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ABSTRACT. Expression of heterologous SERCAla ATPase in Cos-1 cells was optimized to yield levels
that account for 1615% of the microsomal protein, as revealed by protein staining on electrophoretic
gels. This high level of expression significantly improved our characterization of mutants, including direct
measurements of €abinding by the ATPase in the absence of ATP, and measurements of various enzyme
functions in the presence of ATP or. Mutational analysis distinguished two groups of amino acids
within the transmembrane domain: The first group includes Glu771 (M5), Thr799 (M6), Asp800 (M6),
and Glu908 (M8), whose individual mutations totally inhibit binding of the tw&'Gaquired for activation

of one ATPase molecule. The second group includes Glu309 (M4) and Asn796 (M6), whose individual
or combined mutations inhibit binding of only one and the sam& CEhe effects of mutations of these
amino acids were interpreted in the light of recent information on the ATPase high-resolution structure,
explaining the mechanism of €abinding and catalytic activation in terms of two cooperative sites. The
Glu771, Thr799, and Asp800 side chains contribute prominently to site 1, together with less prominent
contributions by Asn768 and Glu908. The Glu309, Asn796, and Asp800 side chains, as well as the Ala305
(and possibly Val304 and Ile307) carbonyl oxygen, contribute to site 2. Sequential binding begins with
Ca&* occupancy of site 1, followed by transition to a conformatiot) €&nsitive to C&" inhibition of
enzyme phosphorylation by,Pbut still unable to utilize ATP. The 'Econformation accepts the second
C&* on site 2, producing then a conformatior'jEvhich is able to utilize ATP. Mutations of residues
(Asp813 and Asp818) in the M6/M7 loop reduce?Caffinity and catalytic turnover, suggesting a strong
influence of this loop on the correct positioning of the M6 helix. Mutation of Asp351 (at the catalytic site
within the cytosolic domain) produces total inhibition of ATP utilization and enzyme phosphorylation by
P, without a significant effect on CGa binding.

The catalytic and transport cycle of SEREATPases important to our understanding of the catalytic and transport
begins with cooperative and high-affinity binding of two mechanism. It is known, in this regard, that the ATP binding
C&" per ATPase molecule, whereby the enzyme is shifted and phosphorylation domains reside within the cytosolic
from an inactive to an activated state (E1). The active enzymeregion of the ATPase5). On the other hand, experiments
can then form a phosphorylated intermediate with the on site-directed mutagenesis suggest that several residues
terminal phosphate of ATP. The phosphorylation reaction within the membrane-bound region (Figure 1) are involved
places the enzyme in a state (E2) that favors vectorial in Caz_+ binc_Jin_g ©). Information on the topology of these
displacement of the two bound €afollowed by hydrolytic domains within the ATPase molecule has been recently
cleavage of P(for reviews, see refs—4). The topology of ~ obtained by cryoelectron microscopy—10) and X-ray
these partial reactions within the ATPase protein is very diffraction (11).

The suggestion that the &abinding domain resides
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Wild-type and mutated cDNA was subcloned into the
shuttle plasmid AE1splA (Microbix BioSystems). In the
380 N final constructs, the cDNA was preceded by the SV40 or
T~ the CMV promoter, and followed by the SV40 polyadeny-
A P T~ lation signal, both obtained from the mammalian expression
Cytosol 4 Rep et ®) g plasmid pCDL-SR296 (16). The shuttle plasmids were
either used directly for transfection of COS-1 cells by the
v DEAE-dextran method, or used for cotransfection of HEK293
cells in conjunction with the replication-defective adenovirus
oo Ain 500 plasmid pJM17 (Microbix BioSystems) to obtain recombi-
M Lo g Ghu 908 nant adenovirus vectord ). The shuttle vector was con-
structed such that homologous recombination would result
in an antisense direction of the SERCA cDNA with respect
— o to the original adenovirus E1 gene and its promoter.
M1 M2 M3 M4 M5 M6 M9 M10 . .
M7 M8 Alternatively, cDNA constructs were subcloned into pAd-
FiGURE 1: Topologic distribution of the SERCA amino acid |0x shuttle vector and cotransfected with purifigé aden-
sequence. The two-dimensional model of the SERCA1 protein is ovirus genome in CRES cells derived from the HEK293 line.
according to MacLennan et ab)( The cytosolic sequence is divided CRES cells constitutively express the Cre recombinase,

in three sections (A: amino terminus; P: phosphorylation; N: \ynich catalyzes efficient recombination between loxP sites
nucleotide binding) yielding distinct regions in the folded structure .

(11). The residues subjected to mutational analysis in this study N e ¥’S genome and in the pAlx to yield recombinant

are indicated in the diagram. Asp351 resides in the catalytic site, adenovirus 18).

within the cytosolic region. Glu309 is in transmembrane helix M4,  The recombinant products were plaque-purified and cesium-
in M8. Asp813 and Asp818 reside within the M6/M7 loop. mL.

