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ABSTRACT. The sarcoplasmic reticulum ATPase segment (Thr316-Leu356) connecting the extramembranous
phosphorylation domain to the preceding transmembrane helix M4 (which is an integral component of
the C&* binding domain) retains a high degree of sequence homology with other cation transport ATPases.
Single, non conservative mutationstedmologousesidues in this segment produces enzyme inhibition
(Zhang et al., 1995). We have now produced single and multiple mutatiamsnelfiomologousesidues

in this segment of the Ga ATPase to match the corresponding residues of the lflaATPase. We

find that the main characteristics of the ATPase mechanism (i.&%,dependent phosphoenzyme formation

and thapsigargin sensitivity) are retained even when the entire 41-amino acid (Thr316-Leu356) segment
of the C&* ATPase is rendered identical to the corresponding segment of thkNATPase by sequential
mutations of the 14 non-homologous amino acids. However, the phosphoenzyme turnover (likely rate
limited by the “Ca-E;-P — CaE,-P transition”) is progressively reduced if four or more?CATPase
residues are mutated to the corresponding residues of th&N#&TPase. The time course of enzyme
inactivation by EGTA (likely rate limited by the “Eto E, transition”) is also prolonged. Our findings
suggest that an analogous peptide segment provides a functional linkageefgy transductiobetween
phosphorylation and cation binding domains in various cation transport ATPases. Howekaretits
influenceon rate-limiting conformational transitions is dependent on matching specific structures in each
ATPase.

The catalytic domain of the sarcoplasmic reticulum (SR) Madison, WI). This plasmid was used for amplification and
ATPase resides within the extramembranous region of theas template DNA in polymerase chain reactions. The
enzyme and contains an aspartyl (Asp351) residue undergo-SERCA-1 gene sequence connecting the phosphorylation site
ing phosphorylation as an intermediate step of the catalytic with the M4 transmembrane region was amplified by PCR
and transport cycle (Bastide et al., 1973; Degani & Boyer, using oligonucleotide “flanking” primers 5SCTCATTAA-
1973). On the other hand, the two calcium ions undergoing CATCGGCCACT-3 and 5-GCACAGATGGTGGCCAA-
active transport are bound within a transmembrane domainCTC-3. The resulting 437-bp fragment contaBarH1 and
formed by the four clustered helices M4, M5, M6, and M8 Bs86I restriction sites to facilitate mutant cassette exchange
(Clarke et al., 1989). The SR ATPase segment (Thr316- with corresponding wild-type cDNA. Complementary mu-
Leu356) connecting the phosphorylation site to the precedingtagenic oligonucleotides of 2736 bases in length were
transmembrane helix (M4) retains a high degree of sequencesynthesized for each individual mutation. Specifically, these
homology with other cation transport ATPases (Inesi & primers hybridized DNA sequences internal to the flanking
Kirtley, 1992), and single non-conservative mutations of any primers and were used for PCR mutagenesis by the overlap
of the homologousesidues interferes with enzyme activity eyiension method as described by Ho et al. (1989). Briefly,
(Zhang et al.,, 1995). We have now produced single and v overlapping fragments containing the mismatched base-

multiple mutations ohon-homologougesidues in the Ca (s) of the targeted sequence were amplified in separate PCR
ATPase to match the corresponding residues of theiNa o5 tions. The PCR cocktails containedul each of

ATPase. We then evaluated the functional properties of theﬂanking and mutagenic primers, 82 of dNTPs, 500 ng
resulting proteins to determine if and how chimeric mutations of SERCA-1 cDNA. 2.5 units oF;fu (Pyrococcus ;‘uriOSL)s

?fnér:%rsasmg size would affect catalytic and transport DNA polymerase, andPfu buffer in a final volume of 100
unction. uL (Stratagene, Menasha,WI). The reaction products were
EXPERIMENTAL PROCEDURES analyzed on a 3% low melting agarose gel (FMC, Rockland,

. ] . . ME), and the correct molecular weight band was excised,
PCR Mutagenesis and Protein Expressidothe chicken  melted at 72C for 5 min, and diluted with 50@L of H,0.

fast muscle SR Ca ATPase (SERCA-1) cDNA (Karin et |5 54 suhsequent PCR reaction, the diluted fragments were
al., 1989) containing a c-myc tag and 11 unique restriction f,seq, and the entire cassette was amplified using both
sites spaced at approximately 300-bp intervals (Zhang et al. fjanking primers. The mutant cassette was exchanged with
1993) was subcloned into pSELECT-1 vector (Promega, qrresponding wild-type cDNA in pSELECT-1 vector and

sequenced by the dideoxy-chain-termination method using
T Support by U.S. National Institutes of Health (PO1HL-27867) and

by the University of Maryland (UMAB) Medical and Graduate Schools .Sequenase (UsB Corp.'). Additive chimeric .mUta.tlonS were
is gratefully acknowledged. introduced by sequential PCR mutagenesis using mutant
® Abstract published irAdvance ACS Abstract#yugust 15, 1996. DNA as template. Finally, the mutated cDNA was subcloned

