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ABSTRACT Full-length cDNAs encoding neonatal and
adult isoforms of the Ca2+-ATPase of rabbit fast-twitch
skeletal muscle sarcoplasmic reticulum were expressed tran-
siently in COS-1 cells. The microsomal fraction isolated from
transfected COS-1 cells contained immunoreactive Ca2+-
ATPase and catalyzed Ca2+ transport at rates at least 15-fold
above controls. No differences were observed in either the rates
or Ca2+ dependency of Ca2+ transport catalyzed by the two
isoforms. Aspartic acid-351, the site of formation of the
catalytic acyl phosphate in the enzyme, was mutated to
asparagine, glutamic acid, serine, threonine, histidine, or
alanine. In every case, Ca2+ transport activity and Ca2+-
dependent phosphorylation were eliminated. Ca2+ transport
was also eliminated by mutation of lysine-352 to arginine,
glutamine, or glutamic acid'or by mutation of Asp3e'-Lys352 to
Lys351-Asp3M2. Mutation of Iysine-515, the site of fluorescein
isothiocyanate modification in the enzyme, resulted in dimin-
ished Ca2+ transport activity as follows: arginine, 60%;
glutamine, 25%; glutamic acid, 5%. These results demonstrate
the absolute requirement of acylphosphate formation for the
Ca2+ transport function and define a residue important for
ATP binding. They also demonstrate the feasibility of a
thorough analysis of active sites in the Ca2+-ATPase by
expression and site-specific mutagenesis.

The Ca2 -ATPase of the sarcoplasmic reticulum plays a key
role in regulation of muscle function. By pumping Ca2" from
the sarcoplasm to luminal spaces in the organelle, it is able to
lower sarcoplasmic Ca2+ concentration to the range of 100
nM, thereby inducing and maintaining muscle relaxation (1).
The enzyme has been studied extensively and a great deal is
known about its reaction kinetics (2) and structure (3).
cDNAs encoding two forms of the enzyme have been cloned
(4-6) and hypotheses concerning structure (4) and function
(5) have been presented on the basis ofthe primary sequences
and predicted folding patterns of these two enzymes.
The availability of full-length clones of the Ca2+-ATPase

has permitted us to express the proteins in functional form and
to use site-directed mutagenesis as a tool to evaluate hypoth-
eses concerning structure and function. In this paper, we
describe the results ofmutation ofaspartic acid-351, the site of
catalytic phosphorylation in the enzyme (7), and the adjacent
residue lysine-352. We also describe the results of mutation of
lysine-515, the residue modified by fluorescein isothiocyanate
and believed to be involved in ATP binding (8, 9).

MATERIAL AND METHODS
Constructs for Expression and Mutation. Our expression

system is composed of the full-length fast-twitch Ca2 -

ATPase cDNA (5) ligated into the vector p91023(B) (10) and
transfected into COS-1 cells (11). Our original neonatal
Ca2+-ATPase cDNA clone (5) was isolated in the vector
pCDX (12). The sequence used for expression extended from
the Pst I site at the 5' end of the cDNA, formed in part from
the GC tails used in its insertion into the vector, to the Xho
I site in the vector ='30 bases downstream of the 3' end ofthe
cDNA insert. EcoRI linkers were attached to both free ends
so that the entire ATPase cDNA inserts could be shuttled
from vector to vector by ligation into an appropriate EcoRI
site. To create a construct from which fragments of the
Ca2+-ATPase could be excised for mutation and returned
readily, we excised a 445-base-pair (bp) Pvu II/Pvu II
fragment from the Bluescript vector (Stratagene, La Jolla,
CA), thereby removing the T3 and T7 promoters and the
multiple cloning sites and creating a small plasmid (=2500 bp)
with relatively few restriction endonuclease cleavage sites.
We attached EcoRI linkers to the half Pvu II sites in the
truncated plasmid and ligated it with the full-length Ca2`-
ATPase cDNA insert to form the plasmid pBSfN (neonatal).
The plasmid pBSfA (adult) was constructed by exchanging
residues 2694-3165 (5) in pBSfN with residues 2694-3207 in
the adult cDNA clone (6) in the form of Nco I restriction
endonuclease fragments.
Fragments to be mutated were removed from the pBSf

