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ABSTRACT. The Na ,K*-ATPase and the sarcoplasmic/endoplasmic reticuluAT-GSERCA-) ATPase
belong to a family of P-type ATPases that undergo a cycle of conformational changes between the
phosphorylated and dephosphorylated stages in an ion-specific manner. The ouabain-inhibitdbfe Na
ATPase activity requires Naand K. On the other hand, the €adependent and thapsigargin-inhibitable
activity of the SERCA-ATPase does not depend uport Biad Kt for its basal activity. However, the
SERCA-ATPase and C&transport activities can be further activated either Byika two-step fashion
with high (EDso ~ 20 mM) and low affinity (ERo ~ 70 mM) or by Na in a one-step fashion with an
EDsp value of~50 mM. A chimera, in which the carboxy-terminal region (Leu861-COOH) of thie ki
ATPaseal subunit replaced the corresponding region (Ser830-COOH) of the SERCA1-ATPase, lacked
the low-affinity Kt activation of the SERCA-ATPase but displayed a higher-affinity {£B 10 mM)
activation by K, similar to that of the NgK*-ATPase, whereas activation by Navas not affected.
The replacement of the large cytosolic loop (Gly3%4/s712) and the amino-terminal regions (Metl
Aspl62) of the SERCAL-ATPase with the corresponding portions of thektaATPasea.1 subunit did

not affect the sensitivity of the SERCA-ATPase activity t6.KThus, the carboxy-terminal regions of
both the SERCA1 and the N&™-ATPasen1 subunit are critical for K sensitivity. Analysis of additional
(Ca*/Na",K+)-ATPase chimeras demonstrated that the carboxy-terminal 102 amino acids (Phe920
Tyrl021) of the Na/K™-ATPaseal subunit are sufficient to shift the'Kaffinity for activation of the
SERCA-ATPase without thg subunit. No change in the two-step activation of SERCA-ATPase by K
was seen when residues Thr871hr898 of the SERCAL1-ATPase were replaced with residues Asn894
Ala919 of the N&,K*-ATPasenl subunit, a region known to bind the NK™-ATPase3 subunit [Lemas,

M. V., et al. (1994)J. Biol. Chem. 2698255-8259]. Thus, the NgK*-ATPase subunit-assembly domain
and the K-sensitive region are distinct within the carboxy-terminal 161 amino acids of tHekNa
ATPase.

Both the Nd- and K'-dependent ATPase (Dean, 1941; Recombinant DNA technology has made it possible to
Skou, 1957) and the Cadependent ATPase (SERCA- address this question in more direct ways by functional
ATPase) (Ebashi & Lipman, 1962; Hasselbach & Makinose, expression of manipulated encoding DNAs.

1961) undergo a series of conformational changes during o anproach to the identification of distinct functional

their ion-transport cycles. Their reaction mechanisms are : . ;
- i ; i omains of these ion pumps has been to express and monitor
thoug!ht to_be S|m|Ia_r (AIber§, 1967; De Meis & Vianna, the specific functions of chimeric ATPases constructed
1979; Inesi 8;]De rl]\/lel_s,l 1989; I;obsft e';]al.,.1972)f. ﬁ\cen_tral between the NgK*-ATPase catalytiax1l subunit and the
question in the physiology and biochemistry of these ion- . s .
. . SERCA1 ATPase (Ishii & Takeyasu, 1993; Ishii et al., 1994;
ATP h he foll . H 0 o
transporting ases has been the following ow do Lemas et al., 1992, 1994). In designing chimeric molecules,

different ions and inhibitors exert their specific effects on a ) . i
particular ion pump (Bodemann & Hoffman, 1976; Hansen, we have relied on the following characteristics of the P-type

1984: Jorgensen & Andersen, 1988; Kijima et al., 1991; ATPases (Jgrgensen & Andersen, 1988). (i) All of the ion

Lytton et al., 1991; Post & Jolly, 1957; Sagara et al., 1992)? PUmps share a common pattern of hydrophobicity. (i)
Evolutionarily conserved sequences30% of total amino

. . : acids) form the ATP-catalytic domain in the middle portion
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(GM44373 to K.T. and NS23241 to D.M.F.) and by the Japanese Of the enzymes. (i) The NaK'-ATPase activity is
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ﬁgﬁévggsr]'%‘ﬁc?i?ﬁs S;?Jgfstﬁre- have regions of very distinct amino acid sequences that could
5 Kyoto UniverinJty. Y be responsible for ion and inhibitor specificities. Using the
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Ficure 1: Functional domain model (working model) for the structure and function of the Na/K-ATPase that accommodates all the results
obtained with recombinant chimeric molecules between the Na/K- and the SR Ca-ATPase (Ishii & Takeyasu, 1993; Ishii et al., 1994;
Lemas et al., 1992, 1994; this study). The topology model proposed for the SR Ca-ATPase (Mathews et al., 1990) is adapted to the
Na/K-ATPasex subunit on the basis of the previously reported results (Fambrough et al., 1994). Accordingly, the transmembrane segments
are numbered (M2M10). The model includes Nasensor, ouabain-binding, and subunit-assembly domains arebiniding region. Two
additional ion-binding sites for Kand Na are possibly localized between M3 and M6 (not shown in the figure) on the basis of the
analogy to the minimum structural requirement for SERCA-ATPase activity. The channel-like structure identified by atomic force microscopy
(Paul et al., 1994) was schematically incorporated into the large cytoplasmic loop between M4 and M5. T8&rberlls 0—O) are

shown in the smallef subunit.

(SERCA1) as a parental molecule and replacing the middle structure-function relationships of the P-type ATPase in
phosphorylation domain (Gly354.ys712) and the amino-  general.