S0006-2960(96)00718-0 CCC: $12.00 © 1996 American Chemical Society




11020 Biochemistry, Vol. 35, No. 34, 1996 Garnett et al.

into COS-1 expression vector pCDL-8R96 (Takebe etal., mM ATP. C&" independent ATPase activity was assayed
1988) for transfection and subsequent transient expressiorin the presence of 2 mM EGTA and no addec?CaThe
of protein under SV40 promoter as described by Sumbilla reaction was started (37C) by the addition of ATP, and
et al. (1993). samples were taken at serial times for determination; of P
Microsomal Preparation and Immunodetection of Ex- by the method of Lanzetta et al. (1979). The&Cdependent
pressed Protein.The microsomal fraction of transfected activity was calculated by subtracting the’Cindependent
COS-1 cells was prepared as described by Sumbilla et al. ATPase (30% 35% of total ATPase in wild-type prepara-
(1993). Immunodetection of expressed ATPase in the mi- tions) from the total ATPase and was corrected to account
crosomal fraction was obtained by Western blotting and Elisa for the level of expressed protein in each microsomal
assays, using the mAb 9E10 antibody to the c-myc tag, andpreparation as revealed by immunoreactivity, and with
the CaF3-5C3 antibody to the SERCA-1 ATPase (Karin et reference to microsomes obtained from COS-1 cells trans-
al., 1989), as described by Sumbilla et al. (1993). fected with wild-type cDNA.

Northern Blot. Total cellular RNA was isolated and Steady state levels of phosphorylated enzyme intermediate
purified from COS-1 cells 3 days following transfection as were obtained by adding 0.1 mL of 1M [y-32P]ATP to
described by Chomczynski and Sacchi, 1987. The RNAwas .4 mL of a reaction mixture containing 20 mM MOPS, pH
separated by electrophoresis on a 1.2% agarose gel containing o, 80 mM KCl, 5 mM MgC}, 0.1 mM CaC}, and 30-

15% formaldehyde and transferred by capillary diffusion to 100 ug of microsomal protein (the amount of microsomal

a Duralon-UV membrane (Stratagene, Menasha, WI). A yrotein was varied to approximate the amount of expressed

radioactive 437-base pair grobe specific for SERCA Was ATpase contained by wild-type controls, as revealed by

ggnerated by_ P%nggm@{i P].IddATP' é—QXTF;CR regﬁltfn immunoreactivity). The components of the reaction mixture

rzn(;Xt'“"\;e conr:alr}% T 1ng % év ! usgpf? K asec ' were preincubated in ice, and vortex mixing was carried out
#V €ach orba anabs anking primers (as in the cold room. The reaction (carried out af@) was

ggsfgbgg f'(\)/lr (;%Egg%%esg)’ofl {)ﬂszepe}'z@rgf g:;gq l:jrﬁtT ;' guenched after 10 s by the addition (vortex mixing) of 0.105
o OV O i ! mL of 10.0 M perchloric acid. The suspension was

PfuDNA polymerase (Stratagene, Menasha, W) in a final transferred immediately onto an Eppendorf tube containing

volume of 100uL of 1x Pfu buffer. The RNA was UV- 100 ¢ X L . ; bovi
linked to Duralon-UV membrane before pre-hybridization #g of carrier protein (inactive microsomes or bovine

overnight at 37°C in 50% formamide, 5 SSPE (0.9 M serum alquin) and allowed to sit ip ice for?a() min. After '
NaCL, 50 mM NaHPQ,, 5 mM EDTA, pH 8.0), 0.5% SDS, centrifugation at. SOOQ rpm for 10 min, the sedlmentgd protein
5% Denhardt’s solution (0.1% Ficoll, 0.1% polyvinylpyr- Was v_vashed twice W|th_Q.125 M PCA and once W|t_h water.
rolidone, and 0.1% bovine serum albumin), and 1Q0of An aliquot of the solubilized sample was then subjected to
salmon sperm DNA/mL. Hybridization was performed g€l electrophoresis (Weber & Osborn, 1969) at pH 6.3, and
under the same conditions in the presence of 50 cpm the radioactive phOSphoeﬂZyme was detected by autorad-
of [0-32P]ATP-labeled probe per mL of hybridization solution  iography.
containing 50% formamide, 6 SSPE, 0.5% SDS, b Thapsigargin inhibition of phosphoenzyme formation was
Denhardt’s solution, and 10% dextran. The membrane wasperformed as described above except for a preincubation (5
washed twice at room temperature ir SSPE, 0.2% SDS,  min, room temperature) of the reaction mix containing the
and twice at 50°C in 0.1% SSPE, 0.2% SDS before protein with 500 nM thapsigargin before the addition of
autoradiography. CaCb. Initialization of the reaction was with ATP as
Functional Studies.ATP dependent G4 transport was  previously indicated.