Interruptions of helical folding are represented in M4 and M6. Cell Cultures and Transfection€ultures of HEK293,
CRES8, and COS-1 cells were maintained as described by
Graham and PrevedT), Hardy et al. 18), and Sumbilla et

al. (19), respectively. The growth medium for COS-1 and
Cre 8 cells was Gibco Dulbecco Modified Eagle Medium

Asp 818

Asp 813
\

Lumen

It was subsequently found that transfer of heterologous
cDNA and expression of recombinant protein can be made
much more efficient by the use of recombinant adenovirus

vectors (2), thereby rendering possible preliminary mea- . X .
surements of C4 binding (L3). However, the accuracy of ~(PMEM) supplemented with 10% FBS (Gibco) and contain-

the measurements performed in a few mutants was still "9 Penn-Strep (10.0 units/mL) and Fungizoneud/mL).
limited by an unfavorable signal-to-noise ratio. We now find Modified Eagle Medium (MEM) was useq for HEK293 cells.
that expression of recombinant SERCA1 ATPase in Cos-1 Transfections of COS-1 (.:e"S with wild-type or mutated
cells can be further increased by placing the cDNA construct SERCA-1 cDNA, subcloned into the shuttle vectarfisp1A
under control of the CMV (rather than SV40) promoter in or pAd-Iqx, were condu_cted by the DEAE-dextran method
the adenovirus vector. Such high levels of recombinant as deSC”b?d by Sumbll_la et al).

ATPase allow measurements offCinding by radioactive Recombl_nant adenovirus vectors were used as follows: 6
isotope tracer and filtration methods in the presence of Ca- or 15 cm d|ameFer plates of COS-1 cells {—R).% contlu-
EGTA buffers for control of free G4, using microsomes ence) were aspwated_to remove growth.medl_um. The_ cells
obtained from infected cells directly, with no need for Were then layered with 1 or 5 mL of infection medium
enzyme purification using detergents. We were able to (PMEM supplemented with 5% Horse Serum, 100 units of
perform detailed measurements of 2Cabinding in the Penr17-Strep/mL, and /g of Fungizone/mL) containing 1.4
absence of ATP, and of catalytic functions in the presence * 10 Pf“/”_‘L an(_j corresponding to about 10 pfu/_ceII. One
of ATP or R, on previously reported as well as on new hour after infection, 4 or 20 mL of growth medium was
mutants (Figure 1). These advances, as well as recen2dded, and 4860 h later, the cells were harvested for
information on the high-resolution structure of the ATPase fluoresceqce microscopy W't.h or without immunostaining,
(11), allowed us to clarify the role of various amino acid and for microsomal preparations. _

residues and structural ATPase segments in the mechanism Microsome Preparation and Immunodetection of Ex-

of C&* binding and catalytic activation. pressed ProteinThe procedure for microsome preparation
from infected COS-1 cells was as described by Autry and
METHODS Jones 20), and the final product was stored in small aliquots

at —70 °C. The total microsomal protein was determined
DNA Constructs and Vectardhe chicken fast twitch  using bicinchoninic acid with the biuret reaction (Pierce).
skeletal muscle SR (SERCA-1) ATPase cDN24) was The expressed SERCA-1 ATPase was detected by Western
inserted into the pUC19 plasmid for amplification, and then blotting. For this purpose, microsomal proteins were sepa-
subcloned into the pSELECT-1 vector for site-directed rated in 7.5% LaemmliZ1) electrophoretic gels and blotted
mutagenesis. This was carried out by the Altered Sites In onto nitrocellulose paper. The blots were then incubated with
Vitro Mutagenesis System made available by Promegaa monoclonal antibody (mAb CaF3-5C3) to the chicken
(Madison, WI1), or by overlap extension using the polymerase SERCA-1, and in parallel with a monoclonal antibody (mAb
chain reaction15). A c-myctag was added to thé 8nd to 9E10) to thec-mycepitope. After incubation with secondary
monitor ATPase expression using actinyc antibodies, antibody (goat anti-mouse Ig&horseradish peroxidase-
independently of mutations in the enzyme sequence. conjugated), the bound proteins were probed using an
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Enhanced Chemiluminescence-linked detection system (Am-an equivalent volume of ice-cold medium containing 20 mM
ersham Corp.). Quantitation of immunoreactivity was ob- MOPS, pH 7.0, 80.0 mM KCI, 5.0 mM Mggland enough
tained by densitometry, and standardized with samples of“°*Ca—CaCl to yield 3.0uM free C&" was then added. The
wild-type ATPase to be used as controls for the functional mixture was kept in ice for 10 min, and then sonicated (10
studies. s x 3) with the probe of a Kontes model 3000-cd micro-
Sarcoplasmic reticulum microsomal vesicles were obtained ultrasonic cell disruptor at 2.5 setting. (This brief sonication
from rabbit skeletal muscle according to Eletr and In2g).( improved the reproducibility of sampling by disrupting
Functional StudiesATPase hydrolytic activity was as- clumps of vesicles, but did not change the overall binding
sessed by measuring@®oduction 23). The reaction mixture  characteristics of any mutant.) Samples (0.75 mL each) were
contained 20 mM MOPS, pH 6.8, 80 mM KCI, 5.0 mM placed on a Millipore filter (HAWP 0.45%m, 25 mm
MgCl;, 5 mM sodium azide, 1.0 mM EGTA, and CaGb diameter) under suction for approximately 30 s. The vacuum
yield various free C& concentrations, 1630 ug of mi- was then turned off; the filter was blotted on a paper towel
crosomal protein, and @M A23187 C&" ionophore. The  to remove excess moisture, folded, and insertealan? mL
reaction was started by addition of 1.0 mM ATP, and run at scintillation vial. The filters were dissolved with 1 mL of
37 °C. Serial samples were taken every 3 min for-2B DMF, scintillation fluid was added, and the radioactivity
min. Due to the presence of the<adonophore, the ATPase measured by scintillation counting. The measured*Ca
reaction proceeded at constant velocity, yielding linear plots binding levels were finally adjusted to compensate for slight
of P, production. variations of recombinant ATPase expression in various
Formation of phosphorylated intermediate by utilization preparations, with reference to a wild-type preparation as
of ATP was obtained in the presence of 20 mM MOPS, pH indicated by Western blots. The difference between samples
6.8, 80 mM KClI, 5 mM MgC}4, 30ug of microsomal protein,  incubated in the absence and in the presence of thapsigargin
variable C&", and 10.0uM [y-32P]ATP, in a total volume  was considered to be specific €ainding. The sensitivity
of 250uL. The reaction was started by the addition of ATP, of all mutants to thapsigargin was ascertained in separate
run for 10 s at 23 °C temperature, and quenched by the experiments by checking its inhibition of phosphorylation
addition of 1.0 mL of cold 1.0 M PCA. Rapid mixing upon  with P.
addition of ATP and PCA was obtained by vortexing. The  Endogenous C& in the equilibration media was deter-
reagents were precooled in ice. The quenched samples wergnined by titration with EGTA in the presence of 2
transferred into a 1.7 mL Eppendorf tube containing 4§0  Arsenazo Ill, and recording differential light absorption
of BSA as carrier protein, and placed in ice. The samples changes (660 and 687 nm wavelengths) with a DW-2000
were then spun in a refrigerated clinical centrifuge at 3000 SLM-Aminco spectrophotometer.
rpm for 5 min, and the sediments were washed 3 times with RESULTS