(Metl—Aspl162) and carboxy-terminal regions (Ser830-

COOH) with the corresponding portions of the N&*- EXPERIMENTAL PROCEDURES

ATPaseal subunit, we have identified the domains within
these two ATPases responsible for (i) activation by'Gand
inhibition by thapsigargin (the segments llet683ly354 and
Lys712-Ser830) (Ishii et al., 1994), (ii) Nasensitivity
(Metl—Leu69) (Ishii et al., 1994), (iii) ouabain binding
(Ala70—Asp200) (Ishii & Takeyasu, 1993; Ishii et al., 1994),
and (iv) subunit assembly (Asn894\la919) (Lemas et al.,
1992, 1994) (Figure 1). These results together suggest tha

the catalytic subunit of P-type ATPases consists of Severalsupernatant was filtered through six layers of gauze and

distinpt fun'ctione'll domains that retain. their structural centrifuged at 4000for 90 min. The resulting pellet was
functional integrity when transferred into other P-type washed in 40 mL of 0.6 M KCI/10 mM histidine buffer (pH
ATPase molecules. 7.0), resuspended in 0.88 M sucrose and 10 mM MOPS (pH

Here we report extensions of this type of approach that 7.0) to give a protein concentration of 480 mg/mL, and
identify K*-sensitive domains within the carboxy-terminal stored at—70 °C.

regions of both NaK*- and SERCA-ATPase molecules. Expression of Chicken Chimeric cDNAs in Mouse L Cells.
We also report that the carboxy-terminal-Kinding regions gy ysing the SERCA1-ATPase as a parental molecule and
are dlstlnct from the assgmply domain of the'Na"™-ATPase replacing the phosphorylation domain (Gly334ys712) and

o subunit. The K sensitivity of the SERCA-ATPase has the amino- (Meti—AsplGZ) and Carboxy-termina| regions
not been explored previously. It was intriguing to identify (Ser830-COOH) with the corresponding portions of the
it obviously, and only because of the use of chimeric Naf K*-ATPaseal subunit, we constructed several func-
ATPases did the observation come about. The biological tional chicken chimeric ATPases. The chimeric chicken
significance of the K sensitivity of the SERCA-ATPase is  ¢cDNA constructs encoding CCC (Karin et al., 1989), [n/c]CC
not yet known. However, the existence of the effect, (Ishii & Takeyasu, 1993), CNC (Ishii et al., 1994), CC[c/
demonstrated in the present study, may have implicationsn/n] (Lemas et al., 1992), and CC[c/n/c] (Lemas et al., 1994)
for the general mechanism of ion transport in P-type (C and c stand for portions of the SERCA1, N and n for
ATPases. On the basis of these results and previous findingsportions of the Na,K*-ATPase) were cloned into a mam-
we propose a functional-domain model for thefi¥a™- and malian expression vector, pRc/CMV (Invitrogen, V750-20),
SERCA-ATPase that may be useful in elucidation of the introduced into mouse L cells that had been transfected with

Preparation of SR Membrane®dult chicken SR mem-
branes were obtained by the method described earlier
(Kaprielian & Fambrough, 1987; Meisnner, 1975). Briefly,
breast muscles were isolated, rinsed in 0.1 M EDTA (pH
7.0) on ice, and trimmed of fat and connective tissues. The
trimmed muscles (100 g) were homogenized in 300 mL of