plasmids and ligated into the polylinker in the intact Blue-
script vector for site-specific mutagenesis by the method of
Kunkel (13). All manipulations ofDNA were carried out by
standard methods (14, 15). Synthetic oligonucleotides, 17-22
bases long and containing the single mutated base near the
center, or with multiple mismatches near the center and
flanked by 8 bases of complementary sequence, were hy-
bridized to the fragment of ATPase cDNA inserted in the
single-stranded template to begin mutagenesis. Dideoxy
sequencing (16) was carried out to confirm that each se-
quence was mutated. After sequencing, the appropriate
point-mutated fragments were ligated back into their original
positions in the pBSf plasmids. The entire ATPase cDNA
was then excised and cloned into the EcoRI site of p91023(B)
for expression in mammalian cells.

Cell Culture and DNA Transfection. COS-1 cells were
maintained in Dulbecco's modified Eagle's medium (DMEM)
with 0.1 mM a-MEM nonessential amino acids, 4 mM
L-glutamine, 100 units of penicillin per ml, and 100 ,ug of
streptomycin per ml, and 10% fetal calf serum under 5%
C02/95% air at 37°C. DNA transfection was carried out by
the DEAE dextran-chloroquine shock method (17, 18) with
25 ,g of cesium chloride gradient-purified DNA and 1.5 mg
of DEAE dextran per 10-cm Petri dish. Cells were then
incubated for 3 hr at 37°C in 6 ml of DMEM containing 300
,tg of chloroquine, washed, and cultured in DMEM for 48 or
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72 hr. Control cells were treated in the same way with vector
DNA or with no added DNA.
RNase Protection Assay. Total RNA was prepared from

control and transfected cells as described (19) and 10,g was
used in each RNase protection assay. The anti-sense radio-
labeled RNA probe was synthesized with 17 RNA polymer-
ase from a 317-bp fragment ofthe 3' region of adult fast-twitch
muscle Ca2 + -ATPase cDNA [residues 2915-3232 (6)], which
had been cloned into the vector pTZ (Pharmacia). RNase
protection assays were carried out as described (6).

Isolation of a Microsomal Fraction. For isolation of a
microsomal fraction (20, 21), cells from five 10-cm Petri
dishes were washed twice with 5 ml of a solution of 0.137 M
NaCl/2.7mM KCI/8mM Na2HPO4/1.5 mM KH2PO4 (PBS),
harvested in a solution of 5 mM EDTA in PBS and washed
with 5 ml of PBS. The cells were swollen at 0C for 10 min in
2 ml of a hypotonic solution of 10 mM Tris-HCl, pH 7.5/0.5
mM MgCl2, and then phenylmethylsulfonyl fluoride and
Trasylol were added to 0.1 mM and 100 units/ml, respec-
tively. The cells were homogenized with 30 strokes in a glass
Dounce homogenizer and the homogenate was diluted with
an equal volume of a solution of 0.5 M sucrose/6 mM
2-mercaptoethanol/40 1uM CaCl2/300 mM KCI/10 mM
Tris-HCl, pH 7.5. The suspension was centrifuged at 10,000
x g for 20 min to pellet nuclei and mitochondria. The
supernatant was made 0.6 M in KCI by the addition of 0.9 ml
of a 2.5 M solution. The suspension was centrifuged at
100,000 x g for 60 min to sediment the microsomal fraction.
The pellet was suspended in a solution containing 0.25 M
sucrose, 0.15 M KCI, 3 mM 2-mercaptoethanol, 20 uM
CaC12, 10 mM Tris HCl (pH 7.5), and centrifuged again at
100,000 x g for 60 min. The final pellet, containing =100 ,ug
of protein, was suspended in the same solution at a protein
concentration of 1 mg/ml.
Ca2' Transport Assay. Ca2+ transport activity was as-