1.0 mL of cold 0.125 M PCA and once with cold water.
The final pellets were dissolved in 3Q of LDS denaturing Expression and Actity of Wild-Type SERCA1We
established previously that transfections of COS-1 cells by

buffer [50 mg of lithium dodecyl sulfate, 0.01 mL of
2-mercaptoethanol, and 0.05 mL of Web€sborn 24) methods based on the use of calcium phosphate, DEAE-
Dextran, or liposomes are only effective on a small percent-

buffer per milliliter] and 10uL of tracking dye solution (1
mg of bromophenol blue and 0.3 g of sucrose per milliliter). age of cells in culture. Therefore, the overall expression of

The entire samples were then run on 6.5% acrylamide gelsexogenous genes is quite limited, even though interaction
at pH 6.2, with a current limit of 100 milliamperes, at 15 of the SV40 promoter with T antigen triggers plasmid
°C. The radioactive phosphoenzyme was detected both byamplification. On the other hand, transfer of heterologous
autoradiography and by digital acquisition of radioactive cDNA can be made much more efficient by the use of
signal from the gels by phosphoimaging (Molecular Dynam- recombinant adenovirus vectors whereby the entire popula-
ics STORM 840). tion of COS-1 cells is infected and larger quantities of
Reverse enzyme phosphorylation byws obtained by  recombinant ATPase are producdd), We now find that
adding 30ug of microsomal protein to 0.2 mL of reaction plasmid amplification triggered by SV40 interaction with
mixture containing 50.0 mM MesTris, pH 6.2, or 50.0 MM COS-1 cells T antigen does not occur when adenovirus vector
MOPS, pH 7.0, 10 mM MgGl 20.0% MeSO, 2.0 mM is used. Therefore, protein expression is highly dependent
EGTA, and 25-400 uM [3?P]P. Alternatively, the EGTA on the promoter's own strength, and expression is higher
was omitted, and 1@M, 100 M, or 1.0 mM CaC} was when the CMV rather than the SV40 promoter is used
added. Following a 10 min incubation at 3¢, 1.0 mL of (Figure 2).
1.0 M ice-cold PCA was added, and the samples were The high levels of protein expressed under control of the
transferred into a 1.7 mL Eppendorf tube containing 280  CMV promoter can be evidenced not only by Western blots,
of BSA as a carrier protein, and placed in ice. Centrifugation, but even by staining electrophoretic gels directly with
washing, electrophoresis, and detection of phosphoenzymeCoomassie Blue. Comparison of electrophoretic bands and
were then conducted as described above for enzyme phosmeasurements of ATPase activity (in the presence ¢fM0

phorylation with ATP.

For measurements of €abinding to recombinant AT-
Pase, microsomes (0.8 mg of microsomal protein/mL) were
suspended in ice-cold medium containing 20 mM MOPS,
pH 6.8, 80 mM KCI, 5 mM MgC}, 0.1 mM EGTA, and 3.8
uL of Me,SO/mL either without or with thapsigargin to yield
a 7.0uM concentration. After incubation in ice for 10 min,

Ca") indicate that the microsomal fraction of infected COS-1
cells contains recombinant SERCA protein at a concentration
approximately one-fourth as high as that of the endogenous
ATPase found in rabbit skeletal muscle microsomes (Figure
3).

Expression and ATPase Adty of SERCA1 Mutantdn
addition to wild-type cDNA, we subcloned several cDNA
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12 T T T T T For a preliminary characterization of the functional
Transfection _ Infection consequences of mutations, we measured ATI?asQ hydrolytic
10 b [SMV_Sveo cMv sva . 1 activity in the presence of 3,0M free C&*, which is the

concentration yielding maximal activation of the wild-type
ATPase. It is shown in Table 1 that single mutations of
Glu309 (M4) to GIn or Ala, Glu771 (M5) to GIn, Asn796
(M6) to Ala, Thr799 (M6) to Ala, and Asp800 (M6) to Asn
produce very strong ATPase inhibition (&, 25-27). As
expected on the basis of the effects of single mutations, we
found that the double mutant Glu309GIn/Asn796Ala (M4
and M6) also produces strong inhibition of ATPase activity
. (Table 1). On the other hand, the Glu908GIn and Glu908Ala
(M8) mutants retain 85% and 4% ATPase activity, respec-
. s y tively, in the presence of 3.0M Ca**.