uffer containing 10 mM histidine, 10% sucrose, and 0.1 M

DTA (pH 7.0) and centrifuged at 1509@r 20 min. The
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a cDNA encoding the chicken NEK*™-ATPasef1 subunit MgCly,, 2uM A23187, 1 mM NaN, and appropriate amounts
(Takeyasu et al., 1987), and the cell lines that showed a highof CaCk and EGTA (pH adjusted to 7.4 witkh29 uM KOH)
level of expression of the encoded chimeric ATPase were to produce the required free €aconcentration calculated
selected. The fundamental characterization of these cell lineswith the software developed by Horiuchi (1986). When a
has been reported (Ishii & Takeyasu, 1993; Ishii et al., 1994; higher ionic strength or a different ionic component was used,
Lemas et al., 1992, 1994), and these cell lines were usedthe amount of KCIl was adjusted to the requirement (see the
in the present study. legends for the figures). The &a and thapsigargin-
Affinity Purification of Chicken ATPases Expressed in sensitive ATPase (SERCA-ATPase) activity was defined as
Mouse Cells. Immunobeads coupled with monoclonal a difference in the Cd-ATPase activities measured in the
antibodies, IgG 5D2, IgGa5, or IgG 24 (monoclonal  presence and absence of 500 nM thapsigargin as previously
antibody specific to the chicken N&K*-ATPasej3 subunit), described (Ishii & Takeyasu, 1993). Addition of ouabain
were prepared by reductive amination as described (Stults(100 nM to 4 mM) to the assay medium did not affect the
et al., 1989). Transfected cells from two culture plates (5 above-defined SERCA-ATPase activity of all tested con-
x 1P cells per 150 mm dish) were treated with 5 volumes structs except [n/c]CC. [n/c]CC is a &a, thapsigargin-,
of solubilization solution containing C12E8 (7g/mL), 10 Na'-, and ouabain-sensitive ATPase (Ishii & Takeyasu,
mM Tris-HCI (pH 7.5), and 150 mM NaCl at 4C for 1 h. 1994). All assays were started with 5 min of preincubation
The solubilized materials were incubated with immunobeads at 37°C in the presence or absence of thapsigargin.
for 24 h at 4°C. The beads were then washed five times  Thapsigargin-Sensite Ca&"-Transport Actiity. Uptake
with the solubilization solution, resuspended in TME buffer of 4Ca was measured at 2& by microfiltration methods
[75 mM Tris-HCI (pH 7.5), 12.5 mM MgCI2, and 1.5 mM as described by Zhang et al. (1995). The basic reaction
EDTA] to give ~200 ng of protein per 10@L, and used mixture contained 20 mM MOPS (pH 7.0), 180 mM KCI
for the determination of protein content and the measurement(or NaCl plus choline chloride), 5 mM Mggl5 mM
of SERCA-ATPase activity (see below). potassium oxalate, 3 mM ATP, membrane vesiclesQug/
Determination of the Amount of Expressed Chicken mL), and appropriate amounts of CaCGind EGTA to
Molecules. The purified chicken ATPase molecules were produce the required free &aconcentration (Horiuchi,
eluted in 0.5% deoxycholate/0.1 M triethylamine (pH 11.5) 1986). The thapsigargin-sensitive®Garansport activity was
(Fambrough & Bayne, 1983) from one-half of the immuno- defined as a difference in the €atransport activities
beads suspension (see above). The eluted materials wereneasured in the presence and absence of 500 nM thapsi-
neutralized with Tris-HCI (pH 7.4) and subjected to SBS  gargin. The reaction was started by addition of oxalate and
PAGE followed by silver staining (for IgG 5D2- and IgG  ATP after 5 min of preincubation at 3T in the presence
o5-purified materials) or Western blot analysis (IgG 24- or absence of thapsigargin and was terminated at intervals
purified materials). For silver staining, Silver Stain Plus by filtration using Millipore filters (0.45«m). The filters
(Bio-Rad) was used and the visualized protein bands werewere washed twice with 2 mL of 2 mM Lagand 10 mM
quantified by scanning densitometory with rabbit phos- MOPS (pH 7.0), and the remaining radioactivity was
phorylaseb as a calibration standard. The aTPase guantified in a scintillation counter.
(SERCAL1) purified from SR can be also used as a calibration
standard to give essentially the same results. For WesternrRESULTS
blot analysis, the 1gG 24-purified materials were transferred
to nitrocellulose membranes at °€ in transfer solution Effects of K and Na on the SERCA-ATPase Adty.
containing 25 mM Tris-HCI (pH 8.4), 192 mM glycine, 20% The SERCA-ATPase activity of chicken SR membranes was
methanol, and 0.025% SDS and then probed with IgG 5D2 relatively low in the absence of Kand Na but markedly
in PBS containing 0.05% Tween 20, followed by goat anti- increased in the presence of Kr Na'. At the optimum
mouse IgG conjugated to horseradish peroxidase. The finalC&" concentration, Naand K' independently enhanced the
protein/lgG complexes were detected by the reaction te 3,3 SERCA-ATPase activity in a one- and two-step manner,
diaminobenzidine tetrahydrochloride (BRL-Gibco), and the respectively (Figure 2A). The stimulation by Nahowed
visualized bands on the membranes were analyzed by Image single EQ, value of~50 mM. The initial activation by
Scanner (EPSON, GT6500) with purified chicken SERCA1 K* had an Ely value of ~20 mM and subsequent full
as a calibration standard. The band densities were quantifiedactivation an Elgy of >50 mM. These effects of Kand
with image analysis software (NIH, Image). Na" were also detected offCa-transport activity of SR
Crude Membrane PreparationMonolayers of cells were  vesicles (panels C and D of Figure 2). It should be noted
treated in 5 mM Tris-HCI (pH 7.5) for 20 min on ice, scraped that the activity level induced by 100 mM Nan the absence
from the culture dish, and centrifuged at 15 000 rpm (Du of K* is very similar to that induced by the high-affinity
Pont, Sorvall SA-600 instrument) for 15 min. The pellet effect of K'. When high concentrations of *K(e.g., 100
was resuspended to givel mg of protein/mL in TME buffer mM) were present in the assay systems (for both SERCA-
and used for ATPase assays. ATPase and®Ca-transport activities), the stimulatory effect
Thapsigargin-Sensite Ca&"™-ATPase Actiity. Ca&'- of Na™ was abolished (panels B and D of Figure 2). On the
ATPase activity in crude membrane preparations or affinity- other hand, when saturating concentrations of Naere
purified fractions (see above) was measured by monitoring present, only the high-affinity effect of Kwas abolished
the kinetics of release 6fPi from [y-3?P]JATP (Amersham,  and the low-affinity stimulation by K was still observed
PB218) at 37C. The basic assay system (0.5 mL) consisted (panels A and C of Figure 2).
of membranes+0.1 mg of protein) [or immunobeads200 These effects of Kand Na were also observed in mouse
ng of protein)], 100 mM KCI, 50 mM Tris-HCI (pH 7.4),2 L cells transfected with cDNA encoding the chicken
mM ATP (containing 10«M KOH and [y-32P]ATP), 3 mM SERCAI1 (Figure 3). Similarly, the SERCA-ATPase activity
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FiGure 2: Stimulatory effects of Naand K" on the thapsigargin-inhibitable and Tasensitive Car-ATPase (SERCA-ATPase) and
Ca'-transport activities. The total ionic strength was kept constant at 180 mM with 100 mM KCI (or NaCl) and 80 mM (NaCl (or KCI)
plus choline chloride (Ch-Cl) (Jewell & Lingrel, 1991). (A)'Kand (B) Na-dependent activity of SERCA-ATPase were measured in the
chicken SR membrane vesicles in the presenced¥12A23187. SERCA-ATPase activity was measured aiVbfree C&" and different
concentrations of Naand/or K. (C) K- and (D) Na-dependent activity of Ca-transport were measured in the chicken SR membrane
vesicles at M free C&" and different concentrations of Nand/or K". All curves were fitted by eye using the data (megarstandard
deviation) obtained from six to eight independent measurements. Addition of 4 mM ouabajK{N&TPase inhibitor) to the assay systems
did not influence the effects of Naand K" (data not shown): @) [KCI] + [Ch-CI] = 100 mM, () [KCI] + [Ch-CI] = 180 mM, Q)

[KCI] + [Ch-CI] + 100 mM NaCl= 180 mM, @) [NaCl] + [Ch-CI] = 100 mM, (&) [NaCl] + [Ch-CI] = 180 mM, and M) [NaCl] +
[Ch-CI] + 100 mM KCIl = 180 mM.