sayed in a reaction mixture containing 20 mM Mops-KOH
(pH 6.8), 100 mM KCI, 5 mM MgCI2, 5 mM ATP, 0.45 mM
CaCl2 (containing 45Ca at a specific activity of 106 cpm/
,umol), 0.5 mM EGTA, and 5 mM potassium oxalate. The
uptake reaction was initiated by the addition of 10 ,g of
protein to 1 ml of reaction mixture at room temperature. At
different time periods, 0.15-ml samples were filtered through
a 0.3-,m Millipore filter and washed with 10 ml of 0.15 M
KCl. Radioactivity on the filters was measured by liquid
scintillation counting. For the measurement of Ca2+ ion
dependency, free Ca2+ concentrations were calculated by
the computer program of Fabiato and Fabiato (22). For
studies of ATP concentration dependency, an ATP regener-
ating system consisting of 2.5 mM phosphoenolpyruvate and
50 ,ug of pyruvate kinase per ml was used.

Phosphorylated Intermediate. Microsomal protein (5 ,ug)
was added to 0.1 ml of a solution of 20mM Mops, pH 6.8/100
mM KCI/5 mM MgCl2/0.5 mM EGTA in the presence or
absence of 0.5 mM CaCl2. The reaction, at ice temperature,
was started by the addition of S ,uM ATP (106 cpm/nmol) and
stopped after 5 sec by the addition of 0.6 ml of a mixture of
5% trichloroacetic acid and 5 mM potassium phosphate.
Incorporation of 32p was determined either by collecting the
protein on a filter for scintillation counting or by separating
the protein in acidic NaDodSO4/polyacrylamide gels for
autoradiography (23).

Miscellaneous Assays. Protein concentration was deter-
mined by dye binding using bovine serum albumin as a
standard (24). NaDodSO4/polyacrylamide gel electrophore-
sis was carried out by the method of Laemmli (25). Immu-
noblotting was carried out by the method of Towbin et al.
(26). The monoclonal antibody against the fast-twitch Ca2 -
ATPase was A52 described by Zubrzycka-Gaarn et al. (27).
The antibody-antigen complex was detected with an alkaline

phosphatase-conjugated second antibody (Promega Biotec,
Madison, WI).

RESULTS

Expression of the Fast-Twitch Ca2+-ATPase. Transcription
of the fast twitch Ca2"-ATPase cDNA in transfected COS-1
cells was detected by an RNase protection assay using
antisense RNA synthesized from a 317-bp fragment at the 3'
end of the adult form of the fast-twitch Ca2+-ATPase (6).
This probe sequence protects 317 bp in the adult isoform, but
since it contains a 42-bp exon, which is spliced out ofneonatal
cDNA, it will protect only 65- and 210-bp fragments in the
neonatal isoform. Fig. LA illustrates that protection of these
two fragments was observed with RNA extracted from
COS-1 cells transfected with cDNA encoding the neonatal
isoform, but no protection was observed with control cells.
Since the RNase protection assay required complete homol-
ogy between mRNA and the radiolabeled antisense RNA
probe, it was clear that transfected, neonatal, fast-twitch
Ca2+-ATPase cDNA was transcribed in the transfected
COS-1 cells.

