of the inactive mutants still (1.4 £ 0.2)-fold increase with respect to untransfected cells
had a residual activity, i.e., lower than 10% that of the wild- (determined with a Phosphorimager; Figure 4, lane 4) was
type pump. obtained, indicating that this mutant was likely to be partially
Formation of the Phosphorylated Intermediate by the active. Consistent with this, the weak signal for the
PMCA Mutants. A number of phosphorylated bands were Asn879Ala was only observed in membrane preparations
present in membrane preparations of COS-7 cells, but thecontaining high amounts of the expressed mutant. Surpris-
overexpression of PMCA4 clearly resulted in a3fold ingly, however, the level of intermediate formed by mutants
increase of the phosphorylated band at 135 kDa [Figure 3, Glu423Ala and Asp883Asn was clearly higher as compared
compare lane 1 with lane 4; see also Heim et al. (1992)]. to the wild-type pump: that of the Glu423Ala mutant was
High concentrations of 134 were routinely used in the assay up to 5 times higher (Figure 4, lanes 3 and 5). The same
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P 1 — 200 kDa

- - . s [
— 116 kDa
— 96 kDa
— 66 kDa
1 2 3 4 5 6

FiIcure 4. Formation of the phosphoenzyme intermediate from P

Guerini et al.

addition to stabilizing the pump intermediate, also caused a
marked loss of its sensitivity to €a a 50-60% decrease

of the intensity of the intermediate could only be observed
at a C&" concentration of 10 mM for the first of the two
mutants. In the case of the second mutant, even at 10 mM
C&* the inhibition was minor (Figure 5B,C). The very low
level of the phosphoenzyme intermediate formed from
phosphate in the case of the Asn879 and GIn971 mutants
prevented the determination of €adependency.

Targeting of the Mutated PMCA4The expressed PMCA4

Proteins (crude membranes prepared by the freeze and thaw methodpump is located in the plasma membrane of COS cells

50 ug) were phosphorylated in the presence of 200 P; (5 Ci/
mmol), 32% DMSO, and 10 mM EGTA as described in the
Materials and Methods section. The labeled proteins were prepare
for autoradiography as described in the legend for Figure 3. Lane
1, membrane proteins from untransfected COS-7 cells; lane 2,
membrane proteins from COS-7 cells overexpressing the wild-type
PMCAA4CI; lane 3, Glu423Ala mutant; lane 4, Asn879Ala mutant;
lane 5, Asp883Asn mutant; lane 6, GIn971Ala mutant. The
difference in the intensity of the radioactive 13540-kDa band

of the endogenous pump (lane 1) with respect to the bands of th
PMCA4 and the PMCA4 pump mutants (other lanes) was observed
in several experiments, in which high amounts of the mutant pumps
were expressed. The calculated mear®ld increase as compared

to the untransfected cells standard deviation) were the follow-
ing: PMCA4CI, 1.6 + 0.3; Glu423Ala mutant, 4.9+ 1.3;
Asn879Ala mutant, 1.4t 0.2; Asp883Asn mutant, 2.5 0.35;
GIn971Ala mutant,1.3t 0.1.

A

o
o2 3 4 5
B _ _ - e
l_6_. _7_ _8_ 9
C o - -
10 11 12

Ficure 5: C&" dependence of the formation of the phosphorylated
intermediate starting from phosphate. Proteins/@)of transfected
COS-7 membranes were phosphorylated as described in the legen
for Figure 4 in the presence of different aconcentrations. (A)
Membrane proteins of COS-7 cells overexpressing the wild-type
PMCAA4CI pump were phosphorylated in the presence of, lane 1,
10 mM EGTA, lane 2, 3«tM CaCl; lane 3, 10uM CaCl; lane

4, 300 uM CaCh; or lane 5, 1000uM CaCh. (B) Membrane
proteins of COS-7 cells overexpressing the Asp883Asn PMCAA4CI
mutant were phosphorylated in the presence of, lane 6, 10 mM
EGTA; lane 7, 25Q:M CaCl; lane 8, 100uM CacCl; or lane 9,

10 000uM CaClk. (C) Membrane proteins of COS-7 cells over-
expressing the Glu423Ala PMCAA4CI mutant were phosphorylated
from phosphate in the presence of, lane 10, 10 mM EGTA; lane
11, 1000uM CaClb; or lane 12, 10 00@M CaCl.