of control mouse L cells was regulated by" Kaind Na, possesses a higher affinity fortkhan for Na. To search
although the level of SERCA-ATPase activity is much lower for the possible sites, we have chosen to utilize a set of
than that in the transfected cells. As reported previously, chicken SERCA/N§K*-ATPase chimeras (Ishii & Take-
the activity level of the mouse endogenous SERCA-ATPaseyasu, 1993; Ishii et al., 1994). In these chimeras, parts of
was not changed by transfection with unrelated cDNAs, such the wild-type SERCA1-ATPase (CCC) were replaced with
as those encoding the wild-type and mutated, Ka-ATPase the corresponding portions of the wild-type Nk *-ATPase
subunits (Ishii & Takeyasu, 1993; Ishii et al., 1994) ol subunit (NNN) as follows. In chimera CNC, the large
The simplest interpretation of these results is that the SR cytoplasmic phosphorylation domain (Gly354ys712) was
Ca&"-ATPase possesses two different population df K  replaced; in chimera [n/c]CC, the amino-terminal domain
binding sites, one of which (the higher-affinity'ksite) can (Metl—Aspl62) was replaced, and in chimera CC[c/n], the
also bind Na. This population of K/Na‘-binding sites carboxy-terminal domain (Ser830-COOH) was replaced.
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native chicken SERCA-ATPase in SR membranes (Figure
A 2), the SERCA-ATPase activity of CC|[c/n] was regulated
in a single-step fashion by Kwith an EDy, value of ~20
+ mM and in a single-step fashion by Népanels A and B of
Figure 4). These results suggest that the carboxy-terminal
180 amino acids of the SERCAL include the-Bensitive
region with lower affinity, and that a substitution of this
region with 161 amino acids of the N&*-ATPaseal
subunit apparently removes this low-affinity activation by
K*. If this is the case, chimera CC|[c/n] would possess only
the high-affinity K site that can be blocked by Na Indeed,
the SERCA-ATPase activity of CC[c/n] in the presence of
100 mM Na was stimulated by neither low nor high
concentrations of K (panels C and D of Figure 4).
4 To identify more precisely the carboxy-terminal regions
of the Na' ,K*-ATPase and/or the SERCA-ATPase that are
responsible for the low-affinity activation by'Kwe analyzed
an additional set of chimeras (CC|c/n/c] and CC[c/c/n])
0 20 40 60 80 together with CCC and CC[c/n/n] (originally named CCJc/
I I T I
20 40

20

15—1

n moles/min/mg protein
1

[y
o
Il

o subunit) are depicted in Figure 5. As shown in Figure 6,
CClc/n/c] did undergo a second activation by Kt higher

— concentrations just like the wild-type SERCA1 (CCC),
60 80 whereas CCJc/c/n] did not, indicating that the carboxy-

SERCA-ATPase Activity,

n]). The schematic structures of CC[c/n/c] (26 amino acids
5 I B of thea subunit), CC[c/c/n] (103 amino acids of the N *-

0

0

ATPasea subunit), and CC[c/n/n] (161 amino acids of the
K* or Nd* Concentration, mM

terminal 97 amino acids (Thr898\1a994) of the SERCA1
are responsible for the low-affinity activation by"K

FicUre 3. Stimulatory effects of Naand K* on the thapsigargin- What roles does the corresponding region (Phe920

inhibitable and C#-sensitive Ca-ATPase (SERCA-ATPase) .
activity in crude membranes of mouse L cells before (B) and after Tyr1021) of the N&,K*™-ATPaseal subunit play? When

(A) transfection with cDNAs encoding the chicken SERCA1, CCC. incorporated in the SERCAL, this region apparently removes
SERCA-ATPase activity was measured au® free C&" and the low-affinity activation by K (Figure 6). However, the
different concentrations of Naand/or K* ions. The total ionic  interpretation of this result needs careful consideration. At
strength was kept constant at 180 mM as it was in Figure 2. All present, at least two different regions within the'N@'-

curves were fitted by eye using the data (meastandard deviation) . .
obtained from four to six independent measurements. Addition of ATPasea subunit have been shown to be important for K

4 mM ouabain (N&,K*™-ATPase inhibitor) to the assay systems Sensitivity; one region includes Glu327 in M4 and Ser775

did not influence the effects of Naand K- (data not shown): &) in M5 (Kuntzweiler et al., 1995; Arguello & Lingrel, 1995),
Rfa%]l _+1g%hr;]cw||] ;) [ll\?gcrll]qu[((:jr?-gf]c—” 1J§o[g|1/_|czla]ng .1)0[361%'?? and the other is the carboxy-terminal region including-M7
+ [Ch-CI] + 100 MM KCI= 180 mM. It should be noted that the M9 (Goldshleger et al., 1992; Capasso et al., 1992; Lutsenko

SERCA-ATPase activity at a few millimolar K (in the presence of & Kaplan, 1993). Therefore, it could be possible that the
100 mM Na) of overexpressed proteins was higher than that in the incorporation of this carboxy-terminal region (Phe920
absence of Na (A). On the other hand, the SERCA-ATPase activity Tyr1021) confers high-affinity K activation on the SER-
at 80 mM K (in the presence of 100 mM Na) was lower than that a1 |ndeed. the EE value for K+ activation was much

in the absence of Na (A). These were true for the SERCA-ATPase - . .
activity of the SR membrane (Figure 2A). However, the crossover [OWer (<10 mM) in CClc/c/n] than in the wild-type CCC

points of these two curves between the SR ATPase and the(~20 mM) (Figure 6).