measured by following the accumulation of radioactive  The rates of phosphoenzyme decay were determined by

calcium tracer in microsomal vesicles separated from the g5t gptaining steady state levels of phosphoenzyme as
reaction mixture by f"”"?‘“on (0.46m Millipore filters). The explained above. Ten seconds following the addition of
keglctgon mlﬁurg C%ntza'nfﬂdgocTM I\éIOP_S,brlJH 7.0, 80th radioactive ATP, 0.5 mL of 1.0 mM non-radioactive ATP

2, 0 M 9l U.cM als, and vanable concentra- \a< added with rapid mixing, and samples were acid
tions of EGTA to yield the desired concentration of fre¢ Ca guenched with perchloric acid at serial times as described

[calculated according to Fabiato and Fabiato (1979)116 earlier. A zero-time base line was obtained by acid quench-

ug of microsomal protein/mL, 5 mM potassium oxalate, and . . :
3 mM ATP. The reaction was started (30) by the addition N9 before_the chase. The entire procedure was Ca”.'ed out
in ice and in the cold room. Washings, electrophoresis, and

of oxalate and ATP and was terminated at sequential times X .
by vacuum filtration. The loaded filters were washed with 2utoradiography were performed as described above.
2 mM LaCk and 10 mM MOPS (pH 7.0) and were then The time course of enzyme inactivation by EGTA was
processed for determination of radioactivity by scintillation determined by adding 2.0 mM EGTA to a reaction mixture
counting. The observed rates of Latransport were  containing 20 mM MOPS, pH 7.0, 80 mM KCI, 5 mM
corrected to reflect the level of expressed ATPase in eachMgCl2, 20uM CaCl, and 36-100 ug of protein per mL.
microsomal preparation, as revealed by immunoreactivity and At serial times following addition of EGTA, 1M [y-32P]-
with reference to microsomes obtained from COS-1 cells ATP was added to start the phosphorylation reaction, which
transfected with wild-type cDNA. was then acid quenched 10 s after the addition of ATP.
ATPase activity was assayed in a reaction mixture Control samples were obtained by allowing the phosphoryl-
containing 20 mM MOPS, pH 7.0, 80 mM KCI, 3 mM ation reaction to occur in the absence of EGTA. The entire
MgCl,, 0.2 mM EGTA, 0.2 mM CaGl 5 mM azide, 3Q«g procedure was carried out in ice and in the cold room, and
of microsomal protein/mL, &M ionophore A23187, and 3  the reagents were added by rapid mixing.
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Ficure 1: Western and Northern blots derived from COS-1 cells e
transfected with wild-type and mutant cDNAs. (A) Western blot. s_
Microsomal vesicles were obtained from transfected COS-1 cells. -
Microsomal protein (15ug) was separated by SDS gel electro- ©
phoresis and reacted with mAb CaF3-5C3. Control microsomes - Wt
were obtained from cells transfected with plasmid (pCDL) contain- -a
ing no cDNA. (B) Northern blot. Total cellular RNA was isolated n
from COS-1 cells 3 days post-transfection. Purified RNA £&f) _g Cs
was separated overnight on a 1.2% agarose/15% formaldehyde gel &«
and transferred by capillary diffusion to a Duralon-UV membrane. ) C14
Ca&" ATPase transcript was detected using a SERCA specific 437- =
bp probe (500 000 cpm/mL) generated by PCR. ) pCDL
1
S o0 S5 10 15 20 25 30 35 40
RESULTS =
Levels of Expression Approximately 10% of the COS-1 Time ( minutes)

cells transfected under our conditions overexpress and targeficure 2: Examples of C&# uptake and calcium dependent ATP
the C&" ATPase to the endoplasmic reticulum, as shown hydchllysis by Witl)d-t'yp?j ?nd méj(t)asnt @*aﬁTPase?. Migros'opal‘ld
by in situ immunodetection of the c-myc tag at the carboxyl Vesicles were obtained from COS-1 cells transfected with wild-
. . type ATPase and ATPases containing two (C2), eight (C8), and
terminal (Zhang et al., 19.95)' I_n the experlmgnts reported fourteen (C14) chimeric mutations (refer to Table 1). Control
here, Western blot analysis of microsomal fractions obtained microsomes were obtained from COS-1 cells transfected with
from the harvested cells revealed similar levels of expressionplasmid (pCDL) containing no Ga ATPase cDNA. (A) Calcium
for wild-type ATPase and ATPase mutants (Figure 1A). uptake was measured at 30 in a reaction mixture containing 20
Minor variations of expression levels were generally related MM MOPS, pH 7.0, 80 mM KCI, 5 mM MgGl 0.2 mM EGTA,