Time (min) Itis also shown in Table 1 that the double mutants Asp813/
FIGURE2: Ca&* ATPase protein levels and activities in microsomes ASn and Asp818/Asn (M6/M7 cytosolic loop) and the less
obtained from COS-1 cells transfected by the DEAE-Dextran conservative mutant Asp813Ala/Asp818Ala retain 43% and
method ©, O), or infected with adenovirus vector® (M) carrying 28% ATPase activity, respectively, in the presence VB
the SERCA cDNA under control of either the SVAB, Q) or the C&* (Table 1). Finally we found that, as previously reported

CMV promoter @, O). Thapsigargin-sensitive ATPase was mea- . .
sured as described under Methods, in the presence @f1022". by Maruyama and MacLennar2g), a single mutation of

Western blots showing the amount of recombinant protein per unit ASP351 to Asn (cytosolic region) produces total loss of

umol F'i | mg protein
- -3

weight of microsomal protein are reproduced in the inset. ATPase hydrolytic activity.
60 . Ca&" Binding in the Presence of @M Free C&*. The
e o advantage of our expression system is that the microsomal
sl '." | fraction of infected COS-1 cells contains recombinant
[ c ATPase at concentrations permitting direct measurements of
sl sr(ca”) .* | Ca&* binding by isotopic tracer and filtration methods. In
T g these new experiments, we were able to adjust the frée Ca
ATPase ol ‘.-’ ] concentration to the 3M level, which is the optimal
_— - concentration for saturation of the specific high-affinity sites
i %m I ,-" | of WT ATPase, with minimal involvement of nonspecific
. ° ’ sites. We found that the specific (i.e., thapsigargin-sensitive)
T § Ca* binding levels were 1:82.0 umol/mg of microsomal
ﬁ protein of COS-1 cells expressing WT SERCA1 ATPase.
: ) These levels are approximately one-fourth of the?'Ca
SR WT Time (min) binding obtained with native sarcoplasmic reticulum vesicles

) N o ) (8.0—9.0 umol/mg of protein), which is consistent with the
Ficure 3: Protein composition and €aATPase activity of rabbit ATPase specific activity ratio of the two preparations.

SR and infected COS-1 cell microsomes. Equal amounts of s _— .
microsomal fractions of rabbit skeletal muscle and of COS-1 cells Therefore, the stoichiometry of @ablndlng by recombinant

infected with adenovirus vector containing wild-type SERCA1 WT ATPase may be considered to be two calcium ions per
cDNA, under control of the CMV promoter, were subjected to SDS ATPase molecule, as previously established for the native

gel electrophoresis and stained with Coomassie Blue. The right ATPase of sarcoplasmic reticulum ATPag8)(
panel shows the Ca (10 uM) dependent @, M) and C&"

independent, 00) ATPase activity of microsomes obtained from It is shown in Table 1 that the Glu771GIn, Thr799Ala,
rabbit muscle SR®, O), or from COS-1 cells infected with  and Asp800Asn mutations result in total loss of Cainding.

adenovirus containing WT SERCAL cDNA under control of the This result indicates that a single, conservative mutation of
CMV promoter @, 00). any of these residues is sufficient to completely inhibit

mutants in adenovirus vectors, and obtained expression ofPinding of both calcium ions, thereby indicating extensive
SERCAL mutants in infected COS-1 cells. As shown in interference with coordination geometry.

Figure 1, the site-directed mutations were mostly produced It was previously reported by Skerjanc et &0) that the
within the coding sequences for the M4 (Glu309), M5 GIlu309GIn mutant retains binding of one (out of two)°Ca
(Asp771), M6 (Asn796, Thr799, and Asp800), and M8 per ATPase, and that this was sufficient to inhibit the P
(Glu908) transmembrane segments, and included various sideeaction. This binding could be demonstrated only if the
chain substitutions for the same amino acid, as well as doublelumenal side of the membrane was exposed by the use of
mutations. Additional mutations were produced within the “E2” buffers and detergent treatment. In our experiments,
M6/M7cytosolic loop (Asp813 and Asp818), and at the conducted in the presence ofud/ free C&", binding by
phosphorylation site (Asp351) within the cytosolic region. this mutant is in fact 46% of that bound by the WT enzyme
The expression levels were determined in all microsomal (Table 1); however, we do not find any requirement for “E2”
preparations by Western blots as well as by protein staining buffer or detergent treatment. The finding that the less
of electrophoretic gels. These levels were used to correct allconservative mutation of Glu309 to Ala does not produce
functional parameters with reference to the same preparationany additional reduction of €& binding (Table 1) demon-
of wild-type ATPase. strates the specific role of the Glu309 acidic function.
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Table 1: Effects of Various Mutations on €aBinding, ATPase Activity, Phosphoenzyme Formation by Utilization of ATP, antt Ca
Inhibition of Enzyme Phosphorylation with BpH 7.0}