d

(Zvaritch et al., 1995; Foletti et al., 1995). The proper
targeting of the pump can also be considered a test of its
structural integrity and proper folding. The cellular location
of the PMCA Glu423Ala, Asn879Ala, Asp883Ala, GIn971Ala,
and GIn971Glu mutants was studied after transfection and
staining of the permeabilized COS cells with the 4N antibody
(Stauffer et al., 1995) (Figure 6). A cell transfected with

othe wild-type PMCAA4CI pump has been included in the

figure (panel A) as a control. The Glu423Ala and Asp883Ala
mutants showed the typical pattern for plasma membrane
localization (Figure 6, panels B and D) whereas the
Asn879Ala, GIn971Ala, and GIn971Glu mutants yielded a
staining indistinguishable from that of the proteins retained
in the endoplasmic reticulum [Figure 6, panels C, E, and F;
for an example of typical reticular staining of the endoplas-
mic reticulum, see Foletti et al. (1995)]. The cellular staining
shown in Figure 6 corresponds to that seen in at least 95%
of the transfected cells. The two mutants that induced
stabilization of the intermediate formed from phosphate
(Glu423Ala and Asp883Ala; see Figures 4 and 5) were
correctly delivered to the plasma membrane, whereas the
others (Asn879Ala, GIn971Ala, and GIn971Glu) were re-
tained in the endoplasmic reticulum.

DISCUSSION

Site-directed mutagenesis has been extensively used to
explore the role of different amino acids in the SERCA pump
[for a summary see MacLennan (1990) and Andersen and
Vilsen (1995)]. An essential ingredient of the work on the
SERCA pump has been its successful expression in COS-7
ells (Maruyama & MacLennan, 1988). Only limited
information has so far been obtained on the PMCA pump
due to the difficulties in expressing it at high levels in COS-7
cells. It has nevertheless recently been possible to repro-
ducibly measure the activity of isoform 4 of the PMCA pump
expressed in these cells (Heim et al., 1992; Enyedi et al.,
1993).

The work presented here has focused on six amino acids
located in transmembrane domains 4, 6, and 8 of the PMCA
pump. These amino acids are all highly conserved in P-type
pumps (see Table 1) and have been proposed to medi&te Ca

result was obtained with the Glu423GIn, Glu423Asp, and transport in the SERCA pump (Clarke et al. 1989a,b; Vilsen
Glu423Asn or the Asp883Ala and Asp883Glu mutants, etal., 1989): a similar role could thus be tentatively predicted
although the strongest effect was normally observed with for these amino acids in the PMCA pump. Two of these
the corresponding Ala mutants. six amino acids (Pro308 and Pro312 in the rabbit SERCA
The formation of the intermediate from phosphate by the pump, see Table 1) have been proposed to be important for

endogenous PMCA pump of the COS-7 cells (not shown) the folding of the peptide chain surrounding the high-affinity
and the overexpressed PMCA4CI pump was strongly inhib- C&*-binding domain (Vilsen et al., 1989). In the SERCA
ited by C&" (Figure 5A). Similar experiments with the pump, their mutation to Ala resulted in reducecCaffinity
Asp883Asn (Figure 5B) and Glu423Ala mutants (Figure 5C) (Pro308) and in the loss of the capacity to pump'‘Q#ro
indicate that the mutation of these two amino acids, in 312): the Pro312 mutant, however, could still bindCaith
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Ficure 6: Cellular localization of the mutated PMCA4CI pump. COS-7 cells were prepared for immunocytochemistry as described in
Foletti et al. (1995) 48 h after the start of the transfection. The cells were fixed and permeabilized with 0.1% Triton X-100 for 3 min.
Antibody 4N was used for the staining. The cells were transfected with the wild-type PMCA4CI cDNA (panel A), and with the DNA of
PMCAA4CI mutants Glu423Ala (panel B), Asn879Ala (panel C), Asp883Ala (panel D), GIn971Ala (panel E), and GIn971Glu (panel F).
Other technical details are found in Foletti et al. (1995).