. . 0.2 mM 4CaCh (1.4 uM free C&"), 5 mM potassium oxalate, 5
to the efficiency of transfection rather than the presence of 1g of microsomal protein/mL, and 3 mM ATP. Fractional samples

mutations. At any rate, the expression levels were quanti- were filtered through 0.46m Millipore filters, washed with 2 mM
tated by densitometry of Western blots, and the resulting LaCl, 10 mM MOPS, pH 7.0, and processed for scintillation
values were used to correct the functional parameters to becounting. (B) ATPase activity was measured af@7n a reaction

; ; R mixture containing 20 mM MOPS, pH 7.0, 80 mM KCI, 3 mM
described below, with reference to the wild-type enzyme. MgCl, 0.2 mM EGTA, 0.2 mM CaGl 5 mM sodium azide, 30

An exception to this general pattern was the Ser338 10 ,q'of microsomal protein/mL, 8M ionophore A23187, and 3 mM
Phe mutation which was not expressed at significant levels ATP. C&+ dependent ATP hydrolytic activity was determined by
in the transfected COS-1 cells. As previously reported subtracting the Cd independent ATPase from total ATPase activity
regarding similar cases (Zhang et al., 1995), we found that s described in Experimental Procedures.
mRNA was produced at high levels (Figure 1B), suggesting signal which, in our present experiments (30), occurred
that the lack of expression was not due to a transcriptional at rates varying between 20 and 30 nmol of Qaer minute
shortcoming but rather to impaired folding and assembly of per mg of microsomal protein obtained from cells transfected
the Ser338 to Phe mutant. with wild-type cDNA (Figure 2). Control microsomes

Ca’* Uptake and ATP HydrolysisAs originally reported obtained from cells transfected with plasmid and no cDNA
by Maruyama and MacLennan (1988), microsomal vesicles insert sustained negligible €auptake.
obtained from transfected COS-1 cells sustain ATP depend- The C&" ATPase segment (T318.356) considered in
ent C&" uptake. This is a most specific and useful functional this study includes 27 residues with homologous cor-
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Table 1: Mutation schenie

316 320 325 330 335 340 345 350 356
Ca TTCLALGTRRMAKKNAIVRSLPSVETLGCTSVICSDKTGTLT
G3227 T
T323A A
A331C C
S338A A
C344S s
S338F F
$338R R
c2 A A
c3 A c A
c4 A c A S
c5 TA c A S
c8 TAK R c N A S
c10 TAK R CL KN A S
C11 TAK R CL KN EA S
c13 v T TAK R CL KN EA S
Cl4 Y T TAK R CL KN EA S T
Na/K TVCLTLTAKRMARKNCLVKNLEAVETLGSTSTICSDKTGTLT

aThe native sequences of the aligned segments of thieAJ2Pase and of the NeK™ ATPase are given on the top and on the bottom, respectively.

Twenty-seven amino acids are homologous, and fourteen are not. The first five mutations are single replacements of non-homologous amino acids

of the C&" ATPase with the corresponding residue of the"d ATPase. Mutations of Ser338 to Phe and Arg are single replacements with
amino acids that are not the corresponding JKa ATPase residues. Mutations “C” are stepwise, multiple replacements of non-homologous Ca
ATPase amino acids with the corresponding"¥a ATPase residues, to finally yield identical peptide segments.

Table 2: Functional Characterization of the Muténts Table 1) in order to reach stepwise .a total identity of t,he
C&" ATPase T316-L356 segment with the corresponding

chimeric mutation CH-uptake rate ATPase activity Na' K+ ATPase segment. We found that the rates of
\'[,’Vﬁ('f%yﬁfeo”"o" {1”8”9} {1”8”9} transport and hydrolytic activity (Figure 2A,B) remained high
G322-T 0,65+ 0.20 075+ 0.31 even in the presence of three simultaneous mutations ('I_'able
T323—A* 156 + 0.25 1.30& 0.20 2). On the other hand, when a larger number of mutations
A331—~C** 1.76 £0.18 1.87+0.29 were made to render stepwise the entire peptide segment
S338-A* 0.86 +0.39 0.84+ 0.09 identical to the corresponding segment of the*Ma
C344—S* 0.76+0.10 1.08+ 0.02 R