overexpressed SERCA-ATPase were somewhat different, and the Functional Properties of Affinity-Purified Chimera©ver-
overexpressed SERCA-ATPase activities at 50 mM K (in the all SERCA-ATPase activities in transfected mouse Ltk cells
presence of 100 mM Na) were slightly lower than those in the ,qcassed in crude membrane fractions (Figures 3, 4, and 6)

absence of Na (cf. Figure 2 and this figure). The possible reasons d di h ion | Is of d
for this include the following. (i) SR-associated proteins (which Vary depending upon the expression levels of transgenes an

may be different from those associated with ER of tissue cultured the specific activities of the gene products. The levels of
cells) might influence the SERCA-ATPase activity. (i) The expression were assessed as described (Ishii et al., 1994) by
difference in lipid compositions of SR and ER might affect the  jmmunoprecipitation of metabolically labeled materials using
ATPase activity. chicken SERCA1-specific monoclonal IgG 5D2 (Kaprielian
Each chimera was stably expressed in mouse L cells, and& Fambrough, 1987) and were found to be within the range
all were found to show thapsigargin-sensitive GATPase of 2—3-fold differences among the wild-type (CCC) and
activity (i.e., SERCA-ATPase, but not ouabain-sensitivé/Na chimeric molecules (e.g., CC[c/n/n], CCJc/n/c], and CCJc/
K*-ATPase) with very similar ER values of -5 uM for c/n]). The intrinsic SERCA-ATPase activities associated
C&" activation and I values of~1 nM for thapsigargin with chimeras were assessed by SERCA-ATPase assays after
inhibition (Ishii & Takeyasu, 1993; Ishii et al., 1994). Using affinity purification (Figure 7). In this assay system, the
these chimeric molecules, the effects of &hd N& on their expressed chimeric molecules were first solubilized with
SERCA-ATPase activities were further examined. C12ES8 as described (Lemas et al., 1992, 1994) and then
Search for the Low-Affinity KSite. In strong contrastto  bound to immunobeads coupled with IgG 5D2. The resultant
the transfected chicken SERCA1 (CCC) (Figure 3A) and the affinity-purified materials on immunobeads were divided into
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FiGURE 4: Carboxy-terminal regions of the SERCA-ATPase contain low-affinity sites forTkapsigargin- and Ca-sensitive (SERCA-)

ATPase activities of CCC and CCJc/n] were measured alMbfree C&*+ and different concentrations of Nand/or K' ions. All data

points were obtained by subtracting the mouse endogenous SERCA-ATPase activity (Figure 3B) from the total SERCA-ATPase activity
of transfected cells: (A) effect of Kin the absence of Na and (B) effect of N& in the absence of K (C) effect of K" in the presence

of 100 mM Na, and (D) effect of N& in the presence of 100 mM¥K In A and B, the total ionic strength was kept at 180 mM with KCI

(or NaCl) plus choline chloride. In C and D, the total ionic strength was kept constant at 180 mM with 100 mM KCI (or NaCl) and 80 mM
of NaCl (or KCI) plus choline chloride (Jewell & Lingrel, 1991). The SERCA-ATPase activity of CC[c/n] was not stimulated inytke
presence of 100 mM Na(C) but was stimulated in a single-step fashion in the absence of(A)a All curves were fitted by eye using

the data (mea#r: standard deviation) obtained from six to eight independent measurements. Addition of 4 mM ouabai{N&Pase

inhibitor) to the assay systems did not influence the effects of &tal K" (data not shown).

ers) and enabled us to calculate chicken SERCA-ATPase
activity per unit mass of purified protein.

The chicken wild-type SERCA1-ATPase (CCC) and
chimera CC[c/c/n] exhibited the highest activities of 2.2 and
1.9 umol min~t (mg of protein)?, respectively, after being
purified with IgG 5D2 (Figure 7B). These specific activities
are comparable to the reported values for SERCA-ATPase
activity in rabbit skeletal muscles (Sasaki et al., 1992).
Chimera CCJ[c/n/n] showed an activity [Qufnol min~* (mg
of protein) ] Y5 of that of CCC, and chimera CCJc/n/c] had
no detectable activity after IgG 5D2 purification (Figure 7B).

"] Segment trom the wildutype Nu/K-ATPate This result with CCJc/n/c] is unexpected because all chimeras
FiGURES: Schematic representation of a new set of chimeras: CCC, were active as SERCA-ATPase in crude membrane prepara-
CClc/nin], CC[c/nic], and CC[c/c/n](X) Possible chimeric junction.  tions (Figures 4 and 6). We have previously shown that CCC

two parts; the one part was used for estimation of the protein @nd CC[c/c/n] do not assemble with the N&*-ATPasef
concentration on SDSPAGE (Figure 7A), and the other ~subunit, but CC[c/n/n] and CClc/n/c] do (Lemas et al.,
part was used for kinetic analysis of Caand thapsigargin- ~ 1994). However, the affinity for this chimeric subunit
sensitive ATP hydrolysis in the presence of 4 mM ouabain assembly was found to be lower than that for wild-type
(Figure 7B). This procedure allowed us to monitor the assembly (Lemas et al., 1992, 1994). Thus, it could be
exogenous SERCA-ATPase activities of transfected mousepossible that affinity purification with chicken SERCA1-
Ltk cells without contamination of endogenous mouse specific IgG 5D2 preferentially enriches unassembled chi-
enzymes (e.g., SERCA-ATPase, Nd"-ATPase, and oth- meras (i.e., free CC[c/n/n] and free CC[c/n/c] without the
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FiGURE 6: Existence of a distinct K-binding site at the carboxy-
terminal region {100 amino acids) of the Na/K- and the SERCA-
ATPase. Stable cell lines that express CCC, CCJc/n/n], CC[c/n/c],
and CClc/c/n] (Figure 4) were used for the measurement of their
thapsigargin- and Ca-sensitive (SERCA-) ATPase activities as
described (Ishii & Takeyasu, 1993). The SERCA-ATPase activities
were measured at &M free C&" and different concentrations of
K+ in the absence of Nia The total ionic strength was kept at 180
mM with KCI plus choline chloride. Since the activity of the mouse
endogenous SERCA-ATPase (Figure 3 in the original application)
is very low in mouse L cells and remains unchanged after
transfection (Ishii et al.,, 1994), the SERCA-ATPase activities
intrinsic to the chicken chimeric molecules were calculated by
subtracting the SERCA-ATPase activity of the mouseSBtkells
(that had been transfected with the chicken®¥a-ATPasef
subunit) from the total SERCA-ATPase activity. The SERCA-
ATPase activity of CCC is expressed as 50% of its real activity to
fit in a comparable scale. All curves were fitted by eye to the data
points (meant standard deviation) obtained from six separate
measurements.