high affinity and could form the phosphoenzyme intermediate mutagenesis work by Adebayo et al. (1994) has shown that
from ATP (Vilsen et al., 1989). The experiments on the Met 882 cannot be one of the ligands in the high-affinity
PMCA4 pump presented here have shown that thePro  C&*-binding pocket. Also noteworthy is the fact that no
Ala mutations (Pro422 and Pro426) eliminated the transport charged residues are found in transmembrane domain 5 of
of C&" and the ability to form the phosphoenzyme inter- the PMCA protein, whereas in all other P-type pumps this
mediate from ATP. This indicates that these two Pro transmembrane domain contains a highly conserved Glu
residues have a more critical role in the PMCA pump than (Table 1). Itis naturally possible that other, still unidentified
in the SERCA pump, i.e., they could act on the proper folding residues in the PMCA pump’s transmembrane domains
of the high-affinity C&*-binding pocket. contribute to the high-affinity binding site; further mutagen-
The other set of mutations investigated had the aim to esis work, e.g., on residues of transmembrane domain 5, is
establish whether four charged or polar amino acids, alsocertainly in order. At the present state of knowledge,
located in the transmembrane domain (Glu423, Asn879, however, it is tempting to relate the lower THATP
Asp883, and GIn971) were necessary for the high-affinity stoichiometry of the PMCA to the lower number of potential
binding of C&" to the PMCA pump. Mutagenesis work on C&"-binding amino acids.
the SERCA pump had indeed led to the suggestion that the None of the mutants of these residues showed'-Ca
four homologous amino acids are integral components of transporting activity upon transfection in COS-7 cells, and
the high-affinity C&" binding site, which would be formed none of them was able to form the phosphoenzyme inter-
by the appropriate three-dimensional arrangement of themediate from ATP. The loss of pump activity in the
transmembrane domains, i.e., by bringing four of them (4, GIn971Glu mutant was surprising, since GIlu908 in the
5, 6, and 8) close to each other (Clarke et al., 1989a,b). It is SERCA pump could be changed to a Gln without changes
noteworthy that only four of the six SERCA pump amino in pump activity (Clarke et al., 1989b). The formation of
acids identified by Clarke et al. (1989a) are conserved in the phosphoenzyme intermediate from phosphate by these
the PMCA4 pump. The remaining two (Glu771 and Thr799 mutants showed two types of effects: in one case (Glu423
in the SERCA pump, see Table 1) correspond to an Ala and Asp883) the level of the phosphoenzyme intermediate
(Ala854) and to a Met (Met882) in the PMCA pump: was increased, while in the second (Asn879, GIn971) it was
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similar to that of the wild-type pump. Interestingly, when led to findings similar to those reported here (Andersen &
residue Glu423 or Asp883 was mutated, the formation of Vilsen 1995).

the phosphoenzyme from phosphate was much less sensitiv

to C&* than in the wild-type pump. Only concentrations %EFERENCES

of C&* in the vicinity of 10 mM brought about a significant ~ Adamo, H. P., Verma, A. K., Sanders, M. A,, Heim, R., Salisbury,

decrease in the amount of phosphoenzyme intermediate. The gﬁ;%'ﬁben' E.D., & Penniston, J. T. (19%pchem. J. 285

phenotype of these mutants is thus consistent with the Adebayo, A. O., Enyedi, A., Verma, A. K., & Penniston, J. T.

disruption of the high-affinity binding of Ca, which is (1994) FASEB J. 8(N7), abstr 1143.

supported by the observed stabilization of the E2 intermediate'g‘:'adr?élsegj f] Péég/n'lsﬁr.",& ) Nkérlciiskﬁg_s ;e&;i%lr?nla—nlog H.

(the intermediate formed from phosphate). This stabilization  (1986)Cell 44, 597-607.

is likely to be the result of the inhibition of the decay of the Carafoli, E. (1994FASEB J. 8993-1002.

: . ; Chen, C., & Okoyama, H. (198Wiol. Cell. Biol. 7, 2745-2752.
intermediate via the E1 state (these mutants do not form theChiesi, M., Zurini, M., & Carafoli, E. (1984Biochemistry 23

phosphoenzyme intermediate from ATP). The differences 2595-2600.
in the amount of intermediate in the Glu423 and Asp883 Clarke, D. M., Loo, T. W., Inesi, G., & MacLennan, D. H. (1989a)

mutants probably reflect subtle differences in the perturba- Cl;ﬁteurg?,\:’;ﬁ 4,\;;_@2%61 K. Loo. T. W.. Leberer. E.. Inesi. G.

tions of the C&-binding pocket. Since none of the & MacLennan, D. H. (1989h). Biol. Chem. 26411246-11251.

substitutions reversed the loss of 2Cabinding, steric  Clarke, D. M., Loo, T. W., & MacLennan, D. H. (1990) Biol.