ATPase, a progressive inhibition of €atransport and
S338-F not expressed ATPase activity was produced (Tables 1 and 2).
S338-R 0.59+ 0.07 1.05+ 0.08 . . .
o2 104+ 0.10 136+ 0.20 It is noteworthy that if only one of these residues (e.g.,
C3 0751 0.31 108+ 0.13 Ser338) was subjected to single non-conservative mutations
C4 0.45+ 0.09 0.62+ 0.11 to Phe or Arg (rather than being changed to the corresponding
C5 0.38+ 0.08 0.22+0.03 Na" K+ ATPase residue), functional inhibition was produced
cs 0.45+0.11 0.44+ 0.07 (Tables 1 and 2).
C10 0.07+0.01 0.20+ 0.07 F . dT f Phosoh | di
c11 019+ 0.04 0.21% 0.02 ormation and Turnoer of Phosphoenzyme Intermediate.
Cc13 0.09+ 0.03 0.28+ 0.07 We performed several experiments to uncover whether the
C14 0.14+0.10 0.34+ 0.09 ATPase inhibition produced by certain mutations involved

a Functional parameters are given as fractional values with reference the formation (step 2 in Figure 3A) or the turnover (steps 3
to wild-type ATPase. These values reported for each mutant are and 4 in Figure 3A) of the phosphoenzyme intermediate
averages of two to three measurements performed with two to three gptained by utilization of ATP in the presence ofZCaNe
microsomal preparations obtained from COS-1 cells subjected to Jfound that the phosphoenzyme levels obtained with all other
transfection in separate sessions. The functional values were correcte S - - .
to reflect the level of ATPase expression in each preparation as Mutants were similar to those obtained with wild-type
determined by immunoreactivity. “**” indicates mutations previously €nzyme (Figure 4), independent of whether the steady state
reported by Zhang et al. (1995). ATPase activity was inhibited or not. This indicates that

inhibition of intermediate formation is not a prominent
respondence in the NgK* ATPase and 14 non-homologous feature of the effects of these mutations. We also found that
residues (Table 1). We previously found (Zhang et al., 1995) formation of the phosphoenzyme remained totally*'Ca
that single non-conservative mutations of homologous resi- dependent and thapsigargin sensitive (Figure 5), even when
dues produce strong inhibition of the €aATPase. Onthe the entire peptide segment under study was rendered totally
other hand, single mutations of the non-homologous residuesidentical to the corresponding segment of the*¥a
to match the corresponding residues of the’ Jka ATPase ~ ATPase.
(first five mutations in Table 1) produce little or no inhibition We then conducted isotopic chase experiments to evaluate
and in some cases enhancement of transport activity (Tablethe effect of mutations on the decay of the phosphorylated
2). enzyme intermediate (steps 3 and 4 in Figure 3A). This was

We then produced an increasing number of additive accomplished by first obtaining steady state levels of
mutations of non-homologous residues (“C” mutations in radioactive phosphoenzyme in the presence of" Gand
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2H‘out Caz.E ATP
Wt | - (of
2Ca*", 1 2 ADP |
H,E

Ca, E-P C2 \: cl4| o

2
4 3 2H",, Ficure 5: Autoradiographs showing €adependency and thapsi-
P gargin (TG) sensitivity of phosphoenzyme formation. Microsomal
‘ vesicles were obtained from COS-1 cells expressing wild-type or
H,E

P 2Ca2* chimeric mutant C& ATPase as indicated. Microsomal protein
n (30—100ug) was preincubated at room temperature for 5 minin a
reaction mixture containing 20 mM MOPS, pH 7.0, 80 mM KCl,
2Ca? ATP ADP 2.5 mM MgCh, and either 1 mM EGTA{C&") or 0.2 mM EGTA

i \/ (+Ca") in the absence or presence of TG. The samples were
E1 Caz'E1 —_— CaZIE(P

A

-Ca¥
+Ca?
+TG
-Ca¥
+Ca®
+TG

transferred to ice, and 0.2 mM Ca@'as added (except ferCa").

The samples were incubated &tiGwith [y-32P]ATP for 10 s before
guenching with 1 M perchloric acid. The phosphorylated protein
was washed twice with 0.125 M perchloric acid and once with water
before solubilization, gel electrophoresis, and autoradiography.

2 / ,P Ca,E,-P inhibition of steady state ATPase activity (Figure 6 and Table
2).
P

i 2Ca?* . H

_ _ " We considered that the observed reduction of phospho-
FicUre 3: Reaction schemes for the LaATPase. (A) C&' enzyme turnover may be related to an effect of mutations
binding in exchange for H formation of phosphorylated enzyme S .
intermediate by utilization of ATP, vectorial translocation of bound ©N the rate-limiting phosphoenzyme conversion£EaP
C&*, and hydrolytic cleavage ofiRre the partial reactions that — Ca-E-P in Figure 3B) from a conformation sustaining
can be mfeasured by chemlfcal meth?ds, a”d_thfﬁ’ are L'SE%? ?ht_heCa2+ binding of high affinity and cytosolic orientation to a

iagram for convenience of easy reference in the text. is . e oo -

diagram (de Meis & Vianna, 1989) proposes two isomeric transi- conformanlon mgmfestmg Ga binding of low affinity and
tions (B <> E; and EP < E,P) to account for the interconversion lumenal orientation. We then tested whether the correspond-
of enzyme states manifesting high affinity and cytosolic orientation ing transition in the absence of ATP (E> E) in Figure
or low affinity and lumenal orientation of €a binding, respec- 3B) would also be affected by the mutations. To this aim