Na',K*-ATPases subunit) over assembled ones. Therefore,
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Ficure 7: Characterization of affinity-purified chicken SERCA-

ATPase and its chimeric derivatives. The wild-type SERCA-ATPase

(CCC) and its carboxy-terminal chimeras (CC[c/c/n], CC[c/n/c],
and CCJc/n/n]) were purified by using immunobeads coupled with
IgG 5D2 that recognizes the large cytosolic phosphorylation domain
(-C-) (Kaprielian & Fambrough, 1987). The SERCA-ATPase
activities of the purified materials attached to the immunobeads

we examined the SERCA-ATPase activities of only chimeras were measured (B), and the amount of the purified materials was

that assembled with the N&K*-ATPasep subunit after
affinity purification using chicken-specific anisubunit IgG

determined (A) as described in Experimental Procedures. (A) An
example for detection of chicken proteins expressed in mougiSLtk
cells that express the chicken NK-ATPases subunit (Takeyasu

24. Since this procedure purified any materials (i.e., chicken et al., 1987). The silver-stained bandsl00 kDa) were subjected

chimeras as well as mouse endogenous,Ki&ATPasea
subunits in this study) that can assemble with the Ka-
ATPasef subunit (Fambrough et al., 1994), the amount o

purified chimeras was determined by Western blot analysis

using chicken-specific monoclonal antibody, IgG 5D2,
following SDS-PAGE (Figure 8A), and the intrinsic ATPase

to quantification of the materials that were used for SERCA-ATPase
assays. (B) Comparison of SERCA-ATPase activities associated

f with the affinity-purified materials, showing that chimera CClc/c/

n] was as active as the wild type, CCC. However, the other chimera,
CClJc/n/n], was less active, and chimera CC[c/n/c] had no activity.
Note that the column for L3 shows, for a comparison, that the

absolute null activity associated with the immunobeads used for

activity of these assembled chimeras was assessed byhe Ltk33 extract. Bars represent standard deviations of at least

SERCA-ATPase assays in the presence of 4 mM ouabain

four independent assays.

that do not measure the activity associated with endogenoussxamined. As seen Figure 9;"Kand Na& were found to

mouse N&,K*-ATPasen subunits (Figure 8B). As a result,
CClc/n/c] and CC[c/n/n] clearly exhibited SERCA-ATPase
activities nearly as high as those of the wild-type SERCA1
in the presence of the N&K™-ATPaseS subunit.

Possible Location of the High Affinity'KSite. Chimera
CClc/n/n] &CClc/n)) lost its low-affinity K site but still
retained the high-affinity K site (Figure 4A). These results
suggest that the high-affinity site fortkmight be localized
in the regions of the SERCA-ATPase excluding Ser830-
COOH. Therefore, effects of Kas well as Na on the
SERCA-ATPase activities of [n/c]CC and CNC were further

exert one- and two-step stimulation, respectively, as observed
for the endogenous mouse TaATPase, and also for the
transfected chicken SERCA1 (CCC) and the native chicken
SERCA-ATPase in SR membranes (Figure 2). When the
SERCA-ATPase activities of [n/c]CC and CNC were meas-
ured in the presence of a high concentration oft N&00
mM), the high-affinity effect of K, but not the low-affinity
activation by K-, was abolished (Figure 9C). These results
suggest that the domains responsible for high-affinity
stimulation by K should reside within regions common to
all the chimeric SERCA-ATPases, i.e., segments between
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Ficure 8: SERCA-ATPase activities of the chimeras, CCJc/n/c]
and CCJc/n/n], assembled with the NK*-ATPases subunit. The
chimeric molecules, CC[c/n/c] and CCJc/n/n], were purified by
using immunobeads coupled with IgG 24 that recognizes the
AsnB894-Ala919 sequence [-/n/-] of the N&K-ATPaseon subunit
(Lemas et al., 1994). The SERCA-ATPase activities of the purified
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DISCUSSION

Using chimeric ATPase molecules, we have previously
demonstrated that the segments between lle163 and Gly354
and between Lys712 and Ser830 of the SERCA1-ATPase
are responsible for C& and thapsigargin-sensitive ATPase
activity, because all the chimeric molecules ([n/c]CC, CNC,
and CC[c/n/n]) exhibited thapsigargin- and?Gaensitive
ATPase activities similar to that of wild-type SERCA1, CCC
(Ishii et al., 1994). The present study suggests that the same
regions of the SERCA1-ATPase also include the sites for
Na" and K. The carboxy-terminal regions of the SERCA1-
ATPase contain an additional*ksensitive domain. The
carboxy-terminal regions of the N&K*-ATPasea subunit
are also suggested to contain a-Bensitive domain which
is distinct from the assembly domain with tifesubunit.
These results together with other findings suggest a functional-
domain model for the P-type ATPase (Figure 1). The
biological significance of the Ksensitivity of the SERCA-
ATPase is not yet known. However, the existence of the
effect, demonstrated in the present study, may have implica-
tions for the mechanism of ion transport in P-type ATPases
in general, and this will be explored further in the future by
looking at the K sensitivity of the phosphorylated inter-
mediate and whetherKcan become occluded in SERCA
pumps.