Expression ofCa2 +-ATPase protein was detected by using
an immunoblot procedure with monoclonal antibody A52
(27). In Fig. 1B, we demonstrate that the fast-twitch Ca2+-
ATPase is expressed in transfected COS-1 cells but not in
control cells. Fig. 1B also shows that the Ca2+-ATPase was
concentrated in the microsomal fraction after cell fraction-
ation. Densitometry of the stained bands compared to au-
thentic fast-twitch ATPase protein indicated that the ex-
pressed ATPase concentration was =0.5 ,g per 10 ,ug of
microsomal protein.
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FIG. 1. Analysis of transcription and translation of the Ca2"-
ATPase cDNA in transfected COS-1 cells. (A) A 317-base RNA
probe (lane a) was synthesized from the 3' end of the adult fast-twitch
Ca2+-ATPase cDNA (6). This probe was hybridized with poly(A)+
RNA isolated from COS-1 cells transfected with neonatal Ca2+-
ATPase cDNA (lane b) or from nontransfected cells (lane c). The
hybrids were then digested with RNases A and T1 (6), separated on
polyacrylamide gels, and subjected to autoradiography. Protection of
210- and 65-base fragments is characteristic of a transcript of the
neonatal cDNA. (B) Immunoblotting with antibody A52 (27) of a
110-kDa protein in the homogenate (lane a) of nontransfected COS-1
cells and the homogenate (lane b) and microsomal fraction (lane c)
from COS-1 cells transfected with the adult Ca2+-ATPase cDNA.
Fifty micrograms of protein was applied to the gels for homogenate
fractions and 10 Ag of protein was applied for the transfected
microsomal fraction.
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Ca2+ Transport Activity. The presence of a functional
Ca2+-ATPase in microsomal fractions of transfected cells
was demonstrated by Ca2 + transport assays. The Ca2 + trans-
port activity of the microsomal fraction isolated from trans-
fected cells was at least 15 times higher than the Ca2+
transport activity of control microsomes (Fig. 2). In our

experiments, Ca2+ uptake rates were usually linear for at
least 20 min and were not inhibited by 5 mM sodium azide.
No Ca2` uptake was observed when the ionophore A23187
was present in the assay.
By varying Ca24 concentrations and measuring the con-

centration required for half-maximal activity of the Ca2+
pump, it was possible to estimate Ca2+ affinities for the
expressed enzymes. The same principle has been found to
apply for measurement ofATP affinity (data not shown). The
affinity of the expressed enzyme for Ca2+ was comparable to
that of intact sarcoplasmic reticulum (2), with a half-maximal
Ca2" uptake rate occurring at 2 x 10-7 M Ca2` (Fig. 3).
Comparison of Ca2` Transport Activities of Adult and

Neonatal Isoforms. The adult form of the rabbit fast-twitch
Ca2+ -ATPase protein ends in a glycine residue (28). Studies
of cDNA sequences indicate that two alternatively spliced
transcripts exist in neonatal muscle with one form (adult)
encoding a carboxyl-terminal glycine and the other (neonatal)
encoding a highly charged carboxyl-terminal sequence -Asp-
Pro-Glu-Asp-Glu-Glu-Arg-Arg-Lys (5, 6). It was of interest
to determine whether these alternatively spliced forms of the
enzyme differed in their Ca2" transport activities. The data
in Fig. 2 show that the adult and neonatal isoforms had
virtually identical Ca2+ transport activity, while the data in
Fig. 3 show that their affinities for Ca2` were identical.
Mutation of Aspartic Acid-351 and Lysine-352. The site of

catalytic phosphorylation in the Ca2+-ATPase has been
identified as aspartic acid-351 (7). Since it is thought that acyl
phosphate formation and degradation constitute an essential
part of the reaction cycle, this was an obvious residue for
mutation. In a series of experiments, we have mutated this
residue to glutamic acid, asparagine, serine, threonine, his-
tidine, and alanine. In every case, the Ca2+ transport rate
was reduced to that of the control microsomes (Fig. 4A). In
all cases, the mutant and wild-type forms of the ATPase were
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FIG. 3. Ca2" dependency of Ca2" transport catalyzed by the
expressed adult and neonatal Ca2"-ATPases. Ca2+ transport assays
were carried out for a fixed time of 15 min in the presence of various
concentrations of free Ca2". Maximum Ca2+ accumulation (100%)
was 1000 nmol per mg of protein at 15 min. The rates of Ca2" uptake
provide an estimate of the affinity of the expressed Ca2 + -ATPase for
Ca2+. x, Adult Ca2+-ATPase cDNA; +, neonatal Ca2+-ATPase
cDNA; o, no added cDNA.