tively. we added EGTA to enzyme preincubated witlF Caeverse

B of step 1 in Figure 3A) anthenadded ATP at serial time
el B rno = =2 to monitor the time required for the enzyme to lose its ability
ZEOR2000000000

to be phosphorylated by ATP (reaction 2 in Figure 3A). As

shown in Figure 6A, we found that the time course of enzyme
W inactivation by C&" dissociation was also delayed by the
large chimeric mutations. We also found that tgisbal
Ficure 4: Autoradiographs demonstrating that similar steady state effect on both E'.“P_’ E-PandE; — E, tran§|t|ons requires
levels of phosphorylated enzyme are formed by wild-type and rather substantial structural changes as in the case of large

mutated ATPase even though some of the mutants exhibit achimeric mutations (e.g., C13 or C14) or of the single

reduction of steady state velocity. Microsomal protein was incubated ; ;
10 s with mixing by Vortex at 3C in a reaction containing 20 mutation Pro312 to Ala (Figure 6A.B). When we tested

mM MOPS, pH 7.0, 80 mM KCl, 2.5 mM MgG) 0.2 mM EGTA, previously reported mutations_(Chen et al., 1996) for_ this

0.2 mM CaC}, and 2uM [y-3%P]ATP. The reaction was stopped new parameter, we found (Figure 6B) that some single

by addltlﬁndom_ M petrhcg(irzlg GI\tACId, a?]fl the phé)spgorylated_tﬁrotetln mutations interfere with phosphoenzyme turnoverRE—~

was washe 1Ice Wi . perchnioric acid and once with water _ e : : . . . : .

before solubilization, gel electrophoresis, and autoradiography. E-P transition) without |n.t.erfer|ng with enzyme |nact|v§t|on
by EGTA (E, — E; transition). On the other hand, single

[y-32P]JATP and then adding an excess of non-radioactive mutations which did not interfere with the;¥ -- E-P
ATP. F0||owing the isotopic chase, near|y all of the new|y tranSition, did not interfere with thelE’ E, transition either
formed phosphoenzyme was non-radioactive, and the disap{Figure 6B).

pearance of radioactive phosphoenzyme was indicative of

phosphoenzyme turnover. It was previously reported (Ander- DISCUSSION

sen et al., 1989; Clarke et al., 1993; Vilsen et al., 1989, 1991)

that the turnover reaction is sensitive to certain ATPase Formation of a phosphorylated enzyme intermediate is a
mutations. We found that in all mutants exhibiting ATPase common mechanistic feature of cation transport ATPases.
activity comparable to that of the wild-type enzyme, the It was demonstrated by chemical analysis (Bastide et al.,
phosphoenzyme turnover was also similar to that of the wild- 1973; Degani and Boyer, 1973) that in the SR'CATPase
type enzyme. On the other hand, the rate of phosphoenzymeas well as in the plasmalemmal NK* ATPase, phosphor-
decay was progressively reduced as the number of chimericylation involves an aspartyl residue which is also found in
mutations was increased, consistent with the observedcorresponding positions of other cation ATPases. Analysis
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A E-P Turnover E Inactivation approximately 50 A, as revealed by spectroscopic studies

(Bigelow & Inesi, 1992). Therefore, vectorial translocation
wr of bound C&", and likely that of other cations, is triggered
C2 by enzyme phosphorylation through long-range intramolecu-

lar linkages (Inesi et al., 1992).
c3 Demonstration that cation binding and phosphorylation

occur in two distinct and separate domains opened up the
cs possibility of obtaining chimeric proteins by domain ex-

change. In early experiments most of the extramembranous
c1 region of the SR C& ATPase (containing the catalytic and
C13 phosphorylation domain) was replaced by the corresponding
region of the N&,K* ATPase (Lemas et al., 1992; Luckie
C14 et al., 1992). It became apparent, however, that proteins
- s YCEECRCRT derived from large chimeric exchanges do not sustain
significant transport and hydrolytic activity, even though
TIME (Seconds) capable of forming high levels of phosphoenzyme intermedi-
L. ate by utilization of ATP in a Cd dependent and thapsi-
B [E-P Turnover E Inactivation gargin sensitive manner (Norregaard et al., 1993; Sumbilla
WT - WT et al, 1993). These initial experiments indicated that
- - — utilization of ATP by the catalytic domain of the N&*
K297M K297M ATPase can be rendered adependent by the large
— chimeric exchange, but the resulting phosphorylated inter-
K297F .- K297F mediate undergoes negligible turnover. We then planned
P312A P312A further experiments to find out whether smaller chimeric
A exchanges would also interfere with function. We considered
B15A - I315A for this purpose the peptide segment connecting the phos-
E phorylation site to the preceding transmembrane helix M4,
L319A [ L319A which is one of the four clustered helices involved irfCa
= = binding. This 41-amino acid segment, intervening between
G322T P G322T Thr316 and Leu356 of the SR &aATPase, is highly
= =5 homologous to the corresponding segments of other cation
CT740 US| CT74A ATPases (Inesi & Kirtley, 1992). The €aATPase 41-
1775A - 1775A | i | amino acid segment and the corresponding segment of the
I e Nat,K* ATPase can be aligned unambiguously due to the

matching aspartyl residues undergoing phosphorylation in
both enzymes. The alignment shows that, of 41 amino acids,
27 are homologous and 14 are not. Single non conservative
mutations ohomologousmino acids interfere with function
and, in some cases, with assembly and recovery of expressed
protein (Zhang et al., 1995; Figure 1 and Table 2). This
suggests a prominent role of this segment in structure and