sample ATPase activity Cabinding EP (ATP) EP (Rinhibn group

[Cat] — 3uM; 30 uM 3uM 10 uM; 1 mM 10uM; 1 mM

WT 100; 100 100 100; 100 70; 100 -
D351N ND; ND 97.5+ 2.9 ND; ND ND; ND -
E309Q ND; TR 4574+ 1.8 TR; TR ND; 95 2
E309A ND; TR 41.6+0.2 TR; TR ND; 80 2
N796A ND; TR 54.7+ 2.4 TR; TR 70; 100 2
E309Q/N796A ND; ND 43.2+1.8 ND; ND 50; 85 2
E771Q ND; TR ND TR; 5 ND; ND 1
T799A ND; ND ND ND; TR ND; ND 1
D8OON ND; TR ND ND; TR ND; ND 1
E908Q 85; 100 53.35.3 100; 100 ND; 95 1
E908A 4;8 ND ND; ND ND; ND 1
D813N/D818N 43; 57 43.46.9 5; 10 20; 95 -
D813A/D818A 28; 45 16.5:1.3 5;8 ND; 90 -

2The C&' concentrations in the reaction mixtures are indicated =Nfbne detected; TR traces. Numerical values are expressed as a percentage
of maximal values observed with WT enzyme. Some residues (Glu771, Thr799, Asp800, and Glu908) are assigned to group 1 on the basis of total
inhibition of C&" binding produced by their mutations. Glu309 and Asn799 are assigned to group 2 on the basis of partial (onfy on¢ @a
two) of C&* binding produced by their single or simultaneous mutations. Asp351, Asp813, and Asp818 were not assigned to any group either
because their mutation did not inhibit €abinding, or their location in the ATPase structure precludes direct participation?inidading.

It is of great interest that, in analogy to the Glu309GIn  The effects of Glu908 mutations are quite interesting
mutant, the Asn796Ala mutant retains 55%?Cainding, inasmuch as it is possible to increase the activity of the
and that thedouble Glu309GIn/Asn796Ala mutation still  conservative Glu908GIn mutant to the level of the WT
retains 43% binding (Table 1). This indicates that the effects ATPase, simply by raising the €aconcentration 3-fold
of the Glu309 and Asn796 mutations are not additive, but (Figure 4C). On the other hand, only very low activity is
are actually overlapping in their interference with only one obtained with the Glu908Ala mutant, even when thé'Ca
(and the same) G4, out of the two C&" bound by the wild- concentration range is raised to @M (Figure 4C; see also
type ATPase. 25). Raising the C& concentration is also effective in

At variance with the Glu309 mutations, the effects of increasing the ATPase activity of the Asp813Asn/Asp818Asn
Glu908 mutations are highly dependent on whether its @nd Asp813Ala/Asp818Ala double mutants (see @ip
carboxy! side chain is simply replaced by an amide or by a Even at high C&, however, the activity of these mutants is
methyl group. In fact, the Glu908GIn mutant retains ap- lower than that of the wild-type enzyme (Figure 4D). The
proximately 53% C# binding, while the Glu908Ala mutant ~ ATPase activity observed with the Asp351Asn mutant in the
produces total inhibition (Table 1). The effects of Asp813 presence of 1:8630.0uM Ca&* was not significantly higher
and Asp818 double mutation81) are also influenced by  than that observed in the absence of'Ca
the more or less conservative nature of the replacement. In - Formation of Phosphorylated Enzyme Intermediate from
fact, the Asp813Asn/Asp818Asn mutant and the Asp813Ala/ ATP. The observations described above raise the question
Asp818Ala mutant retain 43% and 16% “Cabinding, of whether, in any mutant, inhibition of ATPase activity is
respectively. Finally, we found that the Asp351Asn mutant due to mutational interference with €aactivation of the
(cytosolic region) undergoes no significant reduction of'Ca  enzyme for formation of the phosphorylated enzyme inter-
binding, as compared to the wild-type enzyme (Table 1). mediate, or with phosphoenzyme intermediate turnover. We

Ca2* Concentration Dependence of the ATPase Atgti therefore measured the steady-state levels of phosphoenzyme
Previous studies have shown that several mutations displacéntermediate following addition of ATP to WT enzyme or
the C&* concentration dependence of functional parameters mutants, in the presence of various concentrations éf.Ca
to a higher concentration range than that observed with wild- No ATP utilization by WT ATPase was observed wher¥Ca
type enzyme 32—34). Unfortunately (even with rabbit was removed with EGTA (not shown), consistent with an
sarcoplasmic reticulum vesicles), it is very difficult to obtain absolute C& requirement for ATP utilization. Furthermore,
direct measurements of &abinding at high C&" concentra-  while a strong phosphorylation signal was obtained with
tions, due to the interference of nonspecific binding. There- wild-type ATPase, no signal at all was observed with the
fore, we sought to determine systematically the?'Ca Asp351Asn mutant, in agreement with the original finding
concentration dependence of functional parameters in our(35, 39 that Asp351 is the amino acid phosphorylated by
mutants, under conditions permitting comparative reference ATP in the presence of Ca