expressed to approximately the same extent as judged by
immunoblotting (Fig. 4B).
The availability of Ca2+-ATPase preparations with alter-

native residues at position 351 allowed us to confirm that this
residue was the site of catalytic phosphorylation. When we
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FIG. 2. Ca2' transport by microsomes isolated from nontrans-
fected and transfected COS-1 cells. o, Adult Ca2+-ATPase cDNA;
*, neonatal Ca2+-ATPase cDNA; + and x, adult Ca2"-ATPase
cDNA, reaction carried out in the presence of 5 mM sodium azide
( + ) or in the presence of 2 AM A23187 ( x ); A, nontransfected cells.

FIG. 4. (A) Ca2" uptake by microsomes isolated from COS-1
cells transfected with adult Ca2"-ATPase cDNA (o); or lysine-515 to
arginine (m), glutamine (+), or glutamic acid (A); or no cDNA or
cDNAs mutated as follows (x): aspartic acid-351 to asparagine,
glutamic acid, serine, or alanine; lysine-352 to arginine, glutamine, or

glutamic acid; Asp351-Lys352 to Lys351-Asp352. The control Ca2+
transport rate was 75 nmol of Ca2+ per mg of protein per min, while
the maximum accumulation was 1300 nmol of Ca2+ per mg of protein
at 30 min. (B) Immunoblotting of the various mutant ATPases
expressed in COS-1 cell microsomes and assayed for Ca2 + transport
in A. Lanes: a, wild type; b-d, lysine-515 to arginine, glutamine, and
glutamic acid, respectively; e-i, aspartic acid-351 to glutamic acid,
asparagine, threonine, serine, and alanine, respectively; j-l, lysine-
352 to arginine, glutamine, and glutamic acid, respectively.
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Table 1. Phosphorylation of microsomes from transfected
COS-1 cells

Phosphorylation,
pmol per mg of protein

Transfected cDNA + Ca2+ + EGTA

No cDNA (control) 58 61
Wild type 217 74
Mutant Asp35' to Glu315 51 55
Mutant Asp351 to Ala351 55 57

phosphorylated the membrane preparation with [t-32PJATP,
Ca2 +-dependent incorporation of 32p was 217 pmol per mg of
protein when the cells were transfected with the wild-type
ATPase cDNA (Table 1). In nontransfected cells or in cells
transfected with ATPases mutant at aspartic acid-351, the
incorporation of 32p was 51-58 pmol per mg ofprotein, values
very similar to those obtained in the presence of 5 mM
EGTA. When phosphorylated microsomal preparations from
COS-1 cells transfected with wild-type and mutant cDNAs
were separated on acidic polyacrylamide gels and subjected
to autoradiography, a 32P-labeled band of 110 kDa was
observed with wild-type cDNA but not with any of the
mutant cDNAs (Fig. 5).
Although aspartic acid-351 was identified as the phospho-

rylation site (7), it is significant that all eukaryotic cation
transport ATPases so far sequenced have the conserved
sequence -Cys-Ser-Asp*-Lys-Thr-Gly-Thr-Leu-Thr- at the
phosphorylation site (N. M. Green, W. R. Taylor, and
D.H.M., unpublished review). Accordingly, it was ofinterest
to mutate other residues around aspartic acid-351. Data
presented in Fig. 4 demonstrate that mutation of lysine-352 to
arginine, glutamic acid, or glutamine, or exchange of Asp351-
Lys352 for Lys351-Asp352 all eliminated the Ca2+-transport
function of the enzyme.