TIME (Seconds)

Ficure 6: Autoradiographs of phosphoenzyme decay following a
chase with non-radioactive ATP (1P to BE-P transition”) and
enzyme inactivation following addition of EGTA (iEto E
transition”). Phosphorylated enzyme was obtained by addition of
[y-32P]ATP as described in the legend to Figure Becay of
radioactive phosphoenzymeas initiated by addition of 0.5 mM : .
non-radioactive ATP 10's after the initial mixing with-f2P]JATP. function (Inesi, 1994).

The samples were incubated &Gfor serial times (seconds) before Most of the experiments reported in this article were done
queﬂcgntgv.Wlth %hl\g Fl)ggcwlorlc aﬁl'd-,The,guernghed Pro,tﬁ'n V\{as to replace the 14on-homologousmino acids of the Ca
washe ice with 0. perchloric acid and once with water ; : : ;

before solubilization, gel electrophoresis, and autoradiography. TheATPase with the corresp'ondlng amln(? aCId‘?’ of the' Ka

time course of enzyme inagation was tested by adding 2 mm ~ ATPase. We found that if a single amino acid was mutated,
EGTA to enzyme preincubated with 2QiM Ca2* and then adding ~ the activity was slightly decreased, or actually increased,
[y-**P]ATP at serial times. The reaction was quenched with depending on which amino acid was mutated. When we

perchloric acid 10 s after the addition of ATP and processed for then increased sequentially the number of mutated amino
determination of phosphoenzyme as described above. The mutations, .. o L
listed in B were previously reported by Chen et al. (1996) and have%CIds' we found that the activity was not significantly

been further characterized here for their time course of inactivation changed by mutation of up to four amino acids. However,
by EGTA. as the number of mutations was increased up to 14, thereby

rendering the entire Ca ATPase segment identical to that
of cDNA derived amino acid sequences (MacLennan et al., of the Na',K™ ATPase, transport and hydrolytic activities
1985; Shull et al., 1985) indicates that the phosphorylation were progressively reduced. It is of interest that the level
(and catalytic) domain resides within the cytosolic (i.e., of the phosphorylated enzyme intermediate was not reduced,
extramembranous) region of these enzymes. On the othetbut its turnover was inhibited (reactions 3 and 4 in Figure
hand, mutational (Clarke et al., 1989) and chemical (Sumbilla 3A, most likely rate limited by the Ge&E;-P — CarEx-P
et al., 1991) evidence suggests that cation binding occurstransition of Figure 3B). Furthermore, enzyme inactivation

within the membrane bound region of the?CATPase, and
most likely of the N&,K* ATPase as well (Glynn & Karlish,
1990; Andersen & Vilsen, 1995). The distance intervening
between phosphorylation and €abinding domains is

by EGTA was also inhibited (reverse of reaction 1 in Figure
3A, most likely rate limited by the £— E;, transition of
Figure 3B). This indicates that chimeric exchange of a few
amino acids at this critical location interferes with confor-
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mational transitions which are involved in the basic mech- Bigelow, D. J., & Inesi, G. (1992Biochim. Biophys. Acta 1113
anism of energy transduction. We can then derive the _323.

; : - : . Chen, L., Sumbilla, C., Lewis, D., Zhong, L., Strock, C., Kirtley,
following conclusions from our experimental observations: M. E.. & Inesi, G. (1996)J. Biol. Chem. 27110745.

(a) Our mutational analysis adds specific structural quali- Chomczynski, P., & Sacchi, N. (198Anal. Biochem. 162156.
fication to the proposed involvement of protein conforma- Clarke, D. M., Loo, T. W., Inesi, G., & MacLennan, D. H. (1989)

. . . Nature 339 476.
tional changes (de Meis & Vianna, 1979) and of common Clarke, D. M., Loo, T. W., Rice, W. J., Andersen, J. P., Vilsen, B.,

mechanis_tic features (Garrahan & Rega, 1988)_ in energy g MacLennan, D. H. (1993). Biol. Chem. 26§24), 18359.
transduction by Cd and Na,K* ATPases. It attributes a  De Meis, L., & Vianna, A. (1979Annu. Re. Biochem. 48275.