to our binding data. It is shown in Figure 5 that the WT ATPase is phospho-
It is shown in Figure 4A that, when WT ATPase is used, rylated by ATP to yield the same levels of phosphoenzyme
a 7—8-fold activation of catalytic activity occurs within the at C&*" concentrations ranging from 1M to 1.0 mM. On
micromolar C&" concentration range. On the other hand, the other hand, when the GIu309GIn, Glu771GIn, Asn796Ala,
activation of catalytic turnover is minimal with the Glu309GIn, Thr799Ala, and Asp800Asn mutants are incubated with ATP
Glu771GIn, Asn796Ala, Thr799Ala, and Asp800Asn mu- in the presence of 1M C&*, no significant phosphory-
tants, even when the €aconcentration is raised to 3tM lation (less than 1% as compared to WT ATPase) is observed.
(Figure 4A,B). Very low levels of phosphorylation are obtained with these
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FIGURE 4: C&* concentration dependence of ATPase activation. ATPase activity was followed by measpriodu@tion in the presence

of ATP, as described under Methods. The freé'Ceoncentration was regulated by EGTA-Ca buffetd)( Recombinant enzyme was
obtained from COS-1 cells infected with adenovirus vectors carrying wild-type or mutated ATPase under control of the CMV promoter.
The amount of microsomal protein added to the reaction mixture was adjusted to yield the same concentration of recombinant protein as
revealed by Western blots.

mutants even if CH is raised to the millimolar level (see  nmol/mg (i.e., 1.8-2.0 nmol of C&" bound/mg), our levels
also25). These findings suggest thatTainding by these  of EP are consistent with an equilibrium constant (EP)E
mutants is minimal even when the Taconcentration is  of approximately 1. The only exception is the Glu309GIn
raised to the millimolar range. It should be understood that mutant, which requires the samed®ncentration range, but
these measurements provide steady-state levels of thgjields higher levels of phosphorylation (Figure 6). This is
intermediate, as opposed to the equilibrium measurementsyossibly due to a long-range effect of the Glu309 mutation

obtained for C&" binding and phosphorylation with E&see i the transmembrane domain on the phosphorylation reaction
below). Therefore, due to higher rates of phosphoryl transfer ;; e cytosolic domain. It may be relevant in this regard

from ATP as compared to phosphoenzyme hydrolytic cleav- that Adams et al. 38) reported enhancement of enzyme

age, significant phosphoenzyme levels should be Observedphosphorylation by Following mutation of Tyr295, which

In st_ead_y state even when the equmbrl_um levels ot'Ca is in the M3-M4 loop on the lumenal side of the membrane.
binding in the absence of ATP are relatively low.

Consistent with the measurements of ATPase activity and It is noteworthy that we obtained no phosphorylation of
C&" binding, the Glu908GIn mutant yields nearly normal the Asp351Asn mutant, in the absence or in the presence of
levels of phosphorylation, while low levels are obtained with C&" (Figure 7). In fact, this is the first direct demonstration
the Glu908Ala and both Asp813/Asp818 mutants, even whenthat enzyme phosphorylation by i the absence of Ca
the C&" concentration is raised to the millimolar range involves the same Asp351 residue which is phosphorylated

(Figure 5). by ATP in the presence of €a
Reverse ATPase Phosphorylation with BERCA ATPase