Mutations at Lysine-515 (Fluorescein Isothiocyanate Bind-
ing Site). Lysine-515 has been implicated in the ATP-binding
site of the Ca2 + -ATPase because modification of this residue
by fluorescein isothiocyanate results in inhibition of ATP
binding and ATP hydrolysis, although the enzyme is still
capable of hydrolyzing acetyl phosphate (8). We mutated
lysine-515 to arginine, glutamine, and glutamic acid and
measured Ca2+ transport activity in the expressed products.
The mutation to glutamic acid was virtually inactive, the
mutation to glutamine was reduced to 25% ofcontrol activity,
and the mutation to arginine was reduced to 60%o ofwild-type
Ca2+ transport activity (Fig. 4).

DISCUSSION
Expression of the Ca2+ -ATPase. Progress in recombinant

DNA technology has made it feasible to consider the expres-
sion and mutation of full-length cDNAs encoding a variety of
proteins (29-31). Since our interests lie in the structure and
function of the Ca2 + -ATPase, consideration had to be given
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FIG. 5. Phosphorylation ofa 110-kDa protein band in microsomal
fractions from COS-1 cells transfected with wild-type and mutant
cDNAs encoding the Ca2l -ATPase. Membrane proteins were phos-
phorylated with [y-32P]ATP, separated on a polyacrylamide gel, and
subjected to autoradiography. Nontransfected cells in the presence
(lane a) and absence (lane b) of Ca2"; wild-type cDNA in the
presence (lane c) and absence (lane d) of Ca2 I; and mutants aspartic
acid-351 to glutamic acid (lane e), asparagine (lane f), threonine (lane
g), and alanine (lane h) in the presence of Ca2 .

to the appropriate conditions for the expression and mutation
of this protein. First, the Ca2"-ATPase is a membrane
protein entirely dependent on phospholipid for activity.
Second, the protein is normally located in internal mem-
branes. Third, the function of the protein can most readily be
measured in a Ca2"-transport assay, which requires rather
large amounts ofexpressed protein. Accordingly, we decided
to express the Ca2+-ATPase in mammalian cells so that it
could be incorporated into the endoplasmic reticulum of
these cells in association with mammalian phospholipids. We
chose the vector p91023(B) (10) because of its high expres-
sion efficiency. We chose the COS-1 cell line (11), a monkey
kidney cell line transformed by an origin-defective mutant of
simian virus 40, because it expresses the large tumor antigen,
which will promote a high copy number of plasmids contain-
ing the simian virus 40 origin ofreplication. With this system,
we have achieved the expression ofa highly active fast-twitch
Ca2+-ATPase with the same characteristics as those found in
the sarcoplasmic reticulum.

Expression is transient and we isolate microsomal frac-
tions 48-72 hr after transfection. Transfection efficiency is a
limiting factor in our experiments since we isolate micro-
somes from transfected as well as nontransfected cells. The
fact that we routinely achieve such high levels of activity
above a very low background activity attests to the fact that
there is a high level of expression in those cells that are
transfected. We have noted that our transfection results are
highly reproducible from experiment to experiment, so if we
use the same stocks of DNA and of COS-1 cells, the Ca2+
uptake rates are virtually identical from one transfection to
the next.
Reported rates of oxalate-dependent Ca2+ uptake in the

sarcoplasmic reticulum range from 1 to -4 ,umol per min per
mg of protein when the ATPase makes up -2/3rd of the total
protein or -1.5 to 6 ,umol per min per mg ofATPase protein
(32). Our Ca2 -uptake rates were ==75 nmol per min per mg
of protein when the ATPase accounts for =5% of the total
protein in the microsomal preparation or =1.5 Iumol per min
per mg of expressed ATPase protein. This rate lies in the
lower range of that reported for the sarcoplasmic reticulum.
From immunoblotting experiments with an antibody that