functional role to the peptide segment linking phosphoryla- Eeg_arsi, CA., ill?éosé?ri P-FD-(l(é%)?J-PEiOL (IZQIeDm" 2)4%?22%-

i -+ hindi i abiato, A., & Fabiato, F. . Physiol. (Paris .

tion and C&" binding domains. Fernandez-Belda, F. J., Kurzmack, M., & Inesi, G. (1984Biol.
(b) ATPase activation by Ga binding, and formation of Chem. 2599687. _

phosphorylated intermediate, can be carried out to yield Gagflhlaznélp- J., & Rega, A. F. (198Bjaz. J. Med. Biol. Res. 21

normal levels of phosphoenzyme, following replacement of : : . .

the C&" ATPase segment linking phosphorylation and'Ca G"f;} I M., & Karlish, S. J. D. (1990jnnu. Re. Biochem. 59

binding domains, with the corresponding segment of the Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., & Pease, L.

Na",K* ATPase. Thapsigargin sensitivity is also retained, R. (1989)Gene 7751.

indicating that binding of this inhibitor must depend on other nesi, G. (1994Biophys. J. 66554.

. Inesi, G., & Kirtley, M. E. (1992)). Bioenerg. Biomembr. 2271.
domains of the Cd ATPase, such as transmembrane Inesi, G., Lewis, D., Nikic, D., & Kirtley, M. E. (1992) iddvances

segment M3 (Norregaard et al., 1994). in Enzymology(Meister, A., Ed.) pp 185215, John Wiley &

(c) Vectorial displacement of bound &aby phosphoryl- Sons, New York.
ation can also be obtained following the same replacementK""ér;ino’I Ng ‘]i’g%p”e“an’ Z., & Fambrough, D. M. (1988fpl. Cell,
but at lower rates. Therefore a similar “tool” is used by the Lanze’.[ta: P. A.', Alvarez, L. J., Reinsch, P. S., & Candia, O. A.
Ca" ATPase and the NgK™ ATPase to propagate the (1979) Anal. Biochem. 10095.
phosphorylation triggered perturbation to their cation binding Le@r?;ﬁqvﬁegaz‘s?gsu' K., & Fambrough, D. M. (199R)Biol.
fjomams: Howevgr, the “tool” (i.e., peptide conformation) Luckie, D. B., Lemés, V., Boyd, K. L., Fambrough, D. M., &
is exquisitely specific for each enzyme, and has a very strong Takeyasu, K. (1992Biophys. J. 62220.
influence on the kinetics of the related enzyme transition. MaclLennan, D. H., Brandl, C. J., Korczak, B., & Green, N. M.
This specificity is evidently related to a requirement for  (1985)Nature 316 696.

matching complementarity by neighboring protein structures. Mfﬁ ug?o\m%’sgé&MaCLennan’ D. H. (1988oc. Natl. Acad. Sci.

(d) The effects of substantial structural changes such asmyung, J., & Jencks, W. P. (199BEBS Lett. 27835.
large chimerizations or proline mutation in the segment under Norregaard, A., Vilsen, B., & Andersen, J. P. (1995BS Lett.
study involveboth E;-P — E,-P and E — E, transitions. 336, 248.

This indicates that the segment linking phosphorylation and Nolr%%ga;ggég., Vilsen, B., & Andersen, J. P. (1994piol. Chem.

Ca* binding domains sustains a key role in triggering petithory, J. R., & Jencks, W. P. (198Bjochemistry 27 8626.
conformational changes which are instrumental in energy Shull, G. E., Schwartz, A., & Lingrel, J. B. (198®ature 316
transduction. On the other hand, other more discrete point 691 N _ )
mutations interfere with the JP — E,-P transition but not Sumbilla, C.,_ Cantilina, T., Qolllns, J. H., Malak, H., Lakowicz, J.
ith the & — E; transition. These observations and previous R., & Inesi, G. (1991)). Biol. Chem. 26612682.

with 4 2 y p Sumbilla, C., Lu, L., Inesi, G., Ishii, T., Takeyasu, K., Fang, Y., &
kinetic analysis (Fernandez-Belda et al., 1984; Petithory &  Fambrough, D. M. (1993). Biol. Chem. 26821185.

Jencks, 1988; Myung & Jencks, 1991) indicate that the E Takebe, Y., Seiki, M., Fujisawa, J. I., Hoy, P., Yokota, K., Arai,

— E; and B-P — E»-P transitions include specific compo- K. 1, Yoshida, M., & Arai, N. (1988)Mol. Cell. Biol. 8 466.
Vilsen, B., Andersen, J. P., Clarke, D. M., & MacLennan, D. H.

nents which may be involvedlobally or separatelyby (1989) J. Biol. Chem. 26421024

mutational perturbations. Vilsen, B., Andersen, J. P., & MacLennan, D. H. (1991)Biol.
Chem. 26618839.
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