can be phosphorylated by id the reverse direction of the Interference with inhibition of the;freaction by C&" was
catalytic cycle. This reaction yields equilibrium levels of the original evidence suggesting Tabinding defects in
phosphoenzyme in the absence ofCand ATP, and at  rélevant mutantsg, 25, 2§. We then performed a series of
relatively high temperature3f). We found that, under our ~ €xperiments to determine whether the characteristics of this
conditions, phosphorylation of WT enzyme and most mutants reaction were affected by the mutations. It should be pointed
occurs with &g for P, ranging between 33 and 40, and out that under the conditions used, i.e., in the presence of
maximal phosphoenzyme levels between 0.4 and 0.5 nmol/Me;SO, the C&" concentration required to inhibit phospho-
mg of microsomal protein. Considering that the recombinant rylation of WT ATPase (Figure 7) is somewhat higher (10.0
ATPase content of microsomal protein is approximately 1 vs 3.0uM) than observed under different conditions. We
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FIGURe 7: Enzyme phosphorylation with,Rn the absence and in
SIS DS13A/DB18A the presence )c/)f G‘E Thg ph)ésphorylagén reaction was carried
FIGURE 5: Formation of phosphorylated enzyme intermediate by Out as described under Methods, in the absence &f CamM
utilization of ATP. Phosphoenzyme was obtained in the presence EGTA) or in the presence of 10M, 100 uM, or 1 mM C&",
of ATP, and measured as described under Methods. Recombinangither at pH 6.2 or at pH 7.0. The autoradiogram film exposure
enzyme was obtained from COS-1 cells infected with adenovirus Was adjusted to render most evident the inhibitory effect of"Ca
vectors carrying wild-type or mutated ATPase under control of the When present. Therefore, the intensities of the bandsnate
CMV promoter. The amount of microsomal protein added to the Proportional to the phosphoenzyme levels obtained with equal
reaction mixture was adjusted to yield the same concentration of @mounts of recombinant protein. In fact, the phosphoenzyme levels
recombinant protein as revealed by Western blots. Therefore, theWere approximately equal for WT and mutants (except Glu309GIn)
intensities of the bands agroportional to the phosphoenzyme ~ @s shown in Figure 6.
levels obtained with equal amounts of recombinant protein. The ) ) ) .
three spots per each sample correspond to reactions performed irstants for the phosphorylation of native sarcoplasmic reticu-
the presence of increasing €aconcentrations: 1@M, 100 uM, lum ATPase with Pare influenced by divalent cations at
and 1 mM. No phosphoenzyme formation was observed removed relatively high concentrations9).
with EGTA (not shown). It is shown in Figure 7 that the Asn796Ala and the
6 Glu309GIn mutants manifest inhibition of therBaction by
WT /z 10-100uM Ca2*, even though binding only half as much
C&" as the WT ATPase. This finding suggests that these
mutants bind only one G&, and that binding of this Ca is
sufficient to inhibit the Preaction £5). This conclusion is
much strengthened by the fact that the simultaneous mutation
of Glu309 to GIn and Asn796 to Ala does not produce
additive effects, and phosphorylation of the double mutant
is inhibited by C&" equally well as phosphorylation of the
single mutants. These experiments, viewed in the light of
a 1 the calcium binding measurements, indicate that following
P (uM ) individual or double mutations of the Glu309 and Asn796,
FiGURE 6: Phosphorylation of various mutants as a function of the the residual bound calcium is still able to inhibit ATPase
P: concentration. The phosphorylation reaction was carried out as phosphorylation by PIt is noteworthy that the sensitivity
described under Methods, in the absence éf@ad in the presence  of the WT ATPase, and of those mutants that retain
of various F concentrations. Note that WT and mutant samples sensitivity to CA*, is greater at pH 7.0 than at pH 6.2 (Figure
gledgosé'gl'rl]ar levels of phosphoenzyme, with the exception of 7). This behavior suggests that ionization of acidic residues
' participating in C&" binding (e.g., Glu771, Asp800, and/or
found that phosphorylation of the Glu771GIn, Thr799Ala, Glu908) occurs as the pH is shifted from 6.2 to 7.0, thereby
Asp800Asn, and Glu908Ala mutants still occurs even if the facilitating binding of |nh|b|_t_0ry C4&". lonization constants
Ca*+ concentration is raised near the millimolar concentration Near neutral pH would facilitate €gH* exchange.
range (Figure 7). This is consistent with total loss of specific _Finally we found that, consistent with a reduced affinity
C&" binding (Table 1), as also indicated by the lack of Of C&" binding by the Asp813 and Asp818 mutants,
ATPase activation over a wide range oPCaoncentrations ~ Inhibition of phosphorylation of these mutants with P
(Figures 4A,B and 5). It should be pointed out that a precise "eduires millimolar C&" (Figure 7).
analysis of the effect of high calcium on the phosphorylation DISCUSSION
levels may be somewhat limited by €accupancy of sites
other than the high-affinity specific sites. In fact, it was  The use of recombinant adenovirus vectors is of great
previously demonstrated that kinetic and equilibrium con- advantage in obtaining heterologous SERCA expression in

N IS o
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— Group 1 Residued his group of residues includes Glu771
(M5), Thr799 (M6), and Asp800 (M6). Single mutations of
M6 amino acids in this group produce total interference with
ATPase activity, CH binding, phosphoenzyme formation
E309 by utilization of ATP, and the inhibitory effect of Caon
the R reaction. ATPase activity and inhibition of the P
reaction by C& are not regained even if the €aconcentra-
tion is raised to the millimolar range. Furthermore, structural
- _ analysis (Figure 8 and refl) indicates that Glu908 and
8 CD WAz — Asn768 also contribute to site 1, although conservative
E908 CD C : mutation of these residues produces only a reduction &f Ca
E771 affinity (Table 1, and40). Nevertheless, the important
N7e8 involvement of these residues, in the structure required for
C&" binding and catalytic activation, is demonstrated by the
M5 extensive effects of less conservative mutations (Table 1,
and 40).

Ficure 8: Diagram for the arrangement of transmembrane helices Group 2 Residuedhis group of residues includes Glu309
M4, M5, M6, agnd M8, and of the%mino acids participating irfCa (MAZr) an.d Asn796 (MG)’ WhI.Ch are involved in binding one
binding. The arrangement is based on high-resolution X-ray C&", Without affecting binding of the alternate €aThe
crystallography of the enzyme with bound411). The trans- effects of mutations of group 2 residues are also characterized
membrane helices are viewed from the cytoplasmic side roughly by (i) preservation of CA inhibition of the R reaction and
Q?cgﬁfé tgg(‘)% '2§?%rggg'a'\,'q%t?fvréa%'\aﬁ(ﬁﬁgdste?Sg)cf} :tﬁl’ltjuna\ﬁ,lound (ii) complete inhibition of ATPase activity. This means that
at the same level. Oxygen atoms are shgwn as red circles,)land((l:)aégrgbmon of the E?reactlon requm?_s bm.dmg of only one.
nitrogen atoms as blue circles. y group 1 residues, whereas (i) activation of catalytic
activity and utilization of ATP require binding of both &a
COS-1 cells under control of the CMV promoter. In fact, Therefore, elimination of Ca binding by group 2 residues
we obtained SERCA expression at levels that could be does not interfere with Ga binding by the group 1 residues.
detected by direct Coomassie Blue staining of electrophoreticOn the other hand, rearrangement and stabilization of M4
gels, showing that the recombinant protein accounts fer 10 through C&" binding by group 2 residues are critical for
15% of the microsomal protein recovered from infected activation of the catalytic site which is more than 30 A
Cos-1 cells. These levels of recombinant ATPase improved distant. It should be stressed that Asn796 is on M6, and
significantly our ability to characterize the effects of muta- therefore classification of residues in group 1 or group 2 is
tions on the partial reactions of the catalytic cycle, including not determined by the transmembrane segments that they
direct measurements of calcium binding in the presence of helong to, but by their contribution to a particular’Caite.
an EGTA-C&" buffer for control of the free Ca concentra-  Structural analysis indicates that one of the two Asp800 side
tion. chain oxygen atoms as well as the Ala305 (and possibly
Inspection of Table 1 shows clearly that the amino acid val304 and 1le307) carbonyl oxygen also contribute to site
residues whose mutations interfere with high-affinit’Ca 2 (Figure 8 and ref1).
binding can be divided into two groups. Single mutations of
residues in the first group interfere with binding of both*Ca
known to bind to each WT ATPase molecule. On the other
hand, single or even double mutations of amino acids in the