L o Chem. 2656262-6267.
constraints in addition to the charge effects must also play Apeng, W. P., & Nickoloff, J. A. (1992Anal. Biochem. 20081—

critical role. 88.
Enyedi, A., Verma, A. K., Filoteo, A. G., & Penniston, J. T. (1993)

Proper folding is a requirement for the targeting of the _ J. Biol. Chem. 26810621-10626.

PMCA to the plasma membrane [see also Foletti et al. Fo(l%tgj D., Guerini, D., & Carafoli, E. (1995FASEB J. 9670~

(1995)]. The pumps carrying mutations at the amino acids Hao, L., Rigaud, J.-L., & Inesi, G. (1994). Biol. Chem. 269

Glu423 or Asp883 were correctly delivered to the plasma  14268-14275.

T Heim, R., Iwata, T., Zvaritch, E., Adamo, H. P., Rutishauser, B.,
membrane, indicating that these mutants were properly Strehler, E. E., Guerini, D., & Carafoli, E. (1992)Biol. Chem.

folded. By contrast, mutations of Asn879 or GIn971 resulted 267, 24476-24484.
in the retention of the recombinant proteins in the endoplas- Laemmli, U. K. (1970)Nature 227 680-685.

mic reticulum. This indicates (major) perturbations in the mgf&;:rﬂznk?'&HMgﬁge%'gﬁ h%?'HJ.'(igégggg_lﬁgﬁ: Acad. Sci.

folding of the overexpressed protein. The possibility that  U.S.A. 853314-4418.

the finding was due to artifacts of the preparation is very Ni%@'é_\/l-,éﬁunya;éﬁ%gsslfoelnnismm J. T., & Carafoli, E. (1981)
. : ) . . Biol. Chem. .
unlikely, since cells expressing different amounts of the Pedersen, P. L., & Carafoli, E. (198Tyends Biochem. Sci. 12

proteins showed the same reticular staining. It will thus be  186-1809.

difficult to establish whether these residues are directly Sarkadi, B., Enyedi, A., Hdes-Papp, Z., & Gardos, G. (1988)

involved in the binding to Cd: the structural perturbations Shﬂ?"ec_:?m& f_?nlg%‘:;?zigé’_szl'g%)_ Biol. Chem. 26116788

leading to the retention of the mutated proteins in the 16791.

endoplasmic reticulum probably have a stronger effect on Shgg'l_Gs'gE" Schwartz, A., & Lingrel, J. B. (198%jature 316
the activity of the mutants. The mistargeted mutants were Stauffer, T.'P., Guerini, D., & Carafoli, E. (1995) Biol. Chem.

able to form the phosphoenzyme intermediate from phos- 270, 12184-12190.

phate, but its low level prevented the (accurate) evaluation Strehler, E. E. (1991). Membr. Biol. 1201-15. ,
. . Strehler, E. E., James, P., Fischer, R., Heim, R., Vorherr, T., Filoteo,
of its properties. A. G., Penniston, J. T., & Carafoli, E. (1990) Biol. Chem.
_ _ 265, 2835-2842.
The results presented here are thus consistent with theTowbin, M., Staehelin, T., & Gordon, J. (197BYoc. Natl. Acad.

involvement of Glu423 and Asp883 in the high-affinity site  Sci. U.S.A. 764350-4354. _
Verma, A. K., Filoteo, A. G., Stanford, D. R., Wieben, E. D.,

of C&" binding, qnd this would be in line with the finding _ Strehler, E. E., Fischer, R., Heim, R., Vogel, G., Mathews, S.,
that these two residues are the most conserved charged amino Strehler-Page, M.-A., James, P., Vorherr, T., Krebs, J., Penniston,
acids in P-type pumps (see Table 1). The possibility that V'IJ' T.,é& Cffng"' E. Sl?S%IBIEL %he'\T- §6a141|_52‘14158- y

. . . . . lisen, b., Anaersen, J. ¥., arke, D. i acLennan, D. H.
they are involved in Fhe formation of a general ionic c-hannel, (1989) J. Biol. Chem. 26421024-21030.
rather than a specific €a channel, should be seriously Zzvaritch, E., Vellani, F., Guerini, D., & Carafoli, E. (1993) Biol.
considered, especially since site-directed mutagenesis experi- Chem. 2702679-2688.

ments involving these amino acids in the &*-ATPase BI952572F