The SERCA-ATPase Agty Can Be Regulated by Two
Distinct Kt Bindings. The two-step activation of SERCA-
ATPase by K (Figure 2) has not been described before in
the literature, although some kinetic analyses have been
conducted; i.e., th&, values for K activation of several
partial reactions of the SERCA-ATPase have been reported
to be 15-50 mM (Shigekawa et al., 1978). Only a very
few studies have explored the mechanisms of SERCA-
ATPase activation by monovalent cations (such &} &d
reported that the stimulatory effect of*Kon the rabbit

materials attached to the immunobeads were measured in theSERCA-ATPase activity was monophasic wheri ias

presence of 4 mM ouabain (B), and the amount of the purified

substituted with LT (Shigekawa et al., 1978) instead of

materials was determined (A) as described in Experimental choline" (this study). There are alternative mechanisms that

Procedures. (A) Detection of chicken proteins expressed in mouse,: ; ; ;
Ltkf3 cells that express the chicken Ni'-ATPasef subunit might explain the effects of these monovalent cations. (i)

(Takeyasu et al., 1987). An example of Western blot analysis detects | N€Te is a species-specific difference, and (ii) chdlined
the bands+{100 kDa), which were then subjected to quantification Li* behave differently. We have tested these two possibili-
of the materials that were used for SERCA-ATPase assays. (B)ties using SR membranes form rabbit and found that the

Comparison of SERCA-ATPase activities associated with the getivities of the rabbit SERCA-ATPase are regulated by

affinity-purified materials, showing that chimeras CC[c/n/n] and
CCJc/n/c] were highly active SERCA-ATPases. Note that the
column for Ltk53 shows, for a comparison, that the absolute null
activity associated with the immunobeads used for thg3 txtract.
Bars represent standard deviations of three independent assays.

different ions basically in the same way as in the chicken
SERCA1 shown in Figure 2. Namely, cholineloes not
stimulate the SERCA-ATPase activity; however! behaves

like K* (unpublished observations). Therefore, we conclude
that the SERCA-ATPase possesses two different populations

lle163 and Gly354 and/or between Lys712 and Ser830 of of K*-binding sites in general.

the SERCAL. Thus, the occupation of these regions by Na
is expected to prohibit additional'kbinding to these regions,
thus abolishing the high-affinity effect of K

On the other hand, preoccupation of the high-affinity site
by K* would be expected to block the N&inding to this
site. Indeed, the stimulatory effect of Navas abolished in
CNC when the SERCA-ATPase activity was measured in
the presence of a high concentration ¢f (400 mM) (Figure
9D). In[n/c]CC, due to the existence of a Nsensor within
the amino-terminal 69 amino acids of the N&"-ATPase
o subunit (16), the SERCA-ATPase activity of [n/c]CC was
markedly enhanced in the presence of Njganels C and D
of Figure 9).

Since all the chimeric molecules, [n/c]CC, CNC, and
CClc/n] (=CCJc/n/n]), exhibited high sensitivity for K and
since the high-affinity stimulatory effect of kwas blocked
by Na", Na" and Kt should compete for their effect within
a region common to all the chimeric SERCA-ATPases, i.e.,
the region between llel63 and Gly354 and/or between
Lys712 and Ser830 (containing the transmembrane segments
M3 and M4 and M5 and M6, respectively). Since CC[c/n]
(=CCJc/n/n]) shows a one-step, high-affinity stimulation by
K* while lacking the low-affinity activation by K, the
carboxy-terminal 180 amino acids of the SERCAL apparently
include the K-sensitive region with a lower affinity.
Substitution of this region with 161 amino acids of the
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FiIGURe 9: Search for high-affinity sites for K Thapsigargin- and Ca-sensitive (SERCA-) ATPase activities of CCC, [n/c]CC, and CNC
were measured at /@M free C&" and different concentrations of Nand/or K. All data points were obtained by subtracting the mouse
endogenous SERCA-ATPase activity (Figure 3B) from the total SERCA-ATPase activity of transfected cells: (A) effeécinofhié
absence of Ng (B) effect of Na in the absence of K (C) effect of K" in the presence of 100 mM Naand (D) effect of Na in the
presence of 100 mM K In A and B, the total ionic strength was kept at 180 mM with KCI (or NaCl) plus choline chloride. An asterisk
(*) represents the degree of significance of differenges 0.05) compared to the activity at 40 mMr Na'. In C and D, the total ionic
strength was kept constant at 180 mM with 100 mM KCI (or NaCl) and 80 mM NaCl (or KCI) plus choline chloride (Jewell & Lingrel,
1991). The SERCA-ATPase activities of all constructs tested here were stimulated in a two-step fashioim yekabsence of 100 mM
Na' (A) but stimulated in a single-step fashion in the presence 6f(&. The SERCA-ATPase activity of [n/c]CC was markedly stimulated
by Na" in the presence of 100 mM ¥ due to the presence of the Naensor [[n/] (Ishii et al., 1994)] (D) but not in the absence df K
(B). Addition of 4 mM ouabain to the assay systems did not influence the effects @kNan the CCC and CNC activities (data not
shown) but did inhibit the SERCA-ATPase activity of [n/c]CC which is known as a-Nauabain-, C& -, and thapsigargin-sensitive
ATPase (Ishii et al., 1994). All curves were fitted by eye to the data points (miestandard deviation) obtained from four to six separate

measurements.