recognizes the slow-twitch isoform of the Ca2 + -ATPase and
from analysis of cDNA isolated from kidney libraries, we
have deduced that the slow-twitch Ca2+-ATPase isoform is
expressed endogenously in COS-1 (monkey kidney) cells (J.
Lytton, J. Fujii, K.M. and D.H.M., unpublished observa-
tions). Since this isoform does not crossreact with antibody
A52, it does not appear in immunoblots. We have not
attempted to inactivate this Ca2+-ATPase gene in COS-1
cells, but the level of activity of this enzyme is very low, as
we have demonstrated in Figs. 2 and 4, and for the purposes
of our experiments, it is negligible.
The first use of our expression system was to investigate

whether there is a difference in the activities of the alterna-
tively spliced forms of the Ca2+-ATPase that we have
discovered in neonatal rabbit muscle (5, 6). We found that
these two forms had identical Ca2"-transport activities and
Ca2+ affinities, in spite of their very different carboxyl
termini. Thus, on the basis of measurement of intrinsic
Ca2+-transport activity, we are unable to assign any func-
tional consequence to this developmentally regulated switch
in structure. On the other hand, it is possible that the
alternative carboxyl-terminal amino acid sequences provide
binding sites for factors not present in COS-1 cells that do
influence ATPase activity in muscle.
Mutants at Aspartic Acid-351, Lysine-352, and Lysine-515.

The effectiveness of the expression system for the study of
site-specific mutagenesis of the Ca2+-ATPase is evident in
our analysis of three residues, aspartic acid-351, lysine-352,

Biochemistry: Maruyama and MacLennan
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and lysine-515. When aspartic acid-351 was mutated to any of
six other residues, the Ca2"-transport function was abol-
ished. Of particular interest was the mutation to glutamic
acid. Although glutamic acid and aspartic acid differ by only
one methylene group, this alteration was sufficient to prevent
catalytic phosphoenzyme formation, destroying the Ca2"-
transport function of the protein. The mutation of aspartic
acid-351 to asparagine also inactivated the enzyme.
Although F1-F0 type ATPases are not phosphorylated,

they have a sequence similar to the phosphorylation site
sequence of cation transport ATPases. In this homologous
sequence, for example, in bovine mitochondria in which the
sequence is -Thr-Thr-Thr*-Lys-Lys-Gly-Ser-Ile-Thr-, Thr*
is replaced by aspartic acid in cation transport ATPases (33).
Thus, it was of interest to mutate the aspartic acid to
threonine or to serine. Again, these mutants were inactive.
The final mutations were to histidine and alanine, both of
which were inactive.
While it was not too surprising that mutation of aspartic

acid-351 would inactivate the enzyme, it was surprising that
mutation of the adjacent lysine-352 was equally devastating
to the function of the protein. Mutations of lysine-352 to
arginine, glutamine, or glutamic acid were all inactive,
demonstrating that it is not sufficient merely to retain the
positive charge on this residue. Reversal of the sequence
Asp351-Lys352 to Lys351-Asp352 also created an inactive
protein. Thus, it appears that small changes in the position of
either the carboxyl group of aspartic acid-351 or the e amino
group of lysine-352 are deleterious to enzymatic activity,
suggesting that a very rigid and precise alignment for these
key residues is necessary for enzymatic activity. Clearly, the
phosphorylation site is made up of several essential residues,
which may include the whole conserved sequence surround-
ing this site.

In contrast to the high specificity of aspartic acid-351 and
lysine-352, lysine-515 could be mutated with less devastating
effects. Arginine-515 and glutamic acid-515 were partially
active but mutation to glutamic acid-515, replacing a basic
residue with an acidic residue, did inactivate the enzyme.
Thus, activity decreased in order of the loss of positive
charge, indicating that this site has some flexibility but is
unable to withstand a negative charge. It is possible that this
side chain interacts with a negative charge on ATP, perhaps
one of the phosphoryl groups. Because these mutants have
sharply diminished Ca2+-transport rates, we are not yet
certain whether the mutations affect ATP binding. These
mutations will be of great value in further investigations
aimed at understanding the reason for their reduced enzy-
matic activity.
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