second group affect only one and the sam& @ar ATPase,  qints of the binding isotherm were fitted with a cooperative

and therefore contribute to the same single site. In fact, if ; ; 1 A :
. . .~ ' equation, derived from a sequential binding mechanism as
the effect of single mutations of Glu309 or Asn796 consisted ; . a g

of partial (~50%) inhibition of binding of both C&,

simultaneous mutations of both these residues would yield L1 5 L 3

additive effects and nearly total inhibition of €abinding. E+Cd" < ECa=ECa+Cd" <E'Ca

On the contrary, we did not observe any additive effect,

indicating that single or double mutations of these residues In this mechanism, binding of a first €ais followed by a

interfere completely with binding of only one and the same slow isomeric transition, leading to thé &nformation. The

car. E' conformation allows cooperative binding of the second
It is noteworthy that the detailed structure obtained by C&" and acquisition of the 'Econformation which is the

X-ray crystallography (as represented by the diagram in activated enzyme state (generally known as E1). It was

Figure 8) indicates that interference of the first group shown that the simulated time course of the slow isomer

mutations with binding of both C& is not necessarily due  transition, based on the sequential mechanism, matches an

to direct coordination of both Caby the same amino acid.  experimentally determined rise of intrinsic tryptophan fluo-

For example, single mutation of Thr799 affects drastically rescence, in parallel with enzyme activatidii); It was also

binding of both C&", even though this amino acid has only shown @2, 43 that dissociation of both Ca upon addition

one side chain oxygen. It is therefore apparent that mutationalof EGTA is monophasic, while exchange of boundQaith

disruption of one site can influence the other site through medium calcium isotope is diphasic, suggesting cooperative

cooperative linkages. stabilization of one bound Gaby the other.

Integration of Functional and Structural Dat®riginal
measurements of €abinding in the absence of ATR29)
produced an equilibrium isotherm showing cooperative
binding of 2 C&" per mole of ATPase. The experimental
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Mutational analysis (Table 1) demonstrates that Glu771, is of interest that mutations of neighboring prolines (811,
Thr799, and Glu800 are essential to the functional integrity 812, 820, and 821) also produce inhibition of ATPase
of C&*" binding. Information derived from structural analysis activity, but do not reduce the enzyme affinity for®C#34).
shows (Figure 8) that these residues are mostly involved in Therefore, the proline mutations offer an example of selective
coordination of a single G4, with participation of the inhibition of catalytic activation by perturbation of the M6-7
Glu908 and Asn768 side chain oxygen atoms, and conse-loop. It is apparent that this loop plays an important role in
qguent rearrangement of the M5, M6, and M8 helices. linking C&" binding to catalytic activation (Figures 1 and
Therefore, C& occupancy of the site formed by group 1 8), presumably by influencing the arrangement of the M6

residues provides stabilization of the entire?Chinding helix.
domain, and is required to trigger the isomeric transition  Role of Asp351Complete catalytic inhibition is produced
predicted by the sequential binding equation. by conservative mutation of Asp351 to Asn, with no

The effects of the Glu309 (M4) and Asn796 (M6) single significant reduction of Cd binding. Asp351 is the residue
and double mutations demonstrate that these two residuesindergoing phosphorylation by utilization of ATP at the
are involved in binding the same €aat site 2. This is catalytic site in the cytosolic region of the ATPase. Our
confirmed by structural studied 1 and Figure 8) showing  experiments show that simple substitution of the Asp351
that suitable positioning of the Glu309 and Asn796 side carboxyl function with an amide interferes with the catalytic
chains is permitted by unwinding of the M4 and M6 helices. chemistry of ATP utilization, without long-range conforma-
In addition, structural information indicates that one of the tional effects on CH binding. It was previously demon-
two oxygen atoms of the Asp800 side chain, as well as the strated that the long-range effect orChinding is triggered
carbonyl oxygen of Ala305 (and possibly of Val304 and by phosphorylation of Asp351 with ATP or, more simply,
lle307), participates in binding. Disruption of this site can by formation of a vanadate complex as a stable transition
be produced by Glu309 and Asn796 mutations, without analogue of the phosphorylation reaction. Our findings
simultaneous disruption of €abinding by site 1 (Table 1).  demonstrate that while the Asp351 acidic function is required
Most importantly, however, occupancy of site 2 and engage- for the phosphorylation reaction to occur, it does not have
ment of M4 are required to produce the Eonformation by itself a direct influence on Cabinding. It is rather the
and catalytic activation. The M4-S4 segment extends directly interaction of the phosphoryl moiety with neighboring
from the C&" binding domain to the phosphorylation site residues which triggers destabilization of?Cainding.
(Figure 1), manifests marked homology to other cation
transport ATPases, and is highly sensitive to mutati@s ( REFERENCES
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