Na",K*-ATPaseal subunit apparently removes the lower- ~ The Carboxy-Terminal Region of the NK™-ATPasenl
affinity activation of SERCA-ATPase activity by'K Thus, Subunit Contains Distinct Domains for Assembly withghe
in conclusion, the SERCA-ATPase possesses at least twaSubunit (Asn894Ala919) and for K Activation (Phe926-
different sites for activation by K one at the carboxy  Tyrl021). Chemical modification of Glu in M9 of the
terminus with a lower affinity and the other within M3 and Na',K™-ATPasea subunit withN,N'-dicyclohexylcarbodi-
M4 and/or M5 and M6 regions with a higher affinity. imide (DCCD) has suggested the importance of this residue
It is important to note that Kbinding to the high-affinity in 8Rb occlusion (Goldshleger et al., 1992). Although the
sites can be competed for by NéFigures 2 and 3). Recent precise interpretation of this type of result is difficult, it seems
molecular biological analyses employing site-directed mu- that the carboxy terminal regions may be involved in
tagenesis have suggested that charged amino acids withirdetermining ion binding. Indeed, a 19 kDa tryptic fragment
the transmembrane regions, MMI6, of the SERCA-ATPase  of the carboxy terminus of the N&K*-ATPaseal subunit
are critical for C&"-sensitive ATPase activity (Andersen & binds 8Rb" with high affinity (Goldshleger et al., 1992;
Vilsen, 1992, 1994, 1995; Clarke et al., 1989). Furthermore, Capasso et al., 1992). This 19 kDa fragment includes the
the most recent similar experiments on the sheep, iz 161 amino acids of sodium pump present in chimera CC-
ATPasen subunit have shown that Glu327 in M4 and Ser775 [c/n/n]. This is consistent with the idea that the apparent
in M5 control the K sensitivity of the enzyme activity  loss of the low-affinity stimulation by K seen in CC[c/n/n]
(Kuntzweiler et al., 1995; Arguello & Lingrel, 1995). These is due to the replacement of this responsible domain, [c/c/
membranous regions might be critical for the ion dependencec], with the high-affinity domain of the NgaK*-ATPasea
of all P-type ATPases in general. subunit, [c/n/n].
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A line of evidence suggests that assembly of the,Ka-
ATPasea subunit with different types gf subunit isoforms
can modulate the effects of'Kon thea subunit (Eakle et
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Fambrough, D. M., & Bayne, E. K. (1983). Biol. Chem. 258
3926-3935.

Fambrough, D. M., Lemas, M. V., Hamrick, M., Emerick, M.,
Renaud, K. J., Inman, E. M., Hwang, B., & Takeyasu, K. (1994)

al., 1992, 1994; Jaisser et al., 1992; Jaunin et al., 1993). A am_ J. Physiol. 266 (Cell Physiol. 357579-C589.

recent report has indicated that t#&b*-occlusion ability
of the 19 kDa fragment of the-subunit can be affected by
the integrity of thef subunit (Lutsenko & Kaplan, 1993).

The extracellular 26 amino acids at the carboxy terminus

(within the 19 kDa fragment) of the. subunit have been
identified as the major domain far/g subunit assembly
(Lemas et al., 1994). Therefore, it was critical to determine

whether the K-sensitive region is the same as the assembly

Geering, K. (1991FEBS Lett. 285189-193.

Goldshleger, R., Tal, D. M., Moorman, J., Stein, W. D., & Karlish,
S. J. D. (1992)Proc. Natl. Acad. Sci. U.S.A. 88911-6915.

Hansen, O. (1984Pharmacol. Re. 36, 143-163.

Hasselbach, W., & Makinose, M. (196Bjochem. Z. 333518—
528.

Horiuchi, K. (1986)J. Physiol. 3731—23.

Inesi, G., & De Meis, L. (1989). Biol. Chem. 2645929-5936.

Ishii, T., & Takeyasu, K. (1993proc. Natl. Acad. Sci. USA 90
8881-8885.

domain. Our experiments demonstrated that the sites for thejgpji, T, Lemas, M. V., & Takeyasu, K. (199#8roc. Natl. Acad.

K* stimulation and the assembly with thfe subunit are
distinct (Figure 6) and that theKsensitive region [a stretch
of 102 amino acids (Phe920yr1021)] resides adjacent to
the assembly domain (Asn8941a919) within the carboxy-
terminal region of the NgK™-ATPasea subunit.

It is intriguing that chimera CCJc/n/c] requires the Nid*-
ATPasef subunit for its SERCA-ATPase activity (Figures
7 and 8). Assembly with thg subunit is required for the
Na®,K*t-ATPaseo subunit for stabilization and maturation

Sci. U.S.A. 916103-6107.

Jaisser, F., Canessa, C. M., Horisberger, J.-D., & Rossier, B. C.
(1992)J. Biol. Chem. 26,716895-16903.

Jaunin, P., Jaisser, F., Beggah, A. T., Takeyasu, K., Mangeat, P.,
Rossier, B. C., Horisberger, J.-D., & Geering, K. (1993Cell
Biol. 123 1751-1759.

Jewell, E. A., & Lingrel, J. B. (1991). Biol. Chem. 26616925~
16930.

Jorgensen, P. L., & Andersen, J. P. (1988Membr. Biol. 103
95-120.

Kaprielian, Z., & Fambrough, D. M. (198Dev. Biol. 124 490—
503.

in ER membranes, and transportatio.n to the plasma MeM-y arin. N. J., Kaprielian, Z., & Fambrough, D. M. (19890l Cell.
brane (Fambrough et al., 1994; Geering, 1991; Takeyasu et Bijogl. 9, 1978-1986.

al., 1989). A very limited region (26 amino acid residues)
of the catalytica. subunit might be sufficient to assure the
structural (and thus functional) integrity of chimera CC[c/
n/c] through assembly with the N&K*-ATPasef subunit.

Kijima, Y., Ogunbunmi, E., & Fleischer, S. (1993) Biol. Chem.
266, 22912-22918.

Kuntzweiler, T. A., Wallick, E. T., Johnson, C. L., & Lingrel, J.
B. (1995)J. Biol. Chem. 2702993-3000.

Lemas, M. V., Takeyasu, K., & Fambrough, D. M. (1992)Biol.

Further studies are required to determine what roles the Chem. 26720987-20991.

Na,K*-ATPasef subunit plays